
Electronic*and*optical*properties*of*nanostructures*and*
biomolecules*from*first4principles

Daniele*Varsano

daniele.varsano@roma1.infn.it

Department)of)Physics
University)of)Rome)“La)Sapienza”

Riunione)incontro)CNISM
“Roma)La)Sapienza”

)June)13,)2012)

mailto:daniele.varsano@roma1.infn.it
mailto:daniele.varsano@roma1.infn.it


Riunione)Incontro)CNISM)“LA)Sapienza”,)June)13)2012 Overview

Overview
Theoretical)understanding)of)electronic)properties)and)lightJmatter)

interactions)from)first)principle

Fundamental)processes)occurring)in)biosystems)and)new)technological)devices

occurs)at)nanoscale
Quantum)mechanical)description)is)needed
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Theoretical*approach

Extension)of)DFT)for)time0varying)external)potential
Excited(state(properties:)Absorption)spectrum
Very%good%compromise%between%computational%efficiency%and%accuracy.
Approximations)of)correlation)effects)can)be)critical

Time%Dependent%Density%Functional%Theory%(TDDFT)%(Runge,)Gross)1984)

Density%Functional%Theory%(DFT)%(W.)Kohn)Nobel)Prize)1998)
Density)instead)of)wave)function)as)fundamental)variable.
Correlation)effects)approximated)by)effective)potentials
Ground(state(properties:)Electronic)structure,)reliable)geometries

Green)function)as)a)fundamental)variable

Many%Body%Perturbation%Theory)(Hedin)1965)
Perturbation)theory)around)non)interacting)Hamiltonian

Quasi0particle)energies)(GW)
Absorption%spectra:)inclusion)of%electronsAholes%interaction)(BSE)
Accurate)but)computationally)demanding

3.4 Two particle effects 41
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Figure 3.2: Schematic representation of the excitations and interactions for an absorption

process: Left panel DFT independent particles levels. Central panel: GW band structure,

the gap is well estimated, but the absorption spectrum is blue-shifted. Right panel: BS:

electron-hole attraction included and formation of a bound exciton.

that have the forms:

Hdia
(v,c)(v′,c′) = (εc − εv)δvv′δcc′ (3.45a)

Kx
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∫
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1
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Kd
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In the diagonal term the independent-particle energies ε are the quasiparticle en-

ergies from a GW calculation. In the direct term Kd the dynamical effects in

the screening are neglected, and the static dielectric matrix is calculated in RPA

framework Eq. (2.41a). With Kx we have indicated the so-called exchange term. 4

Similarly the coupling term can be split as:

Kcoupl
(v,c)(c′,v′) = Kx

(v,c)(c′,v′) + Kd
(v,c)(c′,v′) (3.46)

Looking at the structure of each term results that the resonant part itself is an Her-

mitian matrix: (Hexc,res)∗ = (Hexc,res)T , while the coupling part alone is symmetric:

4 In section (5.4.5) we will derive a similar expression of the Hamiltonian, for the TDDFT, anyway

the two equation have a different structure due to the change in the indexes {vc′} → {c′v} in

the direct term.
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TDDFT%and%MBPT%permits%the%study%of%excited%state%properties%of%matter.

Computational%abAinitio%spectroscopy%

Interpretation%and%theoretical%assistance%to%experiments

)M.)Marques,)X.)Lopez,)D.Varsano,)A.)Castro)and)A.)Rubio)Phys.)Rev.)Lett.)90,)258101)(2003)

Exp.)by)S.)B.)Nielsen)et#al.,#Phys.)Rev.)Lett.)87,%228102)(2001).
))))))))))))))))T.)M.)H.)Creemers)et#al.,#Proc.)Natl.)Acad.)Sci.)U.S.A.)97,)2974)(2000)

!-!! transition between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of both neutral and anionic forms. The
molecule is nearly transparent to visible light polarized
along the other two orthogonal directions. GFP turns out
to be a rather anisotropic molecule in the visible, property
that can be used to enhance the photodynamical pro-
cesses in well-oriented GFP samples for optoelectronic
devices. The differences between the LUMO and HOMO
eigenvalues, sometimes taken as an estimate for the
HOMO-LUMO excitation energy, are, respectively, 2.19
and 1.61 eV, for the neutral and anionic structures. It is
common practice to use these values as estimations of the
physical excitations. This leads, in the case of the GFP, to
a very bad agreement with experiment. However, in
TDDFT the difference of one-particle eigenvalues is re-
normalized by the Coulomb and exchange-correlation
terms [12]. Once these effects are included, the main
excitation peaks for the neutral and anionic forms move
to 3.01 and 2.67 eV. These values are now in really good
agreement with the measured excitation energies, located
at 3.05 and 2.63 eV [4]. The !-!! excitations are no
longer pure HOMO-LUMO transitions and include con-
tributions from virtual particle-hole excitations involving
several occupied and unoccupied states. Some of the
relevant states are depicted in Fig. 3. The oscillator
strength of the !-!! transition is larger in the anionic
than in the neutral GFP. It is, however, possible to obtain
a quantitative description of the spectra of the wt-GFP
by assuming a "4:1 ratio for the concentration of the
neutral/anionic forms. This ratio is very close to the
estimated experimental ratio of 80% neutral and 20%
anionic [3]. The measured peaks can be clearly assigned
to either the neutral or the anionic forms of the GFP.

The suggested three-state model of the wt-GFP photo-
physics contains the two thermodynamically stable
neutral and anionic configurations, and an unstable inter-
mediate state that apparently corresponds to the anionic
chromophore in a nonequilibrium protein environment
[5]. Other intermediate state relaxation processes through
cis-trans isomerization and a new protonated zwitter-
ionic form have also been proposed [9]. Our calcula-
tions give further support to the predominance of the
neutral and anionic forms in wt-GFP in agreement
with the analysis of the infrared spectra [10]. This sus-
tains the proposed proton-shuttle mechanism between the
protonated and deprotonated forms, through the corre-
sponding charged states of the Glu222 residue where the
proton-shuttle ends. Furthermore, the structural differ-
ences between the two anionic structures is very small
(changes the main absorption peak by "0:1 eV). We have
also computed the cationic conformation derived from
the neutral form by protonation on the heterocyclic free-
radical N. Its spectrum consists of a major peak at 2.6 eV
along with a shoulder at 3.05 eV in relative agreement
with the measured value for a slightly different model
chromophore in aqueous solution, 3.15 eV [22]. This
predictive power can prompt the use of TDDFT combined
with time-resolved optical spectroscopy to map the con-
centration of the different GFP forms in solution upon

FIG. 3 (color). Kohn-Sham wave functions of the neutral
(left) and anionic (right) GFP chromophores (red #, blue $).
These are the most important states involved in the main
collective excitation of Fig. 2, although the contribution of
several other occupied and unoccupied states is not negligible.
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FIG. 2. Computed photoabsorption cross section of the neu-
tral (thick solid line) and anionic (thick dashed line) chromo-
phores, along with experimental results taken from Refs. [4,8]
(thin solid line and crosses, respectively). For comparative
purposes, we divided the anionic results by 4 with respect to
the neutral results. Inset: decomposition of the computed
spectra of the neutral chromophore in the three directions,
showing the inherent anisotropy of the GFP molecule.
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Time-Dependent Density-Functional Approach for Biological Chromophores:
The Case of the Green Fluorescent Protein
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We performed first-principles calculations of the optical response of the green fluorescent protein
(GFP) within a combined quantum-mechanical molecular-mechanics and time-dependent density-
functional theory approach. The computed spectra are in excellent agreement with experiments
assuming the presence of two, protonated and deprotonated, forms of the photoreceptor in a !4:1
ratio, which supports the conformation model of photodynamics in GFP. Furthermore, we discuss
charge transfer, isomerization, and environment effects. The present approach allows for systematic
studies of excited-state electron-ion dynamics in biological systems.

