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ABSTRACT: It is of vital importance to theoretically understand unique
nanoparticle size-tunable and excitation wavelength-dependent multiple optical
properties in organic nanoparticles. In this work, we proposed a theoretical
protocol to calculate the optical spectrum of the organic nanoparticles, which
combines molecular dynamics (MD) simulation, the quantum mechanics/
molecular mechanics (QM/MM) approach, and vibronic-coupled Frenkel
exciton spectrum theory. By using the protocol, we explored the relationship
between intramolecular structure distortion, irregular intermolecular packing,
and optical spectra in α-sexithiophene nanoparticles. Two representative
clusters cutting from the simulated amorphous nanoparticle were investigated
and found to exhibit a blue shift for absorption and emission spectra compared
to the solution, which is totally different from the blue-shifted absorption and
red-shifted emission in crystal. For the cluster with distorted monomer and
disordered packing, the blue shift results from the higher excitation energy and
larger vibronic coupling of low-frequency vibration modes, while for the cluster with planar monomer and ordered packing, the
blue shift is induced by the synergism of vibronic coupling and excitonic coupling. Strikingly, the superposition of the spectra of
two clusters reproduces the experimental spectra and well explains the unusual blue-shifted emission observed for α-
sexithiophene nanoparticles. Our theoretical protocol is general and applicable to other organic nanoparticles, thus aiding the
rational design of high-quality organic nanoparticles.

1. INTRODUCTION

Organic nanoparticles have attracted significant research
interests for their promising potential applications in nanoscale
optoelectronic devices owing to their unique luminescent
properties, such as nanoparticle size-tunable optical property,1

multicolor emissions,2 excitation wavelength-dependent multi-
ple emissions,3 and so on.4 Recently, a newly prepared α-
sexithiophene (α6T) nanoparticle with a diameter range from
100 to 200 nm was found to exhibit a blue shift in both
absorption and emission spectra compared to the solution,5

which is quite different from the previous reported red shift in
emission upon aggregate in crystal,6 thin film,7 and nano-
aggregates.8,9 Understanding the luminescent mechanism of the
organic nanoparticle is of great importance for designing and
achieving excellent organic opto-functional nanomaterials.
Through experimental measurements, some explanations have

been inferred. For instance, the red shift in the absorption
spectrum of 1-phenyl-3-((dimethylamino)-styryl)-5-
((dimethylamino)phenyl)-2-pyrazoline (PDDP) nanoparticles
relative to the solution was thought to be caused by the charge
transfer (CT) exciton confinement effect.10 The hypochromic
shift in the emission spectrum of 1,3-diphenyl-5-(2-anthryl)-2-
pyrazoline (DAP) nanoparticle was ascribed to the restriction
of the vibronic relaxation in aggregate.1 The multiple emissions
of 1,3-diphenyl-5-pyrenyl-2-pyrazoline (DPP) were claimed to
be resulting from the formation of the CT complex and surface
effect.3 The multicolor emissions of 1,2,3,4,5-pentaphenyl-1,3-
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cyclopentadiene (PPCP) nanoribbon with blue-green-red color
were attributed to three different kinds of emitting centers
coexisting in it, which correspond to the high-energy transition
from single PPCP molecules and low-energy transition induced
by the crystallinity and the structural defect.2 However, the
microstructure of the nanoparticle and the origin of its unusual
optical properties are still unclear due to the limitations of the
experimental conditions and techniques.
Theoretically, the optical spectra of organic compounds in

crystalline and amorphous phases have been investigated in
many groups. By using a Frenkel polaron model coupled with
the experimental parameters, Spano et al. have explored the
feature of 0−0 and 0−1 transition intensities in H- and J-type
crystalline conformations by considering molecular energetic
disorder, structural defects, and multiple mode exciton−
phonon coupling.11−14 Applying the mixed Frenkel exciton
and charge transfer exciton model, Liang et al. attributed the
large red-shifted emission of 3,4,9,10-perylenetetracarboxylic
diimide (PTCDI) to the intermolecular charge transfer
character by considering an effective normal mode.15 Through
molecular dynamics (MD) simulation and time-dependent
density functional theory (TDDFT) calculations, Ma et al.
claimed that the blue shift in absorption of α6T nanoparticle
results from the formation of the high-energy distorted
chains.5,16 Using the multimode-coupled spectral theory of an
isolated molecule and combined MD simulations and quantum
mechanics/molecular mechanics (QM/MM) calculations,
Shuai et al. explored the relationship among molecular packing,
optical spectra, and fluorescence quantum efficiency of
hexaphenylsilole nanoparticles and revealed that the decreased
reorganization energy results in the blue shift of the emission
spectra from amorphous to crystalline phases.17 Gierschner et
al. treated the vibronic coupling in the molecular crystal based
on pure quantum chemical cluster calculations.18

