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Abstract

Self-assembled nanoaggregates of π-conjugated synthetic peptides present a biocom-

patible and highly tunable alternative to silicon-based optical and electronic materials.

Understanding the relationship between structural morphology and electronic proper-

ties of these assemblies is critical for understanding and controlling their mechanical,

optical, and electronic response. In this work, we combine all-atom classical molecu-

lar simulations with quantum-mechanical electronic structure calculations to ascertain

the sequence-structure-electronic property relationship within a family of Asp-X-X-

quaterthiophene-X-X-Asp (DXX-OT4-XXD) oligopeptides in which X is one of the five

amino acids {Ala, Phe, Gly, Ile, Val} ({A, F, G, I, V}). Molecular dynamics simulations

reveal that smaller amino acid substituents (A, G) favor linear stacking within a peptide

dimer whereas larger groups (F, I, V) induce larger twist angles between the peptides.

Density functional theory calculations on the dimer show the absorption spectrum to

be dominated by transitions between carbon and sulphur p orbitals. Although the ab-

sorption spectrum is largely insensitive to the relative twist angle, the highest occupied

molecular orbital (HOMO) strongly localizes onto one molecule within the dimer at

large twist angles impeding the efficiency of transport between molecules. Our results

provide fundamental understanding of the relation between peptide orientation and

electronic structure, and offer design precepts for rational engineering of these systems.
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Introduction

The spontaneous or directed assembly of peptides into ordered nanoaggregates offers a means

for the fabrication of macromolecular materials with desirable structural, functional, and

biological properties.1–5 Synthetic oligopeptides, functionalized to contain π-conjugated sub-

units, can endow the assembled aggregates with optoelectronic and photophysical properties

such as exciton coupling or electron transport. 6–10 In contrast to conventional silicon-based

materials, these peptidic systems are of interest in the synthesis of water-soluble and biocom-

patible nanoaggregates with tunable biological, optical, and electronic properties 11–17 and

applications as novel light-emitting diodes, field-effect transistors, and solar cells. 13,18–26

Deterministic control of structure and function of these peptides through sequence is of

great interest as a powerful route for creating designer materials with engineered proper-

ties.27 A large body of experimental and computational work has demonstrated that the

structure of self-assembled aggregates of synthetic π-conjugated oligopeptides and their at-

tendant photophysical and electronic properties can be modulated by the peptide sequence

and π-conjugated core chemistry.12,15–17,28–35 However, the fundamental sequence-structure-

property relationships linking peptide sequence, structure of the self-assembled aggregates,

and the emergent photophysical properties are not yet understood. A body of collabo-

rative experimental and computational12,29,31,36 studies of oligopeptides in aqueous envi-

ronments have demonstrated that the chemistry of the amino acid residues proximate to

the π-conjugated core can strongly influence the stacking between neighboring oligomers in

self-assembled nanoaggregates, and impact the resulting morphological, chiral, mechanical,

electronic, and optical properties. Classical mechanical molecular modeling indicates the

root of this effect to be differences in the degree to which neighboring oligopeptides align

in β-sheet-like motifs.12,29,36 We are engaged in an ongoing computational and experimental

study of a particular class of peptide-π-peptide symmetric triblock synthetic oligopeptides.

These possess a polymeric π-conjugated core and peptide wings and allow us to gain a

deeper understanding of the factors governing peptide assembly with the goal of designing
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novel materials with specifically controlled properties. 12,15–17,28–32,34,37

A recent experimental study of one such peptide-π-peptide family – the Asp-X-X-quaterthiophene-

X-X-Asp (DXX-OT4-XXD) oligopeptides in which X is one of the five amino acids {Ala, Phe,

Gly, Ile, Val} ({A, F, G, I, V}) (Fig. 1) – revealed a particularly striking relationship between

amino acid composition and excited-state properties of the self-assembled aggregates. 29 The

two peptide wings both possess N-to-C directionality progressing away from the OT4 core

such that the oligopeptide possesses two C-termini and the terminal Asp residues serve as

a molecular trigger for assembly.38 At high pH (pH>5), the Asp residues are fully deproto-

nated and large-scale assembly is disfavored due to electrostatic repulsion between oligomers

carrying a formal charge of (−4)e. At low pH (pH<1), the Asp residues protonate, the

oligopeptides become electrically neutral, and large-scale aggregation proceeds driven by

hydrophobic effects, hydrogen bonding, van der Waals interactions, and π –π stacking.39

The particular X residues were selected for their large differences in steric volume and were

shown to result in large differences in the dimensions of the self-assembled aggregates, rhe-

ological properties of the resultant gels, electrical conductivity of their dropcast films, and

photophysical measurements of their absorption, emission, and circular dichroism spectra.

Figure 1: Chemical structure of an Asp-X-X-OT4-X-X-Asp (DXX-OT4-XXD) oligopep-
tide. The peptide wings (red boxes) flanking the π-conjugated core (blue box) are mirror-
symmetric so that the N-to-C directionality progresses away from the core and the oligopep-
tide possesses two C-termini. The X residues are one of the five amino acids {Ale, Phe, Gly,
Ile, Val} with the R groups in the image corresponding to the appropriate side chain.
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Whereas the morphological and mechanical properties can be understood in terms of

the molecular structure of the nanoaggregates, the electronic and optical properties require

an understanding of the influence of oligopeptide stacking upon the overlap and interaction

of the π-core orbitals. In particular, the experimental absorption spectra showed marked

differences in the measured peak excitation wavelength of the self-assembled nanoaggregates

relative to the unassembled monomers as a function of the choice of residue X. 29 The shifts

for DGG and DAA were the most pronounced, leading to a blue-shift upon aggregation of

∼50 nm as compared with ∼10 nm for DFF, DII, and DVV. The origin of this effect is

driven by the relative orientations of the π-conjugated cores induced by the peptide wings,

but the electronic mechanisms governing this response and its dependence on the geometric

configuration of the oligopeptides in the self-assembled nanoaggregates remains unknown.