DOI: 10.1103/PhysRevLett.90.258101 PACS numbers: 87.15.Mi, 71.15.Qe, 78.40.–q, 87.15.Aa

Not surprisingly, the theoretical understanding of bio-
physical processes is a very active field of research. In
particular, there have been spectacular advances in the
characterization of structural and dynamical properties
of complex biomolecules by a combination of quantum-
mechanical and classical-molecular mechanics methods
[1,2]. However, and in spite of the large amount of ex-
perimental work in photoactive molecules, the theoretical
description of the interaction of these molecules with
external time-dependent fields is very much in its infancy.
Many biological processes rely on a subtle interplay be-
tween optical absorption in the photoactive center and its
coupling to internal vibrational modes and to the environ-
ment (hosting protein and solvent) —e.g., vision, that is
triggered by a photoisomerization mechanism. Another
paradigmatic case is the green fluorescent protein (GFP).
This molecule has become a unique tool in molecular
biology due to its fluorescence and inertness when at-
tached to other proteins [3]. The chromophore consists
of chemically modified Ser65, Tyr66, and Gly67, which
form two consecutive rings, the phenol-type ring of Tyr66
and a five-membered heterocyle (imidazolinone) formed
by the backbone of Tyr66, the carbonyl carbon of Ser65,
and the nitrogen of the backbone of Gly67 (see Fig. 1). The
tyroxyl hydroxyl group is part of a complex hydrogen
bond network that depending on the environment favors
its protonated (neutral) or deprotonated (anionic) form.

The optical absorption spectrum of the wild type (wt)-
GFP, measured at 1.6 K, shows two main resonances at
2.63 and 3.05 eV [4] that are attributed to the two ther-
modynamically stable protonation states of the chromo-
phore (negative and neutral configurations, respectively).
The equilibrium between those two states can be con-
trolled by external factors such as pH and mutations that
affect the chromophore environment [4–6]. Excitation at

either frequency leads to fluorescent green-light emission,
peaked at 2.44 eV, which is the main mechanism for
energy release in wt-GFP. This internal photoconversion
process occurs very rapidly by excited-state proton trans-
fer [7] for the neutral chromophore. Only recently the
optical absorption spectrum of the GFP anion chromo-
phore was measured in vacuo [8]. It consists of a main
peak at 2.59 eV in very close agreement with the peak
assigned to the anionic configuration of the wt-GFP. It is
clear that the photophysics of the GFP is governed by a
complex equilibrium between the neutral and anionic
configurations. The relevance of other proposed configu-
rations has been ruled out [9,10]. Several calculations of

FIG. 1 (color). Optimized structure of the neutral chromo-
phore and its closest charged residues inside the 1GFL protein:
His148, Arg96 (positive), and Glu222 (negative). Green spheres
correspond to the H-link atoms for the QM/MM procedure
(see text). Note that the dipole created by Arg96 and Glu222
does not have a component in the relevant x direction.
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Exciton*confinement*in*molecular*chains

D.)Varsano,)A.)Marini)and)A.)Rubio)Phys.)Rev.)Lett.)101,)133002)(2008)
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Interacting particles (excitonic effects)

counteract the spatial localization of the excitonic states.
This is because the LDA states are too delocalized, and the
process of localization of the electron-hole packets induced
by fxc is more difficult. This drawback of the LDA can be
easily corrected by recomputing the kernel (named fSICxc in
Fig. 2) using HF self-interaction-free wave functions.

This new kernel yields axial polarizabilities in excellent
agreement with the CCSD(T) results. The SIC increases
the xc kernel spatial nonlocality factor !, which translates
into further confinement of the excitonic states, compared
to the LDA-based fxc results. This can be rationalized by
looking at the excitonic wave functions shown in the
bottom of Fig. 2. The probability of finding an electron at
the end of the chain when the hole is placed in the middle
of the bond of the central H2 molecule (that measures
excitonic confinement) quickly decreases while increasing
the chain length, being almost zero for N ¼ 9. The polar-
izability follows the same trend, exhibiting saturation when
the extension of the excitonic wave function is smaller than
the chain length [18]. The reason that ALDA gives good
results for small chains is again related to the fact that
the excitonic wave function is spread over the whole
molecule (like in the case of chain B discussed above). It
is then clear that exciton confinement plays a major
role in the determination of the response properties of H2

chains providing microscopic support to the relevance of
the ultranonlocality and memory concepts in exchange-
correlation functionals.

The H2 chain represents an extreme case of system with
few electrons, where confinement is crucial, while elec-
tronic screening is negligible. For this reason TDDFT
kernels that work in the case of H2 chain may fail in
more complex molecular systems where electronic screen-
ing becomes more important. This is the case of the trans-
polyacetylene molecular chain. The PA chain has been
extensively studied in the past within the BS scheme
[19]. It has been shown that the main absorption peak
observed experimentally is excitonic, with 0.44 eV binding
energy. On the contrary, all available calculations within
TDDFT do not reproduce the experimental results: ALDA
spectra (see left inset of Fig. 3) is too low in energy and the
main absorption peak shape is more similar to a van Hove
singularity than to an isolated excitonic peak. Within an
EXX calculation it is possible to obtain a good agreement
with the experiment only by neglecting the x kernel, i.e., in
the independent particle approximation [9], which is
clearly inconsistent. As shown in Fig. 3, our fxc kernel
[20], instead, is in good agreement with the second order
Møller-Plesset (MP2) results in the finite length case and
with the experimental absorption peak position in the
infinite length case (left inset) [21]. MP2 calculations [4]

FIG. 3 (color online). Calculated axial polarizability of the
finite trans-polyacetylene chain with alternating C–C distances
of 1.339 and 1.451 Å. We also show the result of HF [23], MP2
[4], and ALDA calculations. In the insets we report the absorp-
tion spectrum of the infinite chain (left inset) and dependence of
the excitonic energy (Eexc) as a function of the number of
monomers (N). In contrast to the ALDA, the experimental
absorption at 1.7 eV [24] is perfectly reproduced by either the
BS or the present TDDFT calculations. At difference with the
ALDA, the axial polarizability calculated with the present fxc
correctly saturates at 15 monomers, in excellent agreement with
the MP2 results. At the same time, the excitonic energy saturates
towards the infinite chain experimental peak position.
Bottom: Excitonic wave functions corresponding to the most
intense and bright peak of the infinite and 15 monomers long
chains, respectively. It is significant to note that in both cases the
exciton extends over the same number of neighbors.

FIG. 2 (color online). Axial polarizability per monomer of the
molecular H2 chains. TDDFT calculations within the ALDA,
fxc, and f

SIC
xc (see text) are compared with coupled cluster CCSD

(T) [5] and CDFT [10] results. The real-space excitonic wave
functions of selected chains, with the hole placed in the middle
of the central hydrogen molecule bond, are also shown.
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Role played by electron-hole attraction is not 
captured by TDDFT in simple approximations

Bond alternation in Hydrogen chains
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Bond alternation in Hydrogen chains
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LDA Gap 2.05eV
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LDA Gap 0.26eV
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To guide the discussion, we remind the reader that the
polarizability ! is obtained from the imaginary part of the
microscopical reducible polarization function "̂ð!Þ that
can be obtained from the solution of the standard
TDDFT equation in matrix form [3]:

"̂ð!Þ ¼ "̂0ð!Þ½1þ f̂Hxcð!Þ"̂ð!Þ&: (1)

"̂0ð!Þ is the noninteracting response function, and f̂Hxc ¼
f̂Hartree þ f̂xc. All quantities are two-point functions (ma-
trices in reciprocal space). The fxc kernel used in this work
has been derived in Ref. [12] imposing the TDDFT equa-
tion to reproduce the results of the Bethe-Salpeter (BS)
equation for "̂ within MBPT [11]. The BS equation de-
scribes the excitonic dynamics in terms ofW, the screened
electron-hole interaction. Consequently, the leading term
in the perturbative expansion of the xc kernel turns out
to be f̂xc ¼ "̂'1

0 "̂1"̂
'1
0 , where "̂0 is the noninteracting

quasiparticle response function [13], and "̂1 the first
order correction in W to "̂0. This kernel is ab initio
and, in spite of its simplicity, it fully captures excitonic
features in the absorption spectra of bulk semiconductors,
insulators, as well as surfaces [3], in contrast to EXX and
CDFT. Moreover, fxc includes the correct behavior
limq!0fxcð!;qÞ ( 'ð#þ $!2Þ=jqj2 in the long-range re-
gime [12,14]. The two constants, # and $, measure, re-
spectively, the degree of spatial nonlocality and memory
effects.

