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Abstract

minimum of the different nπ ∗ states, fluorescence takes place in the visible (green) part of
the electromagnetic spectrum.

Amyloids have unique structural, chemical and
optical properties. Although much theoretical
effort has been directed toward understanding
amyloid nucleation, the understanding of their
optical properties has remained rather limited.
In particular, the photophysical mechanisms
leading to near UV excitation and characteristic blue-green luminescence in amyloid systems
devoid of aromatic amino acids have not been
resolved.
We use ab initio static calculations and nonadiabatic dynamics simulations to study the excited electronic states of model amyloid-like
peptides. We show that their photophysics is
essentially governed by the multitude of nπ ∗
states with excitation localized on the amide
groups. The strong stabilization of the nπ ∗
states with respect to the amide group deplanarization and the concomitant increase of the
oscillator strength makes excitation in the near
UV possible. With respect to emission, our dynamics simulations revealed that the amyloid
cross β arrangement effectively hinders the nonradiative relaxation channels usually operative
in proteins. Finally, we show that after relaxation of the photoexcited peptides toward the

Introduction
Amyloids are self-assembled polypeptides characterized by a cross β arrangement in which
highly ordered β-strands are interconnected by
hydrogen bonds. 1–3 Owing to their association with a range of human diseases, numerous experimental and theoretical studies have
focused on the mechanism of amyloid formation. 4–9 Considerable attention has also been
devoted to their remarkable optical properties,
rarely found in proteins. 10–13 An in–depth understanding of these properties is important for
both fundamental and translational research,
as it could help the development of diagnostic
tools for probing and monitoring the formation
of toxic fibrils. 14
Under excitation at 380 − 340 nm (3.3 − 3.6
eV), amyloids show luminescence in the 530 −
440 nm (2.3 − 2.8 eV) range. 11–13,15,16 The photophysical mechanisms of both excitation at
wavelengths above 250 nm and of blue-green
luminescence, are still not resolved. 12,17–19 Particularly puzzling is the fact that the rather
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weak blue-green luminescence has been observed also in amyloid systems without aromatic amino acids, 13,20,21 as well as in nanostructures and nanodots with amyloid-like structures. 22–24 Here, by focusing on small peptide
systems mimicking amyloids , we disclose a possible mechanism underlying both the excitation
and luminescence.
In the absence of aromatic amino acid
residues, the UV-light absorbing groups in proteins are the amide groups constituting the
peptide backbone, the terminal amino and carboxyl groups as well as the amino, amide and
carboxyl groups present in the side chains of
some amino acids. Each amide group gives rise
to a weak and localized n→ π ∗ transition at
∼ 5.5 eV and an intense π → π ∗ transition
beyond ∼ 6.0 eV. 25–27 Transitions with nonlocal excitation where charge is translocated
between amide groups in the protein backbone
are predicted to be higher in energy. 27
The emitting states in proteins are the ππ ∗
states localized on the side chains of the three
aromatic amino acids: tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe) with the
main contribution arising from Trp (indole)
emission at around 350 nm. 28 The low lying states of peptides and proteins devoid of
chromophoric amino acids usually have access
to efficient nonradiative relaxation mechanisms
which makes them nonfluorescent. These mechanisms include electron driven proton transfer
along hydrogen bonds in γ and β turns, 29–31
πσ ∗ mediated dissociation 32–34 and large amplitude torsional deformations of the peptide
backbone which efficiently quench fluorescence
of the amide nπ ∗ states. 35,36 Conformer-specific
studies on small peptides have shown, however,
that the efficiency of the nonradiative decay
depends sensitively on the peptide secondary
structure, that is, on the local environment
in which the photoexcited chromophore is embedded. 37 In the case of the capped dipeptide
N-acetylphenylalaninylamide, for example, the
β-strand conformer had a significantly longer
excited state lifetime (70 ns) than the folded
γ(g+)-conformer (1.5 ns). 35 Thus, the cross βarrangement of amyloids is likely to hinder nonradiative relaxation by restricting the access to