In this work, we proposed a calculation scheme combining
MD simulation, the QM/MM approach, and the vibronic-
coupled Frenkel exciton theory to comprehensively investigate
the optical spectra of the organic nanoparticle, exemplified by a
commonly used optoelectronic component α6T (Figure 1).

Our protocol successfully explored the relationship between the
irregular molecular packing, the molecular structure distortion
or planarity, and the optical property in α6T nanoparticles from
first-principles, which can provide a deep understanding of the
luminescent mechanism of unique optical features in organic
nanoparticles.

2. METHODOLOGY
2.1. Vibronic-Coupled Frenkel Exciton Model. The model

Hamiltonians of the vibronic-coupled exciton are expressed as19
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.Here, an
†(an) is the creation (anihilation) operator for the excited state

on molecule n and bnk
† (bnk) is the creation (anihilation) operator for

the kth vibrational mode on molecule n. Jmn represents the excitonic
coupling between molecules m and n, ωnk and gnk are the frequency

and vibronic coupling strength of the kth vibrational mode on
molecule n (gnk

2 = Snk is the Huang−Rhys factor).
Under the Frenkel exciton model, which assumes only one molecule

is electronically excited in the aggregate, the basis function of the
aggregate (containing p monomers) can be expressed in the excited
state as
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are the wave functions of the nth monomer in the electronic ground
and excited states with kth vibrational mode with a quanta νk(vk̃),
respectively. Then, applying the Lang−Firsov canonical trans-
formation,20 the Hamiltonian can be transformed to
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Inserting eq 6 into the basis functions, the model Hamiltonian matrix
of an aggregate in the excited state is obtained,21,22
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The elements in the matrix in eq 8 can be further calculated
according to refs 23 and 24. Then, based on the eigenvalue and
eigenstate of the aggregate’s excited state, obtained by diagonalizing
the matrix eq 8, the absorption and emission spectra can be calculated
by using the following equations:25−27
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Here, μ⇀ is the electric transition dipole moment of monomer and Δε
is the energy difference between the aggregate’s excited state and its
ground state. The FC is the Franck−Condon integral between the
eigenstate of the aggregate’s excited and ground states, in which the
temperature effect is taken into account by Boltzmann distribution of
the initial state.

2.2. Computational Details. The MD simulation was performed
in the NVT system with the polymer consistent force field
(PCFF).16,28 After equilibrium, one snapshot was extracted from the
MD trajectories, as in our former work,5 to set up QM/MM models.
We first sought two representative chains having effective conjugation
lengths (ECL) of 3 and 6, respectively. Then, we took the chain (ECL

Figure 1. Chemical structure of α6T.
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= 3 or 6) as the central QM part and the surrounding chains, which is
less than 30 Å away from the central chain, as the MM part (the MM
part is frozen, see Figure 2a). For the crystal, the QM/MM model was

constructed by cutting a cluster from the X-ray crystal structure of size
5 × 5 × 3, and the central chain is treated using QM and the
surrounding ones are treated by MM (see Figure 2b). The QM/MM
calculations were accomplished using the ChemShell 3.5 program.29