In order to illustrate how the kernel fxc solves the failure
of ALDA (and of any semilocal approximations), we con-
sider two Peierls distorted infinite molecular H2 chains
[15]. In chain A (see Fig. 1) the intermolecular distance
is set to 2.5 a.u. and the intramolecular distance is 2.0 a.u.
(as in previous works [5,7,10]). This chain is a semicon-
ductor with a LDA gap of 2.28 eV. In chain B the inter-
molecular distance is reduced to 2.05 a.u. and the LDA gap
gets very small (0.26 eV). In Fig. 1 we compare the
TDDFT absorption spectra for both chains calculated
within ALDA and the fxc kernel. As the electronic density
is more homogeneous in chain B than in chain A, the
ALDA gives an almost indistinguishable dynamical polar-
izability from the BS calculations (see Fig. 1, right panel).
Instead, in chain A the ALDA performance worsens con-
siderably, failing to reproduce the main absorption peak.
However, the fxc kernel yields a dynamical polarizability
in both chains almost indistinguishable from the BS cal-
culations. To gain more insight we plot in Fig. 1 the
excitonic wave function corresponding to the main absorp-
tion peaks for both chains. We see that for chain A, where
ALDA fails, the exciton is confined within few H2 mono-
mers (’36 a:u:), while in B it is basically spread all over
the chain.

This simple example brings up the main conclusion of
the Letter, namely, to link the failure of the ALDA to the
exciton spatial localization. The crucial difference between
quasimetallic and semiconducting chains is reflected in the
structure of the TDDFT kernel. If we look at the long-range

limit of fxc for the two chains we see very drastic differ-
ences: whereas in chain B both # and $ are almost zero, in
chain A #( 16:92 and $( 0:45 eV'2 [16], which is more
than 1 order of magnitude larger than in solids, where #(
0:1–1:5, while $( 1–34) 10'3 eV'2 [14]. The huge
values of # and $ are due to the strong confinement of
the excitonic state caused by the correlation effects in the
fxc kernel. In addition, the $ constant is related to the
energy-dependent part of fxc that measures the strength of
the memory effects. Another fingerprint of the relevance of
correlation effects in the fxc of chain A is that the static
limit of the long-range part of the total TDDFT kernel,
lim!!0fHxcð!;qÞ ( ð4%' #Þ=jqj2, is negative. This
means that the spatial nonlocality of fxc, linked again to
the excitonic localization, is stronger than the Hartree term
[17] that measures, instead, the degree of inhomogeneity of
the electronic density. The ultranonlocality and the mem-
ory effects described by the many-body fxc cannot be
captured by any static, local, or semilocal approximation.
The effect of exciton confinement is enhanced in finite

length H2 chains, whose static polarizability is shown in
Fig. 2 for different approximations of the xc kernel. Both
ALDA and CDFT yield a very slow saturation of ! as a
function of the chain length and a strong overestimation of
the static polarizability compared to accurate quantum
chemical coupled cluster results CCSD(T). The TDDFT
results obtained using the fxc kernel partially reduce the
ALDA and CDFT overestimation, showing a faster satura-
tion. However the agreement with CCSD(T) is not yet
satisfactory. We have traced the residual discrepancy
back to the presence of self-interaction effects in the
LDA wave functions used to construct the xc kernel, that
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FIG. 1 (color online). Axial optical absorption spectra for the
molecular H2 chain A (Peierls distorted, left-hand frame) and
chain B (nearly equally spaced H atoms, right-hand frame).
While the present fxc kernel yields an excellent agreement
with the many-body calculations in both cases, ALDA works
only in the small gap case when the exciton is not localized. The
excitonic wave functions [22] corresponding to the main absorp-
tion peak are also shown by fixing the hole in the middle of the
central hydrogen molecular bond. A delocalized exciton wave
function in chain B is connected with a successful description of
the spectra by the ALDA (see text).
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Bond alternation in H2 chains

DFT/LDA

TDFT/ALDA

TDDFT/ALDA

Polyacetylene polymer

counteract the spatial localization of the excitonic states.
This is because the LDA states are too delocalized, and the
process of localization of the electron-hole packets induced
by fxc is more difficult. This drawback of the LDA can be
easily corrected by recomputing the kernel (named fSICxc in
Fig. 2) using HF self-interaction-free wave functions.

This new kernel yields axial polarizabilities in excellent
agreement with the CCSD(T) results. The SIC increases
the xc kernel spatial nonlocality factor !, which translates
into further confinement of the excitonic states, compared
to the LDA-based fxc results. This can be rationalized by
looking at the excitonic wave functions shown in the
bottom of Fig. 2. The probability of finding an electron at
the end of the chain when the hole is placed in the middle
of the bond of the central H2 molecule (that measures
excitonic confinement) quickly decreases while increasing
the chain length, being almost zero for N ¼ 9. The polar-
izability follows the same trend, exhibiting saturation when
the extension of the excitonic wave function is smaller than
the chain length [18]. The reason that ALDA gives good
results for small chains is again related to the fact that
the excitonic wave function is spread over the whole
molecule (like in the case of chain B discussed above). It
is then clear that exciton confinement plays a major
role in the determination of the response properties of H2

chains providing microscopic support to the relevance of
the ultranonlocality and memory concepts in exchange-
correlation functionals.

The H2 chain represents an extreme case of system with
few electrons, where confinement is crucial, while elec-
tronic screening is negligible. For this reason TDDFT
kernels that work in the case of H2 chain may fail in
more complex molecular systems where electronic screen-
ing becomes more important. This is the case of the trans-
polyacetylene molecular chain. The PA chain has been
extensively studied in the past within the BS scheme
[19]. It has been shown that the main absorption peak
observed experimentally is excitonic, with 0.44 eV binding
energy. On the contrary, all available calculations within
TDDFT do not reproduce the experimental results: ALDA
spectra (see left inset of Fig. 3) is too low in energy and the
main absorption peak shape is more similar to a van Hove
singularity than to an isolated excitonic peak. Within an
EXX calculation it is possible to obtain a good agreement
with the experiment only by neglecting the x kernel, i.e., in
the independent particle approximation [9], which is
clearly inconsistent. As shown in Fig. 3, our fxc kernel
[20], instead, is in good agreement with the second order
Møller-Plesset (MP2) results in the finite length case and
with the experimental absorption peak position in the
infinite length case (left inset) [21]. MP2 calculations [4]

FIG. 3 (color online). Calculated axial polarizability of the
finite trans-polyacetylene chain with alternating C–C distances
of 1.339 and 1.451 Å. We also show the result of HF [23], MP2
[4], and ALDA calculations. In the insets we report the absorp-
tion spectrum of the infinite chain (left inset) and dependence of
the excitonic energy (Eexc) as a function of the number of
monomers (N). In contrast to the ALDA, the experimental
absorption at 1.7 eV [24] is perfectly reproduced by either the
BS or the present TDDFT calculations. At difference with the
ALDA, the axial polarizability calculated with the present fxc
correctly saturates at 15 monomers, in excellent agreement with
the MP2 results. At the same time, the excitonic energy saturates
towards the infinite chain experimental peak position.
Bottom: Excitonic wave functions corresponding to the most
intense and bright peak of the infinite and 15 monomers long
chains, respectively. It is significant to note that in both cases the
exciton extends over the same number of neighbors.