A number of prior theoretical and experimental studies have been conducted to link

the structural and electronic properties in thiophene dimers, crystals, and supramolecu-

lar aggregates.26,40–51 Specifically, these works have quantified interaction energies for vari-

ous oligothiophene aggregate configurations, 40–43 excited-state properties of oligothiophene

monomers and crystals,46,47,49 and intermolecular charge transfer rates between stacked thio-

phene cores.43,48 The modification of packing structure in thiophenes by various linkers has

also been studied with density functional theory (DFT) and quantum mechanics / molecular

mechanics (QM/MM) approaches.43,52 However, to the best of our knowledge, the absorption

spectra, electronic energy levels, oscillator strengths, density of states, and highest occupied

molecular orbital (HOMO) / lowest unoccupied molecular orbital (LUMO) of quaterthio-

phene aggregates formed in peptide-π-peptide self-assembly have not been previously re-

ported.

In this work we combine classical mechanical molecular modeling with quantum-mechanical

electronic-structure calculations to establish fundamental understanding of the sequence-

structure-property relationship in the optical response of self-assembled DXX-OT4-XXD

peptides. We perform classical molecular dynamics (MD) simulations of the self-assembled
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nanoaggregates, followed by DFT calculations on DXX-OT4-XXD dimers over a range of

dimer configurations observed in the MD calculations. We resolve the influence of oligopep-

tide orientation upon the absorption spectra, electronic energy levels, oscillator strengths,

density of states, and HOMO/LUMOs to provide new fundamental understanding of the

relation between sequence, nanoaggregate morphology, and photophysical absorption in the

self-assembly of synthetic peptide-π-peptide oligomers.

Experimental

Molecular dynamics simulations

We performed classical molecular dynamics (MD) simulations for the five peptides DAA,

DFF, DGG, DII, and DVV in the DXX-OT4-XXD family (Fig. 1) to obtain representa-

tive structures of the self-assembled nanoaggregates. Simulations were conducted using the

Gromacs 4.6.7 simulation suite.53,54 The oligopeptides were modeled using the AMBER99sb

force field.55,56 The Asp residues in each peptide are fully protonated in order to simu-

late a low pH environment in which large-scale self-assembly of nanoaggregates proceeds. 38

We obtained partial charges for OT4 residues using the restrained electrostatic potential

method57,58 implemented in the RESP/ESP charge Derive Server (REDS) 59 that employs

the Gaussian code to perform Hartree-Fock calculations. 60 We note that these Hartree-Fock

calculations were used only to estimate a small number of missing partial charges on the

OT4 residues required by the AMBER99sb force field to perform the classical MD simula-

tions. The electronic structure calculations on oligopeptide dimers are performed using a

completely independent DFT protocol that is described below. Non-bonded parameters were

obtained by analogy using the parmchk2 program from Antechamber 61 and the generalized

Amber force field (GAFF).62

To construct the 1D self-assembled nanoaggregates previously observed in both exper-

iment and simulation,7,12,29–32,36,38,39,63 we followed the protocol in Ref.12 to arrange 20
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oligopeptide monomers in elongated configurations into a linear stack where each peptide is

separated by a center-of-mass distance of d = 0.45 nm. Each peptide i in the linear stack is

assigned a consistently oriented vector vi between the terminal C atoms of the π-conjugated

cores. To eliminate steric clashes between nearest neighbors, we commence at one end of

the stack and rotate each oligopeptide by a right-handed twist angle of θ = 9◦ relative to its

immediately preceding neighbor. Twist angles between molecules i and (i+ 1) are formally

defined as θi,(i+1) = cos−1(v̂i · v̂(i+1)) ·sgn((v̂i× v̂(i+1)) · d̂) where v̂i is the unit vector oriented

along the backbone of molecule i and d is the unit vector directed from the center of mass of

molecule i to molecule (i+1). A schematic of an OT4 dimer illustrating d and θ is presented

in Fig. 2. The twisted stacks were then solvated in a rhombic dodecahedral box with TIP3P

water molecules,64 where the box size was fixed to ensure that all peptides are at least 1.0 nm

from the edges. Electrostatic interactions were treated using Particle Mesh Ewald (PME)

with a cutoff of 1.0 nm and a 0.12 nm Fourier grid spacing that were optimized during run-

time.65 Lennard-Jones interactions were shifted smoothly to zero at 1.0 nm. We fixed bond

lengths using the LINCS algorithm,66 and use Lorentz-Berthelot combining rules to estimate

interaction parameters between unlike atoms.67 Equations of motion were integrated using

a leap frog algorithm with a time step of 2 fs.68

First, the energy of the system was minimized using the steepest descent algorithm until

the maximum force on any atom was less than 1000 kJ/mol·nm. Initial atomic velocities

were then assigned by sampling a Maxwell distribution corresponding to 298 K. The system

was then subjected to 100 ps of NVT simulation to equilibrate the peptide side chains while

the cores were restrained. Temperature was maintained at 298 K using a stochastic velocity

rescaling thermostat69 and a time constant of 0.5 ps. This was followed by 100 ps of NPT

simulation employing Berendsen pressure coupling 70 to maintain a pressure of 1.0 atm with a

compressibility of 4.6×10−5 bar−1 and a time constant of 2.0 ps,71 with the core restraints still

in place. Finally, we released the core restraints and conducted 150 ns long NPT simulations

to relax the oligopeptide stacks into their equilibrium configurations. During these, a Nosé-
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Figure 2: Schematic of an OT4 dimer illustrating the definition of the dimer separation d
and twist angle θ in a right-handed convention.