conical intersections with the electronic ground
state. 38
Altogether, a molecular-level explanation of
the optical properties of amyloids requires the
identification of the absorbing and emitting
electronic states, as well as an assessment of
structural and electronic factors that hinder the
nonradiative decay. To this aim we have performed extensive ab initio static calculations
and nonadiabatic dynamics simulations for a
range of model β-strand peptides displaying
intra- and inter-chain interactions characteristic for amyloid systems. We show that their
peculiar optical properties arise from the multitude and strong coordinate dependence of the
amide nπ ∗ states. More specifically, we show
that the excitation energy of the n→ π ∗ transitions strongly decreases upon deplanarization
of the amide group on which they are localized
to the extent that each of these transitions may
become stabilized as the lowest one in energy
and emit in the visible range of the electromagnetic spectrum.

Results
Figure 1 shows three computationallyaccessible model peptides obtained starting
from the amyloidic sequence Aβ30−35 39 and
displaying the characteristic hydrogen bonding
pattern of parallel β-strands (see Supporting
Information for details). Systems 2B7 and
2B11 contain respectively 7 and 11 carbonyl
groups, while 3B11 encompasses 3 β-strands
and 11 carbonyl groups. To both lower the
computational costs and focus attention on the
intrinsic characteristics of the amide backbone,
glycine is adopted as the amino acidic unit.

Excitation mechanism
For all model systems we run unconstrained ab
initio Born-Oppenheimer molecular dynamics
simulations at the DFT level. 40–42 Then, by collecting a series of frames from the ground state
dynamics we investigated the structure of the
excited electronic states in the Franck-Condon
region using the ADC(2) method. 43,44 For fur2
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Figure 1: Structure of the investigated model systems, exhibiting double (2B7 and 2B11) and
triple (3B11) β-strand structures. The numeration of carbonyl groups is given for 2B7, represented
as 3D model in its reference structure 2B7(C). For the Cartesian coordinates see the Supporting
Information.
ther details see the Computational Methods
and Supporting Information. The computed
density of electronic states (Figure S1) and the
absorption spectra (Figure S2) show that, for
all systems, the first group of states lying between 4.5 and ∼ 6 eV is of nπ ∗ character and
carries low oscillator strength, while the second group is markedly bright and includes both
localized (ππ ∗ ) and charge transfer states. 25–27
This suggests that the experimental 3.3−3.6 eV
excitation window corresponds to the low energy tail of the absorption spectrum with very
low intensity.
Thus, to unravel the excitation mechanism
one would need to search for "rare" geometries
in the ground state distribution which are likely
candidates for excitation. Here we opted for a
different approach and begin by exploring the
topography of the low lying excited states using nonadiabatic dynamics simulations. These