FIG. 2 (color online). Axial polarizability per monomer of the
molecular H2 chains. TDDFT calculations within the ALDA,
fxc, and f

SIC
xc (see text) are compared with coupled cluster CCSD

(T) [5] and CDFT [10] results. The real-space excitonic wave
functions of selected chains, with the hole placed in the middle
of the central hydrogen molecule bond, are also shown.
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Excitonic%effects%in%graphene%nanostructures%(nanoribbons)

A-GNR

Nz=Number of the dimer lines across the
ribbon width

• Differences between TB and LDA are
related to the change in the C-C
distances at the edge→ change in
the hopping integral at hte edge

• Family dependent electronic proper-
ties: Na=3p,3p+1,3p+2 (p integer)

Son et al. PRL 97, 216803 (2006)
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We investigate from first principles the electronic and optical properties of edge-modulated armchair graphene
nanoribbons, including both quasiparticle corrections and excitonic effects. Exploiting the oscillating behavior
of the ribbon energy gap, we show that minimal width-modulations are sufficient to obtain confinement of both
electrons and holes, thus forming optically active quantum dots with unique properties, such as the coexistence of
dotlike and extended excitations and the fine tunability of optical spectra, with great potential for optoelectronic
applications.
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Graphene nanostructures have recently triggered a wealth
of studies for their remarkable properties, which combine
the unique electronic and mechanical features of graphene1

with the semiconducting behavior induced by quantum
confinement.2 Moreover, depending on the details of the
atomic structure, a variety of peculiar width and edge-
related phenomena can arise.3 To fully exploit this richness,
much effort has been devoted to achieve precise control of
the structure through a number of different nanofabrication
techniques.4 Extreme control of the width—down to three
benzene rings—was recently demonstrated by chemical routes
for armchair-edge graphene nanoribbons (AGNRs),5 whose
optical gaps6–9 finally reach the energy window attractive for
optoelectronic applications. The perspective of engineering
one-dimensional (1D) and 0D quantum confinement of charge
carriers, so far dominated by unintentional disorder effects,10

is thus becoming realistic.11

Among the different routes proposed to achieve quantum
confinement in all directions,12 i.e., quantum dots (QDs),
the most widely used takes advantage of high-resolution
lithography to carve the full device from 2D graphene.13 This
allows the combination of atomiclike properties, extensively
explored in conventional semiconductor QDs,14 with the
advantages born by graphene, such as efficient coupling to
a graphene-based interconnecting wire or contact and planar
geometry that is compatible with available technologies. In
such a configuration, both the dot and the barriers are made of
graphene by modulating the wire width and the carriers end up
being localized in the wider region by quantum size effects, as
in conventional semiconductor nanostructures.

Here we show that not only quantum size effects, but
also a different mechanism, similar to that occurring in
conventional semiconductor heterojunctions, can give rise
to the confinement of both electrons and holes, where the
confining potential landscape is obtained by exploiting the
peculiar electronic properties of AGNRs. In fact, the energy
band gap of AGNRs shows three distinct families depending
on the ribbon width, namely, N = 3p, N = 3p + 1, and
N = 3p + 2 (N being the number of dimeric lines along the
width and p a positive integer):3 Within each family, the energy
gap decreases with increasing ribbon width, as expected, but
minimal modulations of the width, down to one atomic row,
are sufficient to induce a large variation in the band gap. For

example, the conduction- and valence-band offsets between
the N = 7 and N = 8 ribbon are both as large as 1.4 eV, as
will be discussed below (see Fig. 1).

Joining such ribbons is therefore expected to produce an
all-graphene system with type-I band modulation similar to a
semiconductor interface between different materials, while at
the same time retaining graphene π conjugation throughout.
In this paper we provide a realistic description of QD states
and optical excitations for such edge-modulated AGNRs by

FIG. 1. (Color online) (a) Atomic structure of the modulated
graphene nanoribbon. The dot and the barrier regions (N = 8 and
N = 7, respectively) differ in width by one atomic row. The armchair
edges are H terminated. (b) Quasiparticle band dispersions for the
infinite GNRs N = 7 and N = 8 (left and middle panels) and for the
periodically repeated QD (right panel), whose unit cell is highlighted
in (a) by dotted lines. The two nondispersive states (thick magenta
lines) are localized in the dot (N = 8) region of the structure. Arrows
indicate the lowest optically allowed transitions (see Fig. 2).
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FIG. 3. (Color online) Electron distribution of the lowest excitons
for N = 8 and the edge-modulated GNR (QD), for a fixed hole
position (here set as rh = 0). The distribution is plotted along the
ribbon axis z after integrating out the other coordinates. For the
superlattice rh is chosen to be at the center of the dot (N = 8) region.

and A8, which corresponds to the interband transition between
the states localized in the dot region within the GW-RPA
picture [AQD; see Fig. 1(b), right panel]. As previously men-
tioned, the structural parameters of the superlattice crucially
determine the number and energy location of the confined
states, that is, the relative peak position with respect to A7
and A8. This would further improve the flexibility of this
class of system, where a fine tuning of the QD spectrum
can be enabled both by interfacing different GNRs and
by changing the dot and/or barrier length within a given
superstructure.

Let us now focus in more detail on the nature of the first
peak of the edge-modulated GNR. When excitonic effects
are included, the first optically active excitation still has a
predominantly localized nature (i.e., 78% of the weight is
given by the transition between localized states confined in the
N = 8 region). Thus the markedly different correction to the
GW -RPA spectra as compared to the ideal N = 8 GNR has to
be ascribed to the additional confining potential introduced by
the edge modulation, the first one being almost twice as large.
This change in the confinement properties is also apparent
in the excitonic wave function plotted along the ribbon axis
(Fig. 3): In the presence of the N = 7 barrier, the overall shape
of the exciton envelope function changes from Gaussian (top
panel) to steplike (bottom panel), with a significant reduction
of the spatial extension and an exponential decay in the barrier
region. Nonetheless, the exciton preserves a Wannier-like
character [Fig. 4(a)], as found for ideal AGNRs.7

As described above, while the first excitation has mainly a
dotlike character, it also contains non-negligible contributions
coming from higher-energy levels, thus acquiring a mixed
character. This is also true for higher excitations, which
arise from combinations of single-particle states with different
localization properties. For instance, the second peak is made
up of several excitonic states, almost degenerate in energy,
each of them combining contributions from single-particle
states localized in the dot, in the barrier, or from resonances
delocalized over the whole system. The mixed character of the
excitations, as well as the presence of both dotlike and bulklike

FIG. 4. (Color online) In-plane electron distribution of the (a) first
bright and (b)–(d) few higher dark excitons for the QD superlattice,
where the black dot indicates the fixed hole.

excitons, must be ascribed to the unique nature of the system:
A straddling junction between regions with different energy
gaps is realized here using the same material, thus preserving
π conjugation at the junction interface.23 This is indeed
different from what happens in common heterojunctions made
of different materials.24

In order to gain further insight into the optical activity of
such systems, we have investigated the presence of dark states
in the low-energy window for the periodically repeated QD
structure. Figure 4 illustrates the in-plane electron distribution
of the the first (bright) exciton [Fig. 4(a)] and a few higher
optically inactive excitons [Figs. 4(b)–4(d)] of the QD, plotted
at a fixed hole position (black dot). The edge modulations
do not introduce optically inactive states below the first
absorption peak, inheriting the behavior of ideal ribbons.7

Several dark states of distinct nature appear instead in the
energy region between the first and second peaks [Figs. 4(b)–
4(d)]. In addition to the more common dipole forbidden states
[see, e.g., Fig. 4(b)], we find excitons that couple single-
particle states spatially localized in different regions of the
superstructure. Optical inactivity thus results from the small
overlap of the electron and hole wave functions [see, e.g.,
Fig. 4(c), where the hole is in the dot, while the electron is
localized in the barrier]. A third type of exciton is shown in
Fig. 4(d), where the hole is in the dot region and the electron
is localized in its nearest replicas.