Hoover thermostat with a time constant of 0.5 ps, and a Parrinello-Rahman barostat with

a time constant of 1.0 ps were used.72–75 Histograms of the center-of-mass separation and

relative twist angles between neighboring peptides were collated over the terminal 10 ns of

the production run for each of the five oligopeptides. A representative molecular rendering,

constructed using VMD,76 of the stack of 20 DAA-OT4-AAD oligopeptides at the end of the

150 ns simulation is presented in Fig. 3.

Density functional theory calculations

The MD simulations contain upwards of 2,000 oligopeptide atoms and 10,000 solvent atoms,

placing them well outside the reach of quantum-mechanical electronic-structure calculations.

We instead extract the distributions of the center-of-mass separation and relative twist angle

between neighboring oligopeptides from our MD simulations and use these to inform an
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Figure 3: Snapshot of the relaxed stack of 20 DAA-OT4-AAD oligopeptides after a 150
ns molecular dynamics simulation. The atoms comprising the OT4 cores are rendered as
space-filling van der Waals spheres, and the DAA peptide wings in line representations. C
atoms are colored cyan, H white, O red, N blue, and S yellow. The values of d and θ observed
in MD simulations of a 1D stack of 20 DXX-OT4-XXD peptides are used to inform DFT
calculations on OT4 dimers to calculate absorption spectra as a function of dimer geometry.

ensemble of DFT calculations on pairs of quaterthiophene cores. Specifically, we manually

constructed dimers at particular values of the dimer separation d and twist angle θ by

placing a pair of extended oligopeptide monomers into the desired dimer geometry. We

considered ranges of d and θ observed in the MD simulations. This protocol provides us

with precise control over the dimer geometry without the confounding influences of additional

structural heterogeneity and allows us to cleanly resolve trends in the electronic and optical

properties associated with changes in d and θ. This is similar to the approach followed

by Würthner, Engels, and coworkers who computed emission and absorption spectra and

ground and excited state potential energies for perylene bisimide dimers as a function of

dimer geometry.77,78 In sum, we constructed quaterthiophene dimers at a variety of center-

of-mass separations and relative twist angles informed by the classical MD simulations and

then computed absorption spectra from first principles.

Focusing on quaterthiophene (OT4) dimers comprising only 60 atoms renders these cal-

culations computationally tractable, but doing so makes four primary assumptions. First,

since the hydrophobic OT4 cores lie sequestered from water in the core of the 1D nanoag-

gregates, we assume that the effect of the water solvent on the absorption spectrum may
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be neglected. This simplifying assumption allows us to neglect the solvent and renders

tractable large ensembles of DFT calculations conducted at a variety of dimer separations

and twist angles. Future work on a more restricted number of dimer configurations may

better represent solvent using either an implicit (e.g., COSMO 79 or PCM80) or fully explicit

treatment.

Second, we assume that the optical response is governed primarily by electronic transi-

tions within the π-conjugated cores and does not involve the peptide wings. This amounts

to assuming that the experimentally observed differences in the optical response for differ-

ent DXX oligopeptides is due to the different structural arrangements the X amino acids

induce between the π cores and not due directly to the differential optical properties of the

amino acids themselves. This assumption is consistent with experimental measurements on

DXX-OT4-XXD monomers showing the absorption and emission spectra to be invariant to

the choice of X = {A, F, G, I, V}.29 Our tests of this assumption show that the calculated

absorption spectra of these five monomers are qualitatively similar; at the onset of absorp-

tion, the spectra consist of a single peak with centers between 699 nm and 744 nm with

full widths at half maxima of ∼70 nm. Removal of the peptide wings and carbonyl linkers

to leave just the quaterthiophene cores produces a ∼60 nm blue-shift without changing the

spectral shape. This blue shift is not unexpected since removal of the amides decreases the

overall conjugation of the oligothiophene.

Third, it is assumed that the absorption spectra computed for peptide dimers are repre-

sentative of those for the micron-long 1D oligopeptide nanoaggregates. 29 If electronic transi-

tions were restricted to nearest neighbors in the peptide stacks this approximation would be

exact. Unfortunately, the rapidly increasing expense of the DFT calculations with number of

oligopeptides makes it computationally intractable to directly validate this hypothesis. In-

stead we pursue this reductionist approach to compare changes in the absorption spectrum

as a function of dimer orientation to ascertain changes in the absorption spectrum at the

level of dimers. In this manner, we seek fundamental insight into the structural dependence
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of the absorption spectrum upon dimer orientation, but do not seek to quantitatively repro-

duce the experimentally measured spectra. Support for this assumption is provided by the

work of Würthner, Engels, and coworkers who demonstrated the experimentally measured

absorption and emission spectra of perylene bisimide dye aggregates to be predicted with

high fidelity from computational models of dimers and trimers. 77,78

Fourth, we compute spectra using DFT on unrelaxed atomic geometries. The use of

unrelaxed molecular structures is intended to better mimic the finite-temperature peptide

structures as opposed to energy-relaxed idealizations. The use of DFT ignores one- and

two-quasiparticle effects on the optical spectra, leading to band-gap underestimation and

neglect of excitonic effects. However, for this work the use of DFT, as opposed to a higher

level of theory, is beneficial since it renders these calculations computationally tractable for

large ensembles of dimer configurations. In addition, the independent-particle approxima-

tion allows straightforward decomposition of spectra into atomic and orbital contributions.