simulations will provide information on the nuclear motion in the Franck-Condon region and
help identify the structural characteristics of
the "rare" geometries we are interested in.
For the two larger systems 2B11 and 3B11
that best capture the amyloid structure we run
several short (10 − 15 fs) nonadiabatic dynamics trajectories starting from structures sampled ground state dynamics vertically excited
to the nπ ∗ manifold. Figure 2 shows the time
dependence of the potential energy of the lowest 20 electronic states along a 2B11 trajectory. One can see that two electronic states
are stabilized, meaning that their potential energy decreases during the dynamics, while the
energy of all other states increases. These are
the initially excited (populated) S2 (nπ ∗ ) state
(line with blue dots) and a higher lying ππ ∗
state which begins as S19 at t = 0 and becomes
S2 (orange line) at t = 5.5 fs. The electronic
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localized and the corresponding C−O bond distance are given in Table S2. Compared to vertical excitation energies, adiabatic excitations
are redshifted by ≈ 1.4 eV, while each of the
7 nπ ∗ states becomes S1 at its minimum. The
SCS-ADC(2)/aug-cc-pVDZ optimization of the
πRyd state resulted in an adiabatic excitation
energy of 4.68 eV meaning that the state remains far above the nπ ∗ minima (see Table S3).
While adiabatic excitation energies fall well
within the experimental excitation window the
significant difference of the amide group geometry between the reference ground state structure and the corresponding nπ ∗ minimum indicates that resonant adiabatic excitation should
be inefficient, if possible at all. This can also be
inferred from the significant rise in the energy
∗
of S0 at the different Smin
1 (nπ ) minima (see Tables 2 and S3).
To locate a possible excitation region, we take
a closer look at the topography of the nπ ∗ states
in relation with the electronic ground state and
analyze the energy profiles from the FranckCondon geometry to the nπ ∗ minima in terms
of the two key motions: the deplanarization
of the amide group and C−O bond stretching.
Figures 3 and S4 show that the two motions
affect the ground and excited states in different ways. The nπ ∗ potential is relatively flat
with respect to C−O stretching, but the energy of the ground state increases steeply on
the way to the nπ ∗ minimum. On the other
hand, the deplanarization of the peptide bond
only weakly destabilizes the ground state, but
strongly stabilizes the nπ ∗ states. In addition,
the out-of-plane deformation increases the nπ ∗
oscillator strength by an order of magnitude.
This would make nonplanar amide and carboxyl
groups likely candidates for near UV absorption. However, peptide structures in which the
ground state is not destabilized by C−O bond
elongation are also promising candidates. The
latter happens when a C−O bond is engaged
in a strong hydrogen bond interaction. A prediction for the statistical relevance of the former is more difficult and it is also a subject of
biochemical interest 46 because of the enhanced
reactivity of distorted amide groups. While
molecular modeling has shown that the distor-

excitation of both stabilized states is localized
on the same carbonyl unit (see panel c). 3B11
shows a very similar dynamical behaviour (Figure S3, also insets of S7 and S8). The energy
stabilization of the two pairing states is very
large. In 2B11, the initially populated S2 (nπ ∗ )
drops by 1.5 eV in only 6 fs, while the pairing
ππ ∗ state, initially above 6.5 eV descends below
5.8 eV. This large decrease of the potential energy of the initially excited nπ ∗ state is caused
by motion towards the minimum of this state
which in terms of structural changes includes
a deplanarization of the amide group on which
the excitation is localized, and elongation of the
corresponding C−O bond.
The picture emerging from the dynamics simulations is that n→ π ∗ transitions at deplanarized amide geometries might be the ones susceptible to near UV excitation. Since all nπ ∗
states are highly localized, we assume that the
general properties of these states are similar in
all systems and turn to the more tractable system 2B7. Vertical excitation energies of the
lowest 7 electronic states of a reference 2B7
structure, denoted 2B7(C), are shown in Table
1. All states are of nπ ∗ character with excitation localized on the carboxyl (n1 π1∗ ) and the
6 amide groups (for numeration, see Figure 1)
and are found 5.17 − 5.46 eV above the ground
state, while the oscillator strengths range between 6 × 10−4 and 1.2 × 10−3 . A πRyd state
with excitation localized on the terminal amino
group is found at 6.29 eV, while the ππ ∗ manifold starts above 6.54 eV. We note that at
the SCS-ADC(2)/aug-cc-pVDZ level the πRyd
state is significantly redshifted and found at
4.94 eV, while the nπ ∗ states remained almost
unchanged (see Table S1). Optimizations of
each of the 7 nπ ∗ states were then performed.
To avoid formation of more stable γ-turns, 45
only the region around the corresponding amide
group was allowed to relax, meaning that the
obtained values are upper bounds of adiabatic
excitation energies (see Supporting Information). The adiabatic excitation energies are
collected in Table 2 while the most important
structural parameters: the deplanarization angles θN (Hi Cαi Ci−1 Ni ) and θC ( Ni+1 Cαi Oi Ci )
of the amide group on which the excitation is
4

Figure 2: (a) Time dependence of the potential energies of the electronic ground state (black) and
the lowest 20 adiabatic electronic states of 2B11 along a selected nonadiabatic trajectory computed
at the ADC(2)/cc-pVDZ level. Blue circles denote the currently populated electronic state. (b, c)
Partial view of the molecule at the beginning (b) and end (c) of the trajectory showing the hole
(bottom) and particle (top) NTOs describing the excitation to the two lowest excited states. The
potential energy of the photoexcited nπ ∗ state (initially S2 , blue dots) and the bright ππ ∗ state
(initially S19 and S2 after 6 fs) with excitation localized at the same amide group decreases during
the dynamics, while the energy of the other states increases. The orbital indices correspond to the
numeration of the carbonyl groups where 1 is assigned to COOH.