To summarize, we have investigated the electronic and
optical properties of edge-modulated AGNRs including quasi-
particle corrections and excitonic effects. Exploiting the
oscillating behavior of their energy gap, we have demonstrated
that the simple addition (or removal) of single dimeric lines
along the ribbon width is sufficient to obtain contextual
confinement of both electrons and holes. We show that
these nanostructures can act as optically active QDs, whose
properties are significantly modified by many-body effects.
The coexistence of dotlike and extended excitations, as well
as the fine tunability of optical spectra, is a unique feature that
make these systems conceptually different from conventional
QDs. These results offer a tantalizing perspective, especially
in light of the recent production of atomically controlled
armchair-edged GNRs.
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range screened Coulomb interaction between periodic
images, in order to avoid nonphysical interactions.26 Due to
the rectangular geometry of the system, we use a box-shaped
truncation.27

We start by considering 1-nm-wide hydrogen-passivated
A-GNRs belonging to different families, namely, N
=8,9 ,10. Figure 1!a" depicts their calculated optical absorp-
tion spectra, while the quasiparticle band structures are
shown in Fig. 1!b". All the results are summarized in Table I.
The quasiparticle GW corrections open the LDA energy gaps
at ! by 0.72, 1.32, and 1.66 eV for N=8, 9, and 10, respec-
tively. These energy corrections are larger than those of bulk
semiconductors with similar LDA gaps, due to the enhanced
Coulomb interaction in low-dimensional systems and the re-
duced screening. In addition, a family modulation of the cor-
rections can be noticed, with larger corrections for the GNRs
with larger LDA gaps. The gap opening is accompanied by
an overall stretching of the banstructure of 17–22 %, similar
to the value found for graphene !#20% ".28

In the absence of electron-hole e-h interaction, such a
band structure would result in the optical absorption spectra
depicted in gray $Fig. 1!a"%, characterized by prominent 1D
Van Hove singularities. The inclusion of the excitonic effects
!solid black line" dramatically modifies both the peak posi-

tion and absorption line shape, giving rise to individual ex-
citonic states below the onset of the continuum, with binding
energy of the order of the eV. The lowest-energy absorption
peaks for N=8 and 9, labeled A8 and A9, have the same
character: in both cases, the principal contribution comes
from optical transitions between the last valence and first
conduction bands, localized in k space near the ! point $Fig.
1!b"%. The binding energies for these lowest optically active
excitons are 0.58 and 1.11 eV for N=8 and 9, respectively.
As compared to the first two systems, the N=10 GNR shows
a richer low-energy spectrum. Each noninteracting peak
gives rise to a bright excitonic state $arrows A10 and B10 in
Fig. 1!b"%, with binding energies of 1.31 and 0.95 eV. In
addition, the mixing of dipole-forbidden transitions between
the same bands $arrows D in Fig. 1!b"% is responsible for an
optically inactive exciton degenerate in energy with A10. The
D state thus provides a competing path for nonradiative de-
cay of optical excitations, which could affect the lumines-
cence yield of the system. This feature results from transi-
tions between pairs of bands very close in energy to each
other, and is therefore expected to be a common outcome for
all N=3p+1 GNRs. Hence, the presence of low-energy dark
excitons in GNRs is strongly dependent on the family, con-
trary to the case of carbon nanotubes, where this is instead a
common feature.29

A further insight into the effects of electron-hole interac-
tion is provided by the evaluation of the resulting spatial
correlations. In Fig. 2, we plot the in-plane probability dis-
tribution of the electron for a fixed hole position !black dot",
corresponding to the lowest excitonic state in the N=9 case.
While the electron distribution extends over the whole rib-
bon width, the modulation of the exciton wave function
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FIG. 1. !a" Optical absorption spectra of 1-nm-wide hydrogen-
passivated GNRs: N=8 !1.05 nm wide", 9 !1.17 nm", and 10
!1.29 nm". In each panel, the solid line represents the spectrum with
electron-hole interaction, while the spectrum in the single-particle
picture is in gray. All the spectra are computed introducing a
Lorentzian broadening. !b" Quasiparticle band structures.

TABLE I. Energy gap !second and third columns" and peak
position !fourth column" for N=8, 9, and 10 A-GNRs, with !-H" and
without hydrogen passivation of the edge sites. The relative binding
energies are reported in the last column. All the values are in eV.

N LDA GW BS Eb

8-H 0.28 1.00 0.42 0.58
8 0.50 1.59 0.71 0.88
9-H 0.78 2.10 0.99 1.11
9 0.56 1.50 0.64 0.86
10-H 1.16 2.82 1.51, 1.87 1.31, 0.95
10 1.09 2.64 1.46, 1.68 1.18, 0.96

!
ẑ

FIG. 2. !Color online" In-plane spatial distribution of the elec-
tron for a fixed hole position !black dot", corresponding to the low-
est excitonic peak in the N=9 case. The spatial density is averaged
over the direction orthogonal to the ribbon plane. Dimension of the
panel: 1.2"6.4 nm2.
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TDDFT)calculations

CD spectral differences between poly(A):poly(T) and poly-
(A:T) have earlier been reported and have been ascribed to the
different arrangements of bases as described above.41-45 To
further explore these differences in a systematic manner, we
have recorded synchrotron radiation CD spectra for different
families of AT duplexes. In one set of experiments, the duplexes
chosen for study all had 18 AT base pairs, and each strand was
composed of nine adenines and nine thymines. The arrangement
of A and T in a strand was varied to shed light on the
dependence of sequence on the CD signal and in this way
unravel the importance of Watson-Crick (WC) and cross-strand
(CS) couplings, determining the stiffness of the strand. The base
pair coupling was further elucidated by studies of duplex
families with 14 and 30 base pairs. Finally, the influence of the
length of the duplex in the range 14-54 base pairs was
investigated for similar arrangements of adenine and thymine.
The data allow us to extract fingerprint spectra of AT WC and
CS base pairs. These spectra are compared to those obtained
from time dependent density functional theory (TDDFT)
calculations on isolated base pairs. We remark that ab initio
calculations of CD spectra of nucleic acids were long hindered
by the huge computational load and theoretical hurdles. Such
studies are now feasible thanks to a recently developed gauge-
invariant method that we have applied for this work.46

Experimental Details

DNA single strands were purchased from DNA Technology
A/S, Aarhus. To form duplexes with 14, 18, and 30 base pairs,
these single strands were used: A7T7, (AT)2A5T5, A5T5(AT)2,
A4(TA)3T4, A5(TA)2T5, and (AT)7; A9T9, T9A9, A7T9A2, T2A9T7,
A5T9A4, T4A9T5, A6T6(AT)3, (AT)3A6T6, A2T3A5T3A2T3, A3T2-
A3T5A3T2, A2T2(AT)7, (AT)7A2T2, (AT)3A3T3(AT)3, A8T8AT,
ATA8T8, A8TAT8, A5(TA)4T5, and (AT)9; and A15T15, A8-
(TA)7T8, (A3T3)5, (A2T2)3A4T4(A2T2)2AT, AT(A2T2)2A4T4(A2-
T2)3, (A2T2)3A4T4(AT)5, (AT)5A4T4(A2T2)3, and (AT)15. For
strand length variation experiments, strands of the type
Ai(TA)i-1Ti with i ) 4-8, 10, 12, and 14 were chosen. Known
amounts of the strands were dissolved in either water or 10
mM phosphate buffer (pH 7.4) + 100 mM NaF(aq). Synchrotron
radiation circular dichroism (SRCD) spectra were obtained at
the UV1 beamline at the ASTRID storage ring facility in Aarhus,
Denmark.47 At the beginning of each filling the setup was

calibrated for wavelength and optical rotation magnitude. Spectra
were recorded at 20 °C and measured using a quartz cell type
QS124 with a path length of 0.1 mm (Hellma GmbH, Germany),
and for temperature scans a 0.1-mm closed cell was used. All
the spectra were averaged, baseline subtracted, and slightly
smoothed with a Savitzky-Golay filter using the CD data
processing software CDTool.48

Computational Details

Electronic circular dichroism calculations have been per-
formed within the TDDFT framework49 using a recently
developed scheme based on a real-space pseudopotential
representation of the wave functions and Hamiltonian, and a
real-time propagation of the Kohn-Sham orbitals.46 In this
approach the circular dichroism signal is obtained by probing
the magnetization of the system perturbed by an electric field.
An extra term related to the nonlocal pseudopotentials is taken
into account in order to guarantee the gauge invariance of the
results. The absorption spectrum can be obtained on the same
footing, by probing the time dependent dipole moments of the
system as described by Yabana and Bertsch.50 The full derivation
and details of the method were recently reported,46 along with
successful applications of this new methodology to some organic
chiral molecules.

For all the calculations, we have used the code octopus.51

Troullier-Martins52 norm conserving pseudopotentials were
employed to describe the electron-ion interaction. The exchange
and correlation functional was treated at the level of the local
density approximation (LDA) in the Perdew-Zunger param-
etrization.53 The use of generalized gradient approximation
(GGA) corrections does not significantly change the results
discussed below.46 The computational grid was constructed with
overlapping spheres centered at each atom. The grid spacing
was 0.2 Å, and the radius of each sphere was 5.0 Å. For the
time propagation scheme a Lanczos exponential method was
used with a time step of 0.0079 fs and a total time of 15 fs.
The parameters of the calculations provide converged results
to less than 50 meV.