The QM calculations were performed at the B3LYP30,31/6-31G(d)
level in the Turbomole 6.5 program.32,33 The MM calculations were
implemented by using the general Amber force field (GAFF)34 in the
DL-POLY program.35 The selection of PCFF for MD simulation and
GAFF for MM calculation is discussed in the Supporting Information.
The restrained electrostatic potential was treated at the HF/6-31G(d)
level. Finally, the adiabatic excitation energy was adjusted by the CAM-
b3LYP36 functional. The α6T in tetrahydrofuran was evaluated by
adopting the polarizable continuum model (PCM)37 with ε = 7.43
(see Figure 2c). Linear-response (LR) PCM38 was applied to the
geometric optimization and frequency calculations and state-specific
(SS) PCM39,40 was used to calculate the excitation energy at the
CAM-B3LYP/6-31G(d) level in the Gaussian 09 D01 program.41

The optical spectra were evaluated by employing the vibrationally
coupled Frenkel exciton theory in the MOMAP program.42 The
excitonic coupling was calculated using the tools in the MOMAP
program based on the excitation information obtained from TDDFT
calculations in the NWchem 6.3 program43 at the CAM-B3LYP/6-
31G(d) level. Seven normal vibrational modes were selected by their
Huang−Rhys factors and vibrational frequency distribution feature
(details in Supporting Information, Tables S1 and S2). The vibrational
quantum number ν̃k was determined by the Franck−Condon integral
f k,ν̃k−0
i , and the threshold was set to 1% of the maximum. The Gaussian
half-width γ was set to 1100 cm−1 in all the spectra calculations at
room temperature, since this value was shown to be suitable for
oligothiophene systems in ref 44.

3. RESULTS AND DISCUSSION
3.1. Irregular Molecular Packing and Excitonic

Interaction in α6T Nanoparticles. To characterize the
molecular packing in α6T nanoparticles, MD simulations were
performed in 0.1:1 THF/water solution at 298 K using the
canonical (NVT) ensemble and polymer consistent force field
(PCFF28) in ref 5. The simulated results indicate that the
geometrical structures of the constituent chains have different
ECL values ranging from 2 (extremely distorted chain) to 6
(planar chain). Here, the monomers having an ECL of 3 and 6
were present in the highest percentages in the statistical
distribution derived from MD simulations. Therefore, we
selected two representative clusters, which were cut from the
simulated nanoparticle having central monomers of ECL = 3
(cluster A) and ECL = 6 (cluster B), to investigate the optical
properties of the nanoparticle. To confirm that clusters A and B
were representative of the whole, we did the same statistics to
characterize the intrachain torsion and interchain packing as

those done in ref 5, including torsion angle (α) and interchain
distance (d), inclination angle (θ), and orientation angle (β).
These are given in Figure S2 of the Supporting Information. It
is found that the distributions of the values of α, d, θ, and β
calculated for clusters A and B are very similar to those of the
entire nanoparticle given in ref 5. Moreover, the interchain
packings of these clusters exhibit typical π-stacked and T-
shaped structures. This demonstrates that clusters A and B are
suitable to be used to investigate the optical properties of the
nanoparticle. In addition, the cluster cut from the X-ray crystal
structure was studied for comparison.6

Considering the delocalization of Frenkel exciton, the
clusters consisting of a central monomer and its surrounding
molecules are used as the computational model (8 molecules
for cluster A/B and 9 molecules for crystal, seen in Figure
3a,c,f) to calculate the excitonic couplings J. The excitonic

couplings between nearest-neighbor molecules and next-
nearest-neighbor ones were calculated based on the TDDFT
transition densities for the clusters, and the results are given in
Figure 1b,d,e (detailed data can be found in Figures S3−S5,
Supporting Information). It is easily seen from Figure 3 that the
chain stacking in cluster A appears to be very disordered and
the resultant excitonic couplings are diverse and range from
negative to positive values (from −37.9 to 85.1 meV). This
indicates the coexistence of head-to-tail J-aggregation and face-
to-face H-aggregation. In contrast, the chain packing in cluster
B is more ordered and compact relative to that in cluster A, and
pure H-aggregation is seen with positive excitonic couplings
varying from 15.3 to 92.3 meV. As expected, the crystal exhibits
a perfectly symmetric herringbone structure with larger
excitonic couplings of 30.2−96.4 meV. On the whole, the
excitonic couplings in the three clusters are very large and
would be expected to have a drastic influence on the optical
spectra.

Figure 2. Construction of the QM/MM models for α6T in
nanoparticle (a) and crystal (b) state and PCM model (c).