Excited state dynamics and fluorescence

tion of an amide group from its planar configuration is supported by β-sheet hydrogen bonding, 47 we can only say that the high density of
nπ ∗ states in amyloids certainly increases the
probability of excitation.

Having established an excitation mechanism,
we move to examining whether the β-strand

5

Table 1: Spectral assignment, vertical excitation energies (in eV) and oscillator strengths (fosc ) of the
lowest 7 nπ ∗ transitions computed at the reference ground state geometry of 2B7(C). Excitations
are localized on the 6 amide groups and the terminal carboxyl group. For the numeration of the
groups see Figure 1. Calculations were performed at the ADC(2)/cc-pVDZ level.

State
E
fosc

S1
S2
S3
S4
∗
∗
∗
(n5 π5 ) (n7 π7 ) (n1 π1 ) (n3 π3∗ )
5.18
5.27
5.31
5.34
0.0012 0.0008 0.0011 0.0022

S5
(n2 π2∗ )
5.43
0.0007

S6
S7
∗
(n6 π6 ) (n4 π4∗ )
5.46
5.46
0.0043 0.0006

Table 2: Adiabatic excitation energies (in eV) of the 7 nπ ∗ states of 2B7 computed at the partially optimized geometry for each state (Smin
1 ). Energies of the electronic ground state (S0 ) and
∗
second excited state (S2 , the pairing ππ state) are also given with respect to the 2B7(C) ground
state energy. Oscillator strengths are given in parenthesis. Calculations were performed at the
ADC(2)/cc-pVDZ level.

State
S0
∗
Smin
1 (nπ )
S2 (ππ ∗ )
a

n1 π1∗
1.96
3.82
(0.0009)
6.09
(0.0704)

n2 π2∗
1.97
4.01
(0.0005)
5.44
(0.0905)

n3 π3∗
n4 π4∗
n5 π5∗
n6 π6∗
1.94
2.61
1.80
2.12
4.07
4.48
3.75
4.09
(0.0011) (0.0008) (0.0009) (0.0005)
5.65
6.18
5.72
5.49
(0.0900) (0.1225) (0.0966) (0.0900)

n7 π7∗ a
1.50
3.43
(0.0014)
5.18
(0.0843)

Full optimization of the state was achieved.

relaxation to S1 only 1/3 of trajectories deactivated to the ground state by the end of our
250 fs long simulations. As expected, we found
that most of the trajectories that returned to
the ground state deactivated by torsion of the
terminal amide group. However, the description of the terminal groups in our model does
not accurately represent the situation in amyloids where we expect such torsions to play a
less prominent role.
To simulate the fluorescence spectrum of 2B7
we computed vertical emission energies and
S1 → S0 transition dipole moments along nonadiabatic trajectories and averaged over three
time intervals. 48 The upper panels of Figure 4
show the dependence of the oscillator strength
of the currently populated electronic state on
the length of the excited C−O bond (left) and
the corresponding torsional angle θC (right).
The latter increases the oscillator strength of
the populated nπ ∗ to the 10−2 -10−1 range, while