Here we first calculated the CD for an isolated gas-phase
adenine nucleoside in order to check the reliability of the method
for DNA bases. The structure of the adenosine has been
extracted from X-ray data (1d89 pdb file).8 The hydrogen atoms
have been added and relaxed in the DFT/GGA framework,
whereas the phosphate group was neglected. The calculated CD
spectrum for this isolated adenosine is shown in Figure 2, where
the experimental CD spectrum38 is also included. The calculated

Figure 1. Structures of Watson-Crick and cross-strand AT base pairs,
adopted for the computational part of this work. The WC structure
was constructed with the 3DNA builder.66 The CS structures were
extracted from X-ray experimental data, files 1d89 and 1bdn for (Ade)C-
2-(Thy)O-2 (middle) and (Ade)N-6-(Thy)O-4 (bottom), respectively.

Figure 2. Experimental and calculated CD spectra of the deoxyad-
enosine nucleoside. The experimental data are taken from ref 38. Inset:
structure of the calculated dA obtained from X-ray structure 1d89 pdb
file. The phospate group has been neglected in the calculation. The
theoretical spectrum has been normalized to the first low energy peak,
and the whole spectrum has been shifted by 30 nm.

CD for DNA Duplex Families of A and T J. Phys. Chem. B, Vol. 113, No. 28, 2009 9615

D
ow

nl
oa

de
d 

by
 M

IT
 o

n 
Ju

ly
 1

0,
 2

00
9

Pu
bl

is
he

d 
on

 Ju
ne

 1
8,

 2
00

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

jp
90

32
02

9

S. Nielsen et al. ChemPhysChem 2005, 6, 2619. 

Natural%CD))in)RT0TDDFT
Adenine

EXP:)Voelter)et)al.)JACS)(1968)

D.)Varsano,)L.)Espinosa)and)A.)Rubio,)in)preparation)(2012)

5

 0

 2

 4

 6

 8

 10

 12

 14

 16

 18

 20

 2  3  4  5  6  7

O
pt

ic
al

 a
bs

or
pt

io
n 

[a
rb

. u
ni

ts
]

Energy [eV]

LDA
Exp.

-10

-8

-6

-4

-2

 0

 2

 4

 6

 8

 2  3  4  5  6  7

M
C

D
 s

ig
na

l [
ar

b.
 u

ni
ts

]

Energy [eV]

LDA
Exp.

FIG. 2. Magnetic Circular Dichroism strength function for
the C60 in the LDA approximation (in green) and the exper-
imental result (in blue). The propagation time was 50 h̄/eV
time units equivalent to 33.9 fs. Inserted a representation of
the C60 fullerene is showed.

The ⇡ ! ⇡⇤ nature of the low energy electronic transi-
tions is nicely exposed in the calculated Magneto dichroic
spectrum. Our results are in the same level of accuracy
to those obtained following a similar formalism to us16.

C. ADN basis: The adenine

Put some text here.

III. CONCLUSION

We have showed a new implementation for the calcu-
lation of the magneto optical response in molecular sys-
tems. This new approach calculates simultaneously the A
and B in an unified term instead of the classic di↵erentia-
tion by means of the non-diagonal terms of the magnetic
perturbed polarizability. Several test on di↵erent bench-
mark systems were done showing a nice agreement with
the experimental results.
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FIG. 3. Magnetic Circular Dichroism strength function for
the adenine in the LDA approximation (in green) and the
experimental result (in blue). The propagation time was 50
h̄/eV time units equivalent to 33.9 fs.

The methodology used in this letter follows the new
claims about the unification of the A and B terms classi-
cally separated in one term able to describe the magneto
optical response in closed-shell systems.
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Appendix A: Sum rules in MCD

In a recent publication by Lee et al.

16 about a real-
space real-time implementation of MCD they have that
the Sum Rules satisfies (see Eq.(25) in the original refer-
ence) the relation
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this commutator is the coe�cient in the expansion of
the expected value of the dipole moment with the mag-
netically perturbed wave-functions. Here N
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is the dipole moment in the � direc-
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magneton. To clarify our point about the sum rules in
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a pair. Figure 6b illustrates the dipolar strength functions for all the five C+GC triplets extracted

from our MD simulation and reported in Figure 3(b-f).
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Figure 6: (a) Polarization-averaged dipolar strength function of the triplet, plotted together with
the superposition of component signals. The legend indicates the color code. (b) Polarization-
averaged dipolar strength function of the 5 representative triplets, along with the average signal
obtained by weighing the signal of each triplet with its population number during the dynamics.

The weak signal at 3.15 eV in the triplet spectrum in Figure 6a (orange line) corresponds to a charge

transfer excitation from guanine to protonated cytosine. The energy of charge transfer excitations

is greatly underestimated in TDDFT when local or semilocal Exchange-Correlation functionals are

used54–56 and therefore we do not elaborate on such transitions.

The first triplet peak with a pp⇤ nature is at 3.67 eV: it is a combination of the first excitation

of cytosine and the first excitation of guanine, with a redshift by 0.13 eV 0.56 eV relative to the

isolated cytosine and guanine spectra, respectively. G and C are Watson-Crick paired in the C+GC

triplet, as they are in the GC pair, and the nature of the first triplet peak corresponds to that of

the first peak of the GC pair. However, we note some differences in the peak shifts. The first

guanine peak has a higher red-shift in the triplet than in the pair. The first cytosine peak has even

an inversion of the shift. These oddities are due to the simultaneous presence of the Hoogsteen

H-bond in the triplet: in fact, the guanine is simultaneously engaged in both Watson-Crick and

Hoogsteen H-bonding and therefore the interaction with cytosine is not exactly the same as in the

GC pair. The global effect is that the combination of a Hoogsteen H-bond with a Watson-Crick

H-bond induces a red-shift by 0.39 eV on both the first C and the first G excitations, relative to

16

(a)

(b) (c)

(d) (e)

(f)

Figure 3: (a) Five representative structures selected from the MD trajectory on the basis of a
clustering algorithm that groups structures, by similarity, namely by minimal deviation from each
other. (b-f) The central triplet (without backbone) on the 5’ side, extracted from each representative
structure: the same color code as in (a) is adopted. These fragments are the targets of our TDDFT
calculations.

most regular. Therefore, we extract a single C

+
GC triplet from each representative structure by

taking the eighth plane from the 5’ terminal and removing the backbone (the dangling bonds are

capped by H atoms). These are the targets of our TDDFT calculations (see Figure 3(b-f)). We

are aware that these simple fragments do not contain all the characteristics of the oligomer, e.g.

the solvent and the features due to stacking interactions. However, they are sufficient to reveal the

fingerprints of Watson-Crick and Hoogsteen H-bonds and the differences between the two classes,

which is the main objective of this study.

Optical properties of C

+
GC triplets

In this section we report the calculated optical absorption spectra for the triplets of Figure 3(b-f).

The interpretation of the optical spectrum for each triplet requires the comparison of the triplet

signal to the signals of the component single bases and base pairs. In fact, we wish to identify

10

•Stability)by)classical)MD
•Fingerprint)of)Hoogsteen)H0bonding)in)optical)spectra

T.#Ghane,#D.#Varsano,#and#R.#Di#Felice#submi8ed#to#JPCB#(2012)#

DNAATriplex:

Figure 1: (g) The triplet motif with definition of atomic labels. The two different kinds of hydrogen
bonds are marked with dashed lines. G and C are paired by Watson-Crick H-bonding, C+ and G are
paired by Hoogsteen H-bonding. The Watson-Crick base pairing between guanine and cytosine is
characterized by three H-bonds: one between the carbonyl oxygen of guanine (O6) and the amino
hydrogen of cytosine (H41), one between the N1H1 site of guanine and the N3 site of cytosine,
one between the amino hydrogen of guanine (H21) and the carbonyl oxygen of cytosine (O2). The
Hoogsteen base pairing between protonated cytosine and guanine is characterized by two H-bonds:
one between the carbonyl oxygen of guanine (O6) and the amino hydrogen of protonated cytosine
(H41) and the other between the N7 site of Guanine and the N3H3 site of protonated cytosine.
Thus, in a C+GC triplet, the O6 atom of the guanine base is engaged in two different H-bonds.