Figure 3. Packing structure and histogram of excitonic coupling J
(arrows in the figure represent the pairs that are considered to have an
effective excitonic coupling) of cluster A (a, b), cluster B (c, d), and
crystal (e, f).
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3.2. Multimode Vibronic Coupling Feature of Mono-
mer. To examine the degree of structural disorder and the
intramolecular vibronic coupling features in different phases, we
first optimized the geometrical and electronic structures and
calculated the vibrational frequencies. The combined QM/MM
approach was used for the expanded clusters A and B with a
radius of 30 Å and crystal cluster with a size of 5 × 5 × 3, in
which the central monomer acts as the QM part and the
surrounding chains are treated as the MM part. As found in
previous work, the dihedral angles between two adjacent
thiophene rings are readily modified when the surrounding
environment changes. Therefore, we focused on the five
dihedral angles at the ground and the first excited singlet states
as shown in Figure 4. The following are found: (i) The chain

becomes more planar from the ground state to the first excited
singlet states in all the cases because the geometrical structure
transforms from aromatic to quinoidal character (see HOMO
and LUMO orbitals in Figure 4e).45−47 (ii) The degree of chain
distortion in the ground state is increased in the order crystal,
cluster B, solution, and cluster A, which leads to an increase in
the vertical energy in the same order. (iii) The most significant
differences between the ground and the excited states are in
solution and in cluster A. In both cases, free motion is possible
due to weak intermolecular interactions. This also indicates that
the vibronic coupling during the transition process would be
relatively strong in these two cases. (iv) The terminal thiophene
rings in a chain are more sensitive to the environment than are
the central ones. For instance, the dihedral angle θ3 is almost
180° in all cases, while θ1 and θ5 vary significantly among
chains. (v) Chains that are completely free in solution or are in
an extremely compact crystalline phase retain their symmetry
well, while the chain symmetry is significantly lower in the
nanoparticles due to the relatively disordered packing.

The Huang−Rhys factor (S) is a good parameter to
characterize the degree of the vibronic couplings.48 The S of
the ith normal mode can be calculated by using Si = ωiΔD2/
(2ℏ), where ωi is the frequency and ΔD is the displacement of
the ith normal mode. The calculated results at the ground and
the first excited singlet states are plotted in Figure 5 and Figure

S6 in the Supporting Information, respectively. As seen in
Figure 5, the Huang−Rhys factors increase significantly moving
from crystal/cluster B to solution/cluster A. The main
contributions to S come from low-frequency normal modes
(<200 cm−1), which are related to the distorted vibrational
motion out of the backbone plane. Therefore, the more the
geometry of the monomer is distorted, the larger the Huang−
Rhys factor is. Moreover, twisting motion is sensitive to the
surrounding environment. The high-frequency normal modes
(around 1500 cm−1), which are the C−C stretching vibrations
in thiophene rings, are similar in all cases and insensitive to the
molecular geometry and environment. Also seen in Figure 5,
there are many normal modes whose contributions to Huang−
Rhys factors are comparable and necessary to model the
spectra, especially for the cluster A and the molecule in
solution.

3.3. Vibrationally Resolved Optical Spectra of Nano-
particle and Crystal. Based on the geometrical and electronic
structures obtained from QM/MM calculations, the vibration-
ally resolved optical spectra of the investigated clusters were
calculated by using the vibronic-coupled Frenkel exciton model
and plotted in Figure 6. In the calculations, the involved normal
modes and vibrational quantum number are given in Table S1
of Supporting Information. In order to clearly measure the
effect of the excitonic coupling, we calculated the optical
spectrum of the monomer (QM molecule) in the QM/MM
model. This was set as a reference and also plotted in Figure 6.
For cluster A, both the absorption and the emission spectra of
monomer and cluster are completely overlapped, which
indicates that the excitonic interactions do not have any impact
on the spectra. For cluster B, relative to the absorption and
emission of the monomer, the absorption of cluster exhibits a
large blue shift while the emission of cluster shows a slight red
shift and a decrease in intensity. This is because the 0−0 peak is
suppressed and the higher Frenkel exciton