structure of amyloids prevents efficient nonradiative relaxation. This is known to be the
case for single β-strand peptides 37 but alternative deactivation channels, such as an electron
driven H-transfer between β-strands, might be
operative in amyloids. To unravel possible relaxation mechanisms we performed nonadiabatic dynamics simulations for 2B7. Initial geometries and velocities were sampled from the
ground state MD simulations and all trajectories, 15 with parallel and 6 with anti-parallel βstrand arrangement, were vertically excited to
the nπ ∗ manifold (S1 -S5 ). Thus, compared to
the experimental excitation we imparted ≈ 1
eV more energy to the system allowing it to explore a larger region of the potential energy surface. Within the first 10−15 fs of the dynamics,
all trajectories reached the S1 state. This fast
stabilization to the S1 state is analogous to the
one observed in the short 2B11 (Figure 2) and
3B11 (Figure S3) trajectories. Despite the fast
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time all trajectories reached the S1 state, but
intramolecular vibrational redistribution could
not be completed. The subsequent redshift of
the emission spectrum down to 2.0 eV (620 nm)
in the 40 − 100 and 100 − 235 fs time windows reflects the relaxation of 2B7 on the S1
state. Because of the rather short time propagation and excess energy in the initial conditions, we consider the computed spectrum
only as an estimate of the fluorescence spectrum. However, the accuracy of the calculations can be assessed by comparing the center of the fluorescence spectrum obtained from
dynamics simulations to its static counterpart,
that is, the average vertical emission energy,
∆E = E(S1min ) − E(S0 ), of 1.99 eV computed
at the minima of the nπ ∗ states (see Table 2).
Clearly, in both static and dynamics computations the emission is peaked in the visible
meaning that despite its apparent simplicity,
our 2B7 model system captures well the bluegreen fluorescence (2.3 − 2.7 eV) observed in
several different experiments. 11–13,15,16
Figure 3: Upper panels: Relative ADC(2)/ccpVDZ energies (in eV) of the ground (black),
n7 π7∗ (blue), π7 π7∗ (green) and other 8 excited
states (grey) of 2B7 along the linearly interpolated path (LIP) from the reference FranckCondon geometry to the n7 π7∗ state minimum
(a). Fragment of 2B7 showing the photoexcited
amide group (b and c). The arrows indicate
the structural changes encompassed in the LIP.
Lower panel: The effects of decoupling the deplanarization of the peptide bond (θN and θC )
from the (C−O)7 stretching motion are shown
on the left and right panel, respectively. The oscillator strengths of the n7 π7∗ state is indicated
by blue circles of different areas.(d)

Discussion
In this work we propose a photophysical mechanism that could be the base of the near UV excitation and blue-green luminescence observed
in amyloid systems. Excitation in the near UV
is possible at geometries with a deplanarized
amide group at which a slight destabilization
of the ground state is accompanied by a significant stabilization of the corresponding nπ ∗
state (> 1.0 eV) and increase of its oscillator strength. With respect to the emission we
found that after excitation to an nπ ∗ state the
system evolves toward the minimum which in
addition to the deplanarization of the amide
group is also characterized by an extended carbonyl bond. As a stretched carbonyl unit is
strongly destabilizing for the ground state the
emission from the minimum of the nπ ∗ state is
shifted to the visible.
To draw a comprehensive photophysical picture of the observed blue-green luminescence
we consider previously reported results and
compare them to our results. The overall
perception is that hydrogen bonding interac-

the former has an opposite effect. These nonnegligible oscillator strengths sampled during
the dynamics clearly indicate that fluorescence
from the S1 (nπ ∗ ) state should be possible.
The time evolution of the computed fluorescence spectrum is shown in the lower panel of
Figure 4. In the first interval, from 15 to 40 fs,
the spectrum is peaked at 3.3 eV. During this
7

Figure 4: a) Correlation between relevant modes and oscillator strengths as obtained from nonadiabatic dynamics simulations of 2B7. Left panel: CO stretching (Å), right panel: pyramidalization of
the amide C atom (θC , degrees). Windows of oscillator strengths in the 10−2 − 10−1 range are delineated. The color scale (right) corresponds to the instantaneous S1 -S0 energy gap. b) 2B7 emission
profiles computed over three time windows and colored according to legend. The computations are
performed at the ADC(2)/cc-pVDZ level.
trinsic fluorescence of amyloid-like fibrils made
of poly(ValGlyGlyLeuGly) strongly depends on
the presence of water molecules intercalated between β-strands; the strong reduction of fluorescence intensity observed in fully protonated
or deprotonated amyloid fibrils, 12 and the deduction of Ye et al. 50 that the intrinsic luminescence observed in alanine, valine and isoleucine
based oligopeptides arises from hydrogen bond
mediated interactions between amide groups.