wish to simulate. Therefore, we generate force field parameters for C+ consistent with the AMBER

force field. To this aim, we perform structural optimization and electronic structure calculations

for the C+GC triplet at two different levels of theory, namely HF/6-31G(d) and B3LYP/ccpVTZ,

using the Gaussian03 computer package.25 The missing bond and angle parameters for C+ are

built using the parmcal tool of the AMBER package, using the structures obtained from ab initio

calculations. Charges are derived by fitting the ab initio ESP grid points41,44 following the Merz-

Kollman scheme, and from these a set of RESP (Restrained ElectroStatic Potential) atomic charges

is derived. Short test MD simulations of the target triplex DNA over 5 ns give similar results with

these two parametrizations of C+, in terms of stability of the triple helix as inspected by the analysis

of partial and total root mean square deviations. Therefore, we choose to run the production MD

simulation over longer times with the parameters for C+ obtained at the HF/6-31G(d) level, which

is the default charge approach applied in the AMBER force field. The production MD run is

preceded by a minimization-equilibration procedure, according to a well established protocol.22

5

agents)for)alter)gene)expression
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FIG. 6. Optical absorption (top) spectrums for the G4/TMP stacks and the relaxed stack at LDA approx-

imation. In the bottom a comparison with the experimental results for the relaxed stack, and its relaxed

moieties.

MATERIALS AND METHODS

Materials. Unless otherwise stated, reagents were obtained
from Sigma-Aldrich and were used without further purifica-
tion. TMPyP was dissolved in doubly distilled water. The
stock solution was passed through a 0.22 µm filter, and the
concentration of the porphyrin was determined using the
extinction coefficient (226 mM-1 cm-1) at 422 nm (15).
DNA Samples. The long monomolecular G4-wires were

prepared essentially as described in our recent paper (1); the
procedure includes the following steps: enzymatic synthesis
of 5000 bp poly(dG)-poly(dC) molecules (16), separation
of the poly(dG) and the poly(dC) strands in 0.1 M LiOH
using HPLC, and folding of the purified poly(dG) strands
by lowering the pH of the solution. The wires were prepared
in the absence of stabilizing ions (K+ and Na+) and thus
will be termed the “K-free” G4-wires throughout this paper.
The K-free G4-wires were converted to the K form by a 30
min incubation in 10 mM KCl, 2 mM Tris/HCl buffer (pH
7.5) at 25 °C.
The TMPyP-DNA complex was prepared by incubation

of the K-free G4-wires with an amount of TMPyP equal to
that of G-tetrads in the wire in 100 mM Tris/HCl buffer (pH
7.5) for 1 h at 25 °C. The complex was subsequently passed
through a Sephadex G-25 column (1 × 5 cm) equilibrated
with 100 mM Tris/HCl buffer (pH 7.5). The amount of
TMPyP eluted in the void volume of the column in complex
with DNA was measured by absorption spectroscopy (see
below); a ratio of 0.5 was estimated for the complex between
the porphyrin and G-tetrad. A complex of TMPyP with K+-
containing G4-wires was made by incubation of TMPyP with
half the amount of G-tetrads in the wire in 100 mM Tris/
HCl buffer (pH 7.5) for 1 h at 25 °C.
Absorption, CD, and Fluorescent Spectroscopy. Absorp-

tion spectra of G4-wires were recorded with a U2000 Hitachi
(Japan) spectrophotometer. The G-tetrad concentration was
estimated using the extinction coefficient (36 mM-1 cm-1)
at 260 nm. The coefficient is smaller than that of the sum of
four independent G-bases (46.8 mM-1 cm-1), due to the
hypochromic effect caused by the stacking interaction
between G-bases in the wire. Addition of 0.1 M LiOH results
in complete unfolding of the G4-wire and as a result in an
increase of absorption. A hyperchromicity value of 1.3 (30%)
was measured by comparing the G-wire absorption at alkaline
and neutral pH (a correction was made to the spectrum to
account for the changes induced by deprotonation of G-bases
in LiOH). The extinction coefficient of the G-tetrad was thus
estimated as the sum of the coefficients of four independent
G-bases divided by 1.3 (the hyperchromicity value) and is
equal to 36 mM-1 cm-1. CD spectra were recorded at 25 °C
with an Aviv model 202 series (Aviv Instrument Inc.) circular
dichroism spectrometer. Each spectrum was recorded from
220 to 500 nm and was an average of four measurements.
Recording specifications were wavelength step 1 nm, settling
time 0.333 s, average time 1.0 s, bandwidth 1.0 nm, and
path length 1 cm. Fluorescence spectra were recorded with
a FluoroMax (Jobin Yvon) spectrofluorometer using a 150
W arc xenon lamp as a light source. The spectra were
recorded in a 0.4 cm × 1 cm quartz cell with a band-pass of
5 nm at the excitation side and 5 nm at the emission side.
The contribution of buffer to the measured fluorescence was
subtracted. In all cases a Schott UV305 filter was used on

the excitation side. All measurements were conducted in 100
mM Tris/HCl (pH 7.5); the absorption of all samples was
0.3 or less.

RESULTS

Figure 1A shows the UV/vis absorption spectra of TMPyP
in the presence and the absence of the K-free G4-wires. The
ratio between the amount of the porphyrin and the tetrads in
the sample (r) is equal to 0.5. The concentrations of TMPyP
and G-tetrads were determined from extinction coefficients
of 226 mM-1 cm-1 at 422 nm (15) and 36 mM-1 cm-1 at
260 nm, correspondingly (see the Materials and Methods).
As seen in Figure 1A (compare line 1 and line 2) a substantial
shift in the Soret band peak position (from 422 to 441 nm)
and a substantial hypochromicity of the Soret band (58%)
take place upon binding of the porphyrin to the wires. The
complex between TMPyP and G4 wires is very stable and
does not dissociate during size-exclusion chromatography.
The absorption spectrum of the DNA fraction that eluted
from a Sephadex G-25 column is almost identical to that of
the initial complex (compare line 2 and line 3, Figure 1A).
The increase of r beyond 0.5 results in progressive reduction

FIGURE 1: Visible absorption spectra of TMPyP in complex with
K-free and K forms of G4-wires. A 5 µM concentration of TMPyP
(line 1 in panels A and B) in 100 mM Tris/HCl (pH 7.5) was
incubated for 30 min with 10 µM (in tetrads) K-free G4-wires (panel
A, line 2); the mixture was passed through a G-25 Sephadex column
as described in the Materials and Methods (line 3 in panel A). The
latter spectrum is multiplied by a factor 1.6 to account for the sample
dilution during chromatography. A 10 µM concentration (in tetrads)
of G4-wires was preincubated for 30 min at 25 °C with 10 mM
KCl prior to addition of 5 µM TMPyP (panel B, line 2). The spectra
were recorded 15 min after addition of the porphyrin.

12926 Biochemistry, Vol. 46, No. 45, 2007 Lubitz et al.

I.#Lubitz#et#al.#Biochemistry,#46,12925#(2007)
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coloration in many vegetables and fruits (such as berries, black
grapes, aubergines, etc.5!9). Darker purple hues are determined
by a strong and broad absorption band extending all over the
visible range, possibly depleting at the (blue and red) extrema of
the range, while a further depletion at long wavelengths would
turn the hue to brighter red. Thus, the exact nuance and bright-
ness that a same dye expresses in different biological systems
may depend on such environmental conditions as the pH or
the presence of metal ions and copigmentation aggregates,4,5

which can modify the absorption edge of the molecule. Besides
the pigmentation activity, its antioxidant properties and
its capability of absorbing UV and visible radiation make
cyanin particularly interesting for novel pharmaceutical (e.g.,
anticancer)10!15 and nanotechnological applications, respec-
tively. For instance, it has been proposed that Cya may be used
as molecular sensitizers in ion-free solar cells.16!21 The electro-
nic and optical properties of Cya,20,22 as well as of other
flavonoids,23 have been recently simulated in the gas phase, using
(TD)DFT.