Further, we verified that the electronic energy levels of the monomer computed employing

unrelaxed molecular structures are indistinguishable from those employing relaxed structures

within the 0.1 eV bandwidth of the Gaussian smoothing kernel with which the line spectra

are convolved to produce the dielectric function.

First-principles DFT simulations were performed using the Vienna Ab-Initio Simulation

Package81,82 (VASP) with the projector-augmented wave (PAW) method 83 to describe the

electron-ion interaction. The generalized-gradient approximation (GGA) of Perdew, Burke,

and Ernzerhof (PBE)84 was used to approximate electron exchange and correlation effects.

Kohn-Sham wave functions are expanded into a plane-wave basis with a kinetic-energy cutoff

of 550 eV. Molecules are simulated in a periodic cell with dimension 30 × 30 × 30 Å3, to

eliminate artificial interactions between periodic images. This large cell justifies using only

the Γ point for Brillouin zone sampling.

We then study optical properties, using the complex frequency-dependent dielectric tensor

in independent-particle approximation. The Ehrenreich-Cohen formula in the optical limit of
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vanishing wave vectors q, to account for vertical electronic transitions in optical absorption,

yields for the imaginary part of this tensor85

εαβ2 (ω) =
4π2e2

Ω
lim
q→0

1

q2

∑
c,v,k

2wkδ(εc,k − εv,k − ~ω)

×〈uc,k+eαq|uv,k〉〈uc,k+eβq|uv,k〉∗.

(1)

Here, q is the vector describing the electron momentum change, wk is the symmetry weight

of each k point, and uv,k is the periodic part of the Bloch wave function for band v at k.

Indices c and v run over the conduction and valence bands, respectively, and eα are the

Cartesian unit vectors.85 As is conventional practice, all of the dielectric functions presented

henceforth are generated by convoluting calculated line spectra with a Gaussian smoothing

kernel of bandwidth 0.1 eV to produce continuous spectra.

The real part of this tensor is obtained via the Kramers-Kronig transformation,

εαβ1 (ω) = 1 +
2

π
P

(∫ ∞
0

εαβ2 (ω′)ω′

ω′2 − ω2
dω′

)
. (2)

From Eqs. (1) and (2), the real and imaginary parts of the complex refractive index follow

as

n =
1√
2

(
ε1 + (ε21 + ε22)

1
2

) 1
2
, (3)

κ =
1√
2

(
−ε1 + (ε21 + ε22)

1
2

) 1
2
. (4)

The optical-absorption spectrum is then calculated straightforwardly as α = 4πκ
λ
.

Finally, while absorption is a readily measurable quantity, we also analyze ion-resolved
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contributions to molecular absorption by means of the ion-projected dielectric function,

εαβ2 (ω) =
4π2e2

Ω
lim
q→0

1

q2

∑
M,N

∑
c,v,k

2wkδ(εc,k − εv,k − ~ω)

×pMc pNv
(
〈uc,k+eαq|uv,k〉〈uc,k+eβq|uv,k〉∗

)
.

(5)

The indices M and N run over all atoms in the dimer and the projections pMi are computed

from summing the square of the overlaps between spherical harmonic functions centered on

ion M and the electron wave functions. The subscripts c and v indicate that the projection

is performed on conduction or valence states, respectively. In isolated molecules, the sum

reduces to inclusion of a single electronic wavevector at the Γ-point, k = 0.

All relevant input and output files for generating figures in this paper can be found in

the Materials Data Facility.86–88

Results and Discussion

Amino acid substitutions control the stacking of OT4 cores

Consistent with simple energy-minimized molecular models of DXX-OT4-XXD stacks 29 and

prior MD simulations of DXXX-π-XXXD oligopeptides with dimeric and trimeric oligo(p-

phenylenevinylene) π-conjugated cores,12,36 we find that amino acid substitutions proximate

to the π subunit strongly affect the structural arrangements of the cores. The distribution

of center-of-mass spacings for the five peptides all lie in the range of 0.40 – 0.55 nm (Fig.

4a). To contextualize these values, we note that an intermolecular spacing of ∼0.35 nm is

considered the idealized value for π-π stacking interactions77,89 whereas ∼0.50 nm is typical

of natural β-sheets.90 Ala is an outlier among the five amino acid substitutions that results in

∼10% closer center-of-mass separations. This tighter packing is consistent with experimental

observations of DAA-OT4-AAD as an outlier among the five oligopeptides in producing wider

self-assembled nanoaggregates.29
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The relative twist angles between neighboring oligopeptides follow approximately Gaus-

sian distributions for each of the five oligopeptides lying in the range 0 – 25◦ (Fig. 4b).