tions play a key role in the photophysics of
amyloid-like systems. This perception originates from several experimental observations
and conjunctions; the hypothesis of Shukla et
al. 49 that the intrinsic emission observed in
several non aromatic protein crystals and aggregates originated from the delocalization of
so-called peptide electrons over a network of
intra- and intermolecular hydrogen bonds; the
finding of del Mercato et al. 10 that the in8

quired to observe fluorescence. 52 With respect
to the involvement of termini, in this work we
have performed an ADC(2) and SCS-ADC(2)
analysis of small models with deplanarized hydrogen bonded termini extracted from previous MD simulations. The results show that at
the ADC(2) level the excitation energies of the
nπ ∗ states localized on the termini are slightly
red shifted, but comparable to those of inner
residues (See Suporting information Sec. 2.2).
However, a further reduction in excitation energies and increase in the oscillator strength
is observed at the SCS-ADC(2)/aug-cc-pVDZ
level. By employing model systems without hydrogen bonded termini we have shown that the
necessary structural element needed to observe
fluorescence is dependent on the system under
study. In the case of the amyloid aggregates,
this necessary structural element appears to be
the cross-linked β-sheet secondary structure.
Recent findings of Rosenman and co-workers
that nanostructures composed of non-aromatic
peptides show visible fluorescence only after
they undergo transition from helical to β-sheet
secondary structure fully support this view. 24
In a series of related papers Swaminathan
and co-workers 18,53,54 and Mandal et al. 55 have
shown that in proteins rich in charged amino
acid residues low-lying charge transfer excitations lead to absorption in the near UV-visible
range. Unfortunately, due to the simplicity of
our model systems we cannot make a connection to these results. Chen et al. 56 investigated
crystals of isoleucine and proposed that clustering of non-conventional chromophores and the
conformational rigidity imposed by the crystal
lead to fluorescence. An excitation energy of
4.01 eV was obtained, but the emission wavelength was not computed. In the excitation
under scrutiny, an electron was promoted to
a Rydberg orbital (Figure S27 of Ref. 56 ). We
showed that the πRyd state localized on the
terminal NH2 group of 2B7 has a weak coordinate dependence. In our calculations the
energy gap between the πRyd and the ground
state remained above 4.2 eV, too large to account for the observed emission spectrum (see
Table 2). This suggest that Rydberg states may
be involved in the near UV excitation, but it is

It is possible, although not straightforward,
to establish a connection between a photophysical mechanism like this one – centered around
the topography of peptides nπ ∗ states, and a
view in which hydrogen bonding interactions
are involved in the observed photophysical behavior. 12 The involvement of a carbonyl group
in a hydrogen bond leads to the elongation of
the C−O bond and reduces the geometrical
difference between the ground state structure
and the corresponding nπ ∗ minimum. This increases the probability of light absorption closer
to the minimum of the nπ ∗ state and shifts the
absorption toward longer wavelengths. Further,
hydrogen bonding interactions facilitate the decay through fluorescence as they bestow rigidity
to amyloid systems. However, they are not essential for fluorescence. The latter appears to
be a rather generic property of a β-strand amide
backbone and is caused by the population trapping at the minima of different nπ ∗ states.
With respect to previous computational studies we can observe the following; In a previous
article some of us have investigated the Aβ3035 crystal (2Y3J) and observed that in strongly
hydrogen bonded N-C salt bridges the excitation energy of the corresponding nπ ∗ states
were significantly redshifted. 12 From this trend
it was assumed that electronic states localized
on the termini were responsible for the fluorescence, however the fluorescence spectra were
not computed and the quantitative picture was
very sensitive on the employed level of theory
(see Figure S7 of Ref 12 ). Along the same lines,
some of us studied how the chemical composition of the termini zwitterionic vs acetylated
affects the optical properties of amyloids. 51 It
was found that charge transfer states around
the termini played an important role in shaping the low-energy absorption tail in the spectrum. The experimental excitation spectra exhibited the same behavior, that is reduction in
the lower energy component of the excitation
upon acetylation on the N-terminus. The experimental emission spectra, however, were virtually unaffected. Very recent work in collaboration with Kaminski and coworkers has shown
using L-glutamine peptides, that short hydrogen bonds involving termini interactions are re9