In this paper, we study the optical properties of the hydrated
cyanin dye, aiming at disentangling the screening effects of the
solvent from those of intramolecular thermal fluctuations and of
intermolecular interactions. To this end, we start from a previous
calculation made for the isolated molecule at zero temperature.22

The gas-phase spectrum of the dye is characterized by two peaks
in the red and in the blue, which would determine a greenish hue
incompatible with the dark purple coloration observed in nature.
The effects of the solvent are first simulated using a PCM and
demonstrated not to change the qualitative features of the
spectrum, at least in this approximation, including the greenish
hue.We prove that this behavior is not due to the technical details

of the simulation (such as, e.g., the energy functional, the basis
set, or the numerical algorithm) but rather to the inadequacy of
the PCM to account for the effects of the solvent in terms of static
models. Thermal intramolecular and intermolecular interaction
effects are then treated explicitly by averaging several spectra
calculated on the fly along an ab initio molecular-dynamics
(AIMD) trajectory, where the first water solvation shell is treated
explicitly at a quantummechanical level (see Figure 1). The latter
step is made possible by recent algorithmic advances in the
implementation of TDDFT—based on a Lanczos approach to
the linearized quantum Liouville equation, which allows for the
calculation of extended portions of the spectrum in systems
comprising several hundred atoms.24,25 Intramolecular thermal
fluctuations, as described by our molecular dynamics simulation,
are shown to fill the gap between the two main gas-phase
absorption peaks, thus substantially enhancing the absorption
of visible light and darkening the perceived coloration of the dye.
Simulating the dynamics of the molecule in the gas phase results
in a brown-reddish coloration, while an explicit account of the
interaction with water molecules turns the simulated color
toward purple, in agreement with experience.

To rationalize our results, we have calculated the spectra of
isolated static molecular models where the catechol and sugar
groups were removed and the remaining molecular unit was
distorted to mimic intramolecular thermal fluctuations. We find
that the absorption spectrum is hardly affected by the removal of
the sugar moiety, while it depends quite sensitively not only on
the presence of the catechol group but also on its distance and
orientation with respect to the benzopyrilium group. This finding
allows us to conclude that it is precisely the thermally induced
benzopyrilium!catechol bond stretching, bending, and torsion
that determine the substantial darkening of dye with respect to
the predictions of zero-temperature gas-phase simulations.

’COMPUTATIONAL DETAILS

Numerical simulations have been performed within DFT and TDDFT,
mostly using the PBE26 generalized gradient approximation (GGA) for
the exchange-correlation (XC) functional. For demonstration and bench-
marking purposes, a few calculations have also been performed for the
isolated flavylium ion using the B3LYP27 XC functional. The isolated ion
has been simulated using codes from the Quantum ESPRESSO,28,29

octopus,30 and gaussian0931 packages (see Supporting Information for
numerical details). The latter, in particular, has been used for PCM and
B3LYP calculations, whereas octopus has been used for benchmarking
purposes. The bulk of the simulations were performed with the cp.x, pw.x,
and the turboTDDFT32 components of Quantum ESPRESSO, all based
on the plane-wave pseudopotential method,33,34 using periodic boundary
conditions implemented with a (20 " 20 " 12) Å3 supercell (see
Figure 1). In vacuum, the Cya flavylium ion is treated by neutralizing
an otherwise charged supercell by a compensating uniform back-
ground.22 The solvated system is simulated by having the molecular ion
surrounded by 95 water molecules, mimicking the first solvation shell,35

while the formal +1 charge of the flavylium cation is neutralized here by
including a Cl! counterion in the simulation cell. The resulting system
consists of 339 atoms and 938 electrons. The time evolution of the system
is simulated using ab initiomolecular dynamics within the Car!Parrinello
scheme.36,37 The system is first thermalized at T = 300 K for 3.5 ps using
a Nos!e-Hoover thermostat,38,39 starting from a molecular geometry
obtained by hydrating the minimum-energy structure of flavylium.22

The equilibration phase is then followed by 20 ps of production run
under constant-energy conditions. Accuracy tests on the choice of the
parameters employed for the description of liquid water (e.g., radial

Figure 1. (a) Schematic of the cyanin molecule in the flavylium
configuration. Top (b) and side (c) view of the solvated Cya molecule
in the simulation cell. Different colors identify different chemical species
as specified in panel (b). The H-bonding network is described by
dashed lines.
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FIG. 3: DOS of the hybrid systems polythiophene on TiO2

(a, b) and of the chain of thiophene molecules on the same
substrate (c, d); we include in solid gray the DOS of the clean
slab of TiO2 (a and c), the isolated polymer (b), and of the
chain of molecules (d).

to the effective gap of the hybrid system, each state from
α-PT can be clearly identified and, in particular, that
associated with the HOMO, which can be distinguished
from the Ti 3d bands right above. We draw also atten-
tion to a sharp peak labeled C in the DOS of the hybrid
system, just at the oxide VBT (E ≈ 0 eV), that coincides
with the peak in the polymer DOS at ≈ -2 eV from the
polymer HOMO. This peak corresponds in the isolated
polymer to a flat band constituted mostly by the Sulfur
lone pair p-orbitals and the π-states of β-Carbon atoms,
to which we will return below.

We pass now to the DOS of the c-T1/TiO2 hybrid sys-
tem in Figure 3 (c), where we can clearly identify the
discrete states arising from the chain of molecules (d),
with two well defined peaks in the oxide energy gap re-
gion, corresponding to the HOMO-1 and HOMO states.
We note that while the HOMO state delocalizes, in the
polymer, as the HOMO band, the HOMO-1 would corre-
spond to the flat band we labeled C in Figure 3 (b), and
is here much higher in energy relative to the oxide VBT.

For both c-T1/TiO2 and α-PT/TiO2 we can find states
extended across the interface, from the α-T (molecule or
polymer) to the oxide, in both valence and conduction
bands. This is the case of the LUMO associated with the
α-PT in the hybrid system, and the valence state seen

(a)α-PT
(HOMO-1)

(b)α-PT/TiO2

Top view
(c)α-PT/TiO2

Side view

(d)α-PT
(LUMO)

(e)α-PT/TiO2

Top view
(f)α-PT/TiO2

Side view

FIG. 4: (Color online) Electronic density for the states cor-
responding to the HOMO-1 (a-c) and LUMO (d-f) states of
polythiophene as an isolated chain (α-PT) and as part of the
hybrid system (α-PT/TiO2). We can see the extension from
the polymer to the surface atoms.

as the sharp peak C (HOMO-1 band). The charge dis-
tributions of these states are shown in Figure 4 together
with the HOMO-1 and LUMO of an isolated α-PT chain.
The electronic coupling between the organic and inor-
ganic materials established by these states indicates the
possibility of efficient charge transfer across the interface.

From the DFT results for the α-PT/TiO2 system, the
alignment of the occupied bands would indicate a barrier
for hole transport of ≈ 2 eV and favor the hypothesis of
hole-trapping at the polymer side. But the complete re-
sults also indicate a vanishingly small difference of energy
from the polymer HOMO to the oxide conduction band, a
quasi-metallic character incompatible with photovoltaic
operation. Nevertheless, one must take into account that
DFT methods underestimate the energy gap between the
valence and conduction bands of any system [17].

We now come to the discussion of the G0W0 corrected
results, shown in Table I along with those of DFT for
comparison. We maintained the DFT energy reference
and alignments shown before in Figure 3. For all iso-
lated materials (c-T1, α-PT, and clean TiO2 slab), the
GW calculations lead to wider band gaps, mainly due to
the larger corrections for the unoccupied bands, whose
energies increase by at least ∼ 2 eV. It is interesting to
note that the electrical gap predicted for the oxide slab is
larger by ∼ 0.8 eV than the value we obtain here for the
TiO2 anatase crystal (in good agreement with Ref. 18),
namely 3.62 eV direct (Γ) and 3.58 eV indirect (Γ-X); this
comes from the confinement imposed by the slab model,
which is very convenient here to simulate nanostructures
(from DFT results, the confinement effect would be ∼ 0.3
eV). In all cases, consideration of excitonic effects would
be needed to obtain the optical gaps.

For the hybrid systems the energies of the Kohn-Sham
eigenvalues corresponding to the band edges could in
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Conclusion
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• My)research)combines)different)abJinitio)methods)for)the)study)of)
electronic)and)optical)properties)with)application)in

★)Biological)systems

★)Energy)conversion)materials

★)Molecular)electronics