Consistent with observations from energy-minimized DXX-OT4-XXD structures, 29 the Ile

and Val substitutions that possess strong preferences for β-sheet secondary structure for-

mation produce stacks with modal twist angles of 18.7◦ and 19.2◦ that approach the ∼25◦

value for natural β-sheets.90,91 The Phe substitution results in a slightly smaller most prob-

able twist angle of 15.3◦, but shows substantial overlap with the Ile and Val distributions.

The two sterically smallest amino acids Gly and Ala exhibit twist angle distributions with

modal values of 10.7◦ and 5.0◦. This is consistent with prior observations that small residues

produce the largest deviations from ideal β-sheet-like stacking, and exhibit significantly blue-

shifted absorption spectra relative to bulkier amino acids. 29 In gross terms, the three bulky

sequences DFF, DII, and DVV produce aggregates with mean relative twist angles in excess

of 15◦ and approaching the 25◦ value for ideal β-sheets, whereas the two smaller amino acid

substitutions DAA and DGG produce stacks with mean angles of 10◦ or less that approach

the 0◦ limit of linear stacks.

Optical transitions

With the wings removed, absorption spectra of OT4 dimer cores depend on the intermolecular

spacing and relative twist between molecules. Fig. 5 visualizes absorption spectra for three

interchain separations with twist angles ranging from 0◦ to 90◦ in increments of 5◦. We recall

that the MD simulations showed dimer spacings to lie in the range d=0.40 – 0.55 nm, and

twist angles in the range θ=0– 25◦.

For separations of 0.45 nm and 0.75 nm at all twist angles, the primary absorption peak

occurs at 650 nm. At wavelengths shorter than about 350 nm, high-energy continuum ab-

sorption out of occupied states sets in. In the case of 0.35 nm separation, the first absorption

peak occurs at 650 nm only for twist angles between 0◦ and 55◦. At larger twist angles, the

main absorption peak splits into two. No features in the absorption spectra are observed
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Figure 4: Probability density functions of the distribution of (a) center-of-mass separations
and (b) relative twist angles between neighboring oligopeptides computed from MD simula-
tions of relaxed stacks of 20 DXX-OT4-XXD oligopeptides. We observe tighter packing in
DAA oligopeptides and smaller twist angles for DGG and DAA oligopeptides. No correlation
between separation and twist angle is found.

for wavelengths longer than 800 nm. To better understand the absorption spectra of dimer

chains, energy levels represented by DFT-PBE Kohn-Sham eigenvalues are plotted in Fig. 6.

We also use wavelengths and oscillator strengths of the possible optical transitions between

these levels plotted in Fig. 7 to help explain the observed trends.

The energy levels for configurations with an interchain spacing of d=0.75 nm are inde-

pendent of twist angle θ (Fig. 6c). The absorption peak at 650 nm in Fig. 5c corresponds
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Figure 5: Calculated absorption α (in nm−1) as a function of wavelength λ (in nm) and
relative twist angle θ for an OT4 dimer with interchain spacings d of (a) 0.35 nm, (b) 0.45
nm, and (c) 0.75 nm.
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Figure 6: OT4 dimer energy levels E − EF computed within DFT-PBE as a function of
relative twist angle θ at interchain spacings d of (a) 0.35 nm, (b) 0.45 nm, and (c) 0.75 nm.

to the energy difference between the highest occupied molecular orbital (HOMO) and the

lowest unoccupied molecular orbital (LUMO), calculated as 1.91 eV. Fig. 7c shows that the
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Figure 7: Wavelengths and oscillator strengths of the possible optical transitions for the
OT4 dimer as a function of twist angle θ at interchain spacings d of (a) 0.35 nm, (b) 0.45
nm, and (c) 0.75 nm. The positions of the horizontal lines derive from DFT-PBE Kohn-
Sham eigenvalue differences for each transition. The line color indicates the strength of
the transition; colors toward the red end of the spectrum correspond to more probable
transitions.
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wavelengths and oscillator strengths of the possible transitions are largely independent of

the twist angle.

For the dimer with a separation of d=0.45 nm and twist angle of θ=0◦ shown in Fig. 6b,

the HOMO-LUMO energy difference is 1.76 eV, corresponding to a wavelength of 704 nm.

While there is no corresponding feature at this wavelength in the absorption spectrum in

Fig. 5b, this can be explained by the very low oscillator strength of the corresponding optical

transition. Fig. 7 illustrates the very small optical oscillator strength at this wavelength,

rendering it difficult to observe in the optical-absorption spectrum. The transition between

the electronic level below the HOMO (next HOMO, NHOMO) and the LUMO has an energy

of 1.88 eV (660 nm) and the transition between the HOMO and next lowest unoccupied

molecular orbital (next LUMO, NLUMO) has an energy of 1.95 eV (635 nm) for θ=0◦. The

energy difference between the HOMO and the NHOMO decreases from 0.07 eV to 0.01 eV as

the twist angle increases to 50◦ (Fig. 6b). This is accompanied by a change of the character

of these levels. For small twist angles, HOMO and NHOMO correspond to electronic states

that span C atoms in both molecular chains; for larger twist angles the chains interact less,

the energy levels become closer, and NHOMO and HOMO are each localized almost entirely

on alternate chains. For the LUMO and NLUMO, the energy difference is between 0.07 eV at

50◦ and 0.18 eV at 0◦. This weak dependence of the energy levels on the twist angle explains

the relatively constant wavelength of the absorption peak for all twist angles θ at a separation

of d=0.45 nm. Furthermore, Fig. 7b shows that at least two transitions with large oscillator

strength contribute to the absorption peak around 650 nm, however, the wavelength of the

first transition varies by only 40 nm over the twist angle range θ=0– 90◦ and the splitting is

small. Hence, the broadening used in calculating the absorption spectrum obscures the split

character of the electronic states and they appear as a single peak in Fig. 5b.