unlikely that they are responsible for the emission in the visible part of the spectrum. Conversely, the potential energy landscape of the
amide nπ ∗ states is not only fully compatible
with the emission spectra but also with the observed Stokes shift.
More generally, the mechanism that we elucidated could also be operative in a wide range
of amide-based systems showing so-called ’nontraditional’ intrinsic luminescence. 57–59 These
systems have interesting applications in bionanophotonics and we hope that the bottom-up
computational approach proposed in this study
will lead to an improved understanding of their
photophysics.

structural and electronic properties of the cross
β-sheet secondary structure amide nπ ∗ states.
Effects arising from H-bonded termini and the
interactions between the amino acid side chains
present in real amyloid systems could not be
taken into account. There is little doubt that
these effects are important, but serious numerical and methodological challenges prevented
their accurate treatment within the framework
of this study.

Computational Methods
Ground state. All ground state calculations
were run using the CP2K package. 60 A convergence criterion of 5× 10−7 a.u. was used for the
optimization of the wave function. The wave
function was expanded in the Gaussian doubleζ valence polarized (DZVP) basis set and an
auxiliary basis set of plane waves was used up
to a cutoff of 320 Ry. We employed the gradient correction to the local density approximation and Goedecker-Teter-Hutter (GTH) pseudopotentials for treating the core electrons. 61
Unless stated otherwise, all calculations employed the Becke-Lee-Yang-Parr (BLYP) 40,41
functional with the D3(0) Grimme dispersion
corrections. 42 The finite temperature simulations were conducted within the canonical NVT
ensemble using the canonical-sampling velocityrescaling thermostat method. 62
Excited states.
Excited state calculations
were run with Turbomole 7.0. 63 The algebraic diagrammatic construction of second order (ADC(2)) method was used for excitedstate calculations. 43,44 Unless stated otherwise,
the cc-pVDZ basis set was employed in all
ADC(2) calculations. 64 To describe Rydberg
excited states we have used the spin-component
scaled version of ADC(2) (SCS-ADC(2)) and
the aug-cc-pVDZ basis set. 65,66 Nonadiabatic
trajectory surface hopping molecular dynamics
simulations were performed employing Tully’s
fewest switches surface hopping algorithm. 67
A time step of 0.5 fs was used and the required nonadiabatic couplings were computed
from wave function overlaps. 68,69 For further details see Supporting Information.

Conclusion
The observation of visible fluorescence in nonaromatic amyloid systems has opened up very
lively discussions in the literature on the underlying photophysics. In this work, we proposed a mechanism that links the optical behavior of amyloid peptides to the structural
and electronic characteristics of the amide backbone. The key to understanding how amyloids
absorb and emit light lies in the topography
of their nπ ∗ states. We have shown that a
localized structural deformation involving distortion of the amide or carboxyl groups with
elongation of the C−O bond strongly stabilizes
the corresponding nπ ∗ state and makes it accessible to near UV excitation. Because of the
redshifted excitation and of the rigid cross βsheet secondary structure of amyloid systems,
access to CIs which typically mediate the nonradiative relaxation of peptides and proteins is
reduced, forcing the system to decay through
fluorescence. In very good agreement with experimental findings, we show that fluorescence
takes place in the visible region of the electromagnetic spectrum. We believe that in amyloids the large number of amide groups or alternatively the large density of nπ ∗ states, will
contribute to the possibility to observe luminescence, even in cases when only a small fraction
of chromophores is excited.
The present contribution emphasizes the
10
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