Finally, for the dimer with a separation of d=0.35 nm – the idealized spacing for π-π

stacking interactions77,89 – and twist angle of θ=0◦ shown in Fig. 6a, there is a HOMO-

LUMO transition energy of 1.27 eV (978 nm). As with the d=0.45 nm configurations, no
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corresponding absorption peak is observed at this wavelength in Fig. 5a and from Fig. 7a

it becomes clear that this can again be attributed to the small optical oscillator strength

of this transition. For twist angles of θ < 20◦, the oscillator strength of the longest wave-

length transition remains four orders of magnitude lower than the second and third longest

wavelength transitions. Consequently, the first transition may not be observed through the

absorption spectrum or dielectric function.

As the twist angle increases in the d=0.35 nm dimer, the wavelength of this first transition

decreases by as much as 300 nm (Fig. 7a), approaching 700 nm at θ=60◦ while the oscillator

strength increases by four orders of magnitude to become comparable to that of the second

and third transitions. For high twist angles, this first transition thus does contribute to the

absorption onset and Fig. 7a even shows that, in total, four optical transitions in a small

energy range determine the onset of the absorption spectrum at intermediate and high twist

angles. Fig. 6a illustrates a strong twist angle dependence of these states and we attribute

this to strong interactions between both molecules for a separation of d=0.35 nm. The

change in electronic character of these states is similar to that discussed for d=0.45 nm.

For a twist angle of θ=90◦ in the d=0.35 nm dimer, the HOMO and NHOMO differ

by 0.03 eV, while the LUMO and NLUMO differ by 0.33 eV, see Fig. 6c. In contrast, for

θ=0◦, HOMO and NHOMO differ by 0.60 eV, while LUMO and NLUMO differ by 0.70 eV.

Consequently, transition energies (wavelengths) between these states are 1.73 eV (718 nm),

1.76 eV (704 nm), 2.06 eV (602 nm), and 2.09 eV (592 nm) at θ=90◦ and 1.27 eV (978 nm),

1.87 eV (662 nm), 1.97 eV (632 nm), 2.57 eV (483 nm) at θ=0◦. At θ=0◦, therefore, there are

two additional transitions with energies lower than 2.57 eV, invoking HOMO and the level

above the NLUMO, 1.98 eV (627 nm), and LUMO and the level below the NHOMO, 2.13

eV (581 nm). This analysis allows us to attribute the absorption peak at 650 nm for θ=0◦

in Fig. 5a to a pair of transitions with large optical oscillator strength (Fig. 7a) and their

energy dependence explains the splitting of this peak for large twist angles θ > 55◦. With

a twist angle of θ=90◦, the shorter wavelength member of the split peak can be attributed
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to the 2.06 eV (602 nm) and 2.09 eV (592 nm) transition pair, and the longer wavelength

member to the 1.73 eV (718 nm) and 1.76 eV (704 nm) pair.

Orbital contributions to optical response

Figure 8: Ion-projected imaginary part of the dielectric function ε2 as a function of wave-
length λ at a dimer separation of d=0.35 nm and a twist angle θ of (a) 0◦ and (b) 90◦.

To resolve the origin of the trends in the absorption spectra as a function of dimer

separation and twist angle, we decomposed the absorption spectra into atomic contributions

using the ion-projected dielectric function in Eq. (5). Fig. 8 plots the dielectric function

projected by atomic species and interchain versus intrachain contributions for d=0.35 nm

and twist angles of θ=0◦ and 90◦. In both configurations, the primary peaks between 400
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nm and 800 nm in the dielectric function are dominated by excitations of electrons from C 2p

to C 2p orbitals, with interchain and intrachain contributions approximately equal. After C

to C transitions, the next leading contributions are due to C 2p to S 3p transitions.

This is consistent with the partial densities of states at twist angles of θ=0◦ and 90◦

at d=0.35 nm (Fig. 9a,b) and d=0.45 nm (Fig. 9c,d). In all cases, the densities of states

of valence and conduction bands from 3.5 eV below the Fermi energy to 3.5 eV above the

Fermi energy are dominated by electronic states composed of C 2p and S 3p orbitals. For

conduction states, the S 3p contributions are found to be as large as 35%. The peak splitting

at 1.9 eV (650 nm) observed for twist angles θ > 55◦ at d=0.35 nm can be attributed to

splitting of these p-orbitals (see arrows in Fig. 9a,b).

Charge localization and optically induced charge transfer

In order to study charge localization in the ground state and to probe charge transfer between

molecules in the dimer upon optical excitation, we plot the HOMO and LUMO partial

electron density for four representative dimer configurations. For a dimer at a twist angle

of θ=0◦ (Fig. 10) and θ=90◦ (Fig. 11) we plot corresponding isosurfaces for intermolecular

separations of d=0.35 nm and d=0.45 nm. At the smaller twist angle where the molecules

are linearly stacked we observe approximately equal sharing of electron density between the

two chains for both the HOMO and LUMO at both d=0.35 nm (Fig. 10a,b) and d=0.45 nm

(Fig. 10c,d). At the smaller interchain separation there is an elevated overlap of the orbitals

from both chains and increased electron density in the region between the chains compared

to larger separations. The LUMO at a separation of 0.35 nm possesses an isosurface that

spans the atoms in both chains (Fig. 10b) whereas at the larger separation these isosurfaces

disconnect, which illustrates the lower charge density in the interchain region (Fig. 10d). At

this small twist angle, excitation of an electron from the HOMO into the LUMO maintains

the approximately equal sharing of the electron density between the chains. We also see that

the excitation leads to delocalization of charge, as indicated by the more extended LUMO
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Figure 9: Density of states ρ(E − EF ) projected on atomic species and orbital angular
momentum contributions for (a) d = 0.35 nm, θ = 0◦, (b) d = 0.35 nm, θ = 90◦, (c) d = 0.45
nm, θ = 0◦, and (d) d = 0.45 nm, θ = 90◦. Solid curves correspond to p orbitals while dashed
lines correspond to s orbitals. Blue arrows indicate peaks corresponding to the NHOMO
and HOMO and red arrows indicate the LUMO and NLUMO. If the levels are too close to
resolve, only a single arrow is shown.

partial electron density.

In the θ=90◦ perpendicular arrangement (Fig. 11), HOMO and NHOMO are energetically

close bands (energy separation is 0.03 eV for d=0.35 nm and 0.02 eV for d=0.45 nm), each

of which corresponds to electron density localization on one of the two chains. We plot

the HOMO as one of the bands for separations of 0.35 nm and 0.45 nm in Fig. 11a and
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Figure 10: HOMO and LUMO partial electron density isosurfaces (containing 90% of the
density) for dimer pairs at a twist angle of θ=0◦. (a) HOMO and (b) LUMO at an interchain
separation of d=0.35 nm. (c) HOMO and (d) LUMO at an interchain separation of d=0.45
nm.

Figure 11: HOMO and LUMO partial electron density isosurfaces (containing 90% of the
density) for dimer pairs at a twist angle of θ=90◦. (a) HOMO and (b) LUMO at an interchain
separation of d=0.35 nm. (c) HOMO and (d) LUMO at an interchain separation of d=0.45
nm.

c; the NHOMO is localized on the opposite chain. As expected, the degree of asymmetry

in the electron density localization, quantified by orbital projections, increases with chain

separation, resulting in nearly complete localization on one of the two chains at the larger

separation considered. Turning to the LUMO in Fig. 11b and d, we observe that excitation

of an electron into this orbital results in equal sharing of electron density between the two
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chains comprising the dimer.

Comparison of the partial electron densities between both twist angles (Fig. 10 vs. Fig.

11) shows that for the 0◦ configuration, HOMO and LUMO extend more out of the molecular

plane, connecting the two chains. In contrast, HOMO and LUMO for the 90◦ configuration

are more localized on the individual chains, with the electron density not extending much

out of the molecular plane.

Summary and Conclusions

We employed all-atom classical MD simulations to determine the structural arrangement of

OT4 π-conjugated cores within self-assembled aggregates of DXX-OT4-XXD oligopeptides.

Our primary findings are that the proximity and relative angle between OT4 cores are

perturbed by the identity of the X residue in the DXX peptide wings, with bulkier residues

correlated with larger relative twist angles. Specifically, the MD data shows that the five

oligopeptides considered here partition into two groups, with the smaller DAA and DGG

oligopeptides producing small mean relative twist angles less than ∼10◦, and the bulkier

DFF, DII, and DVV oligopeptides resulting in angles exceeding ∼15◦. This split is in line

with the experimentally observed grouping in which DAA and DGG aggregation results in a

∼50 nm blue-shift in the absorption spectrum peak, whereas DFF, DII, and DVV produce

only a ∼10 nm blue-shift.29 Across these five oligopeptides we observe dimer separations

of d=0.40 – 0.55 nm and relative twist angles of θ=0– 25◦. These distributions informed

ensembles of DFT calculations of the absorption spectra of OT4 dimers as a function of

separations over the range d = 0.35 – 0.75 nm and relative twist angles over the range θ = 0–

90◦ to understand the optical implications of different OT4 core separations and orientations

induced by the different amino acid identities in the peptide wings.

In terms of absorption spectra, our DFT calculations revealed the spectra to be insensitive

to twist angle at interchain separations of d ≥ 0.45 nm, possessing a primary absorption
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peak at λ=650 nm. At smaller separations we observed splitting of the primary peak into

a pair of peaks at λ=600 nm and λ=700 nm for twist angles θ > 55◦. Analysis of the

transition energies and oscillator strengths revealed the origin of the splitting to be due to p

orbital hybridization and subsequent grouping of transition energies into two pairs with high

oscillator strength that manifest as a pair of peaks due to energetic smearing. We showed

that this grouping can be traced back to the fact that the HOMO and NHOMO energy

converge to close to the same value for large twist angles, while the LUMO and NLUMO

energies are different. Projecting wave functions onto atomic orbitals shows the molecular

absorption spectrum to be dominated by transitions from C 2p orbitals to C 2p and S 3p

orbitals, with nearly equal contributions from interchain and intrachain transitions at small

interchain separations of d=0.35 nm.

Our classical mechanical calculations on 20 oligopeptide monomers conducted herein

have shown the DXX-OT4-XXD peptides to form stacks with inter-peptide separations of

d ≈ 0.45 nm. Less sterically bulky X residues (X = G, A) produce linear-like stacks with

mean twist angles of θ=5– 10◦, whereas more bulky residues (X = F, I, V) produce more

twisted stacks with mean twist angles of θ=15 – 20◦. Our DFT calculations reveal that

the absorption spectrum of the dimer at an inter-peptide separation of d ≈ 0.45 nm to be

largely invariant to the twist angle θ. Experimental absorption spectra reveal a peak at

λ ≈ 360 nm for DAA and DGG compared to λ ≈ 410 nm for DFF, DII, and DVV.29 The

twist-angle dependence of our calculated absorption spectra for dimers of OT4 cores do not

reproduce this trend: the spectra of dimers at DAA and DGG twist angles of θ=5– 10◦ are

indistinguishable from those at DFF, DII, and DVV twist angles of θ=15 – 20◦. Accordingly,

we posit that the experimentally observed spectral shifts are due to multi-peptide electronic

effects that cannot be captured at the level of the dimer. In future work, we propose to

extend our DFT calculations to multimeric stacks of several oligopeptides constructed in

defined geometries and extracted directly from our MD simulations. These (expensive)

calculations will explicitly test the hypothesis that electronic interactions within multimeric
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stacks are responsible for the experimentally observed peak shifts.

In terms of electron density distributions, our DFT calculations show that for both pep-

tides within the dimer, relative energies and degree of asymmetry in the electron density for

states near the gap are a strong function of twist angle and interchain separation. Consid-

ering the HOMO and LUMO as a function of dimer geometry, we observe approximately

equal sharing of electron density between both molecular chains for HOMO and LUMO at

interchain separations of d=0.35 – 0.45 nm and small twist angles, corresponding to an ap-

proximately linear stacking arrangement. For these small θ and small d dimer configurations,

there is also an energy difference between the NHOMO and HOMO and a near equal distri-

bution of NHOMO and HOMO electronic density between the two molecules. The larger the

interchain separation d, the smaller the energy differences between the NHOMO and HOMO

as well as between the LUMO and NLUMO, until each pair of bands becomes degenerate.

At twist angles of θ = 65◦, the NHOMO and HOMO are nearly degenerate (energy difference

of 0.015 eV for d=0.35 nm and 0.004 eV for d=0.45 nm), with each state localizing density

on opposite molecules. Finally, at a twist angle of θ=90◦, corresponding to perpendicular

stacking arrangements, the NHOMO and HOMO are more localized on individual molecular

chains of the dimer, and have a small but finite energy difference of 0.03 eV for d=0.35 nm

and 0.02 eV for d=0.45 nm. The increase in HOMO-NHOMO energy difference indicates a

lifting of the near-degerneracy observed at θ = 65◦ as the twist angle is increased to θ = 90◦.

These results have important implications for understanding the optical and charge trans-

fer properties in 1D self-assembled stacks of π-conjugated oligopeptides. In particular, at

large twist angles there is large asymmetry in the electron distribution of the NHOMO and

HOMO, with the preponderance of the density localized on one molecule. The consequences

of this result for electronic delocalization and charge transfer and transport processes are as

follows. Linear-like alignment of the oligopeptides favors electronic delocalization over the

two molecules constituting the dimer. Although multimeric calculations would be required to

explicitly test this assertion, extrapolating our results to stacks of multiple peptides suggest
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that good alignment between neighboring peptides at small twist angles θ would be required

for electronic delocalization over the stack of molecules. Sterically less bulky residues (X

= A, G) favor more linear stacking arrangements and are therefore predicted to give rise

to better delocalization over self-assembled nanoaggregates of these oligopeptides compared

to those containing bulkier X = F, I, V substitutions. Furthermore, our results suggest

that single perpendicular twist angles that may exist as stacking defects within micron-long

oligopeptide stacks32,63 could compromise the electronic delocalization over the full nanoag-

gregate, serving as a blockade to orbital overlap and even distribution of the electron density.

However, as the NHOMO and HOMO have only a small energy difference of 0.02-0.03 eV at

separations of d = 0.35-0.45 nm it is difficult to exploit this for charge-transfer excitations as

its detection would require sharp energy resolution. Nevertheless, this observation renders

this delocalization and the associated energy splitting a promising potential target for further

engineering of this dimer. In addition, given uncertainties due to approximations in the com-

putational framework used in this work, the small energy differences and balance between

degeneracy and non-degeneracy of the NHOMO and HOMO also warrants further attention

through simulations. We propose to test these hypotheses in follow-on work performing DFT

calculations over multimeric stacks extracted from molecular dynamics simulations.

This combined classical mechanical/quantum mechanical investigation presents new un-

derstanding of the electronic origin of the relation between sequence, nanoaggregate mor-

phology, and electronic properties. Specifically, DXX-OT4-XXD oligopeptides assemble into

stacks with inter-peptide separations of d ≈ 0.45 nm and twist angles that can be controlled

over the range θ=0– 25◦ by modulating the identity of the X residue. The dimer absorption

spectrum is largely insensitive to twist angle over this range, but the degree of asymme-

try in electron density sharing within the HOMO increases with θ. These results suggest

that smaller X substitutions that produce more linear peptide stacks yield better electron

delocalization over the self-assembled nanoaggregates and are more conducive to efficient

charge transport. In addition to future calculations on multimeric stacks of peptides, we
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also propose to extend this work to other peptide-π-peptide molecules to determine the gen-

erality of the observed sequence-structure-property relation and discern general design rules

to engineer absorption spectra and electron delocalization.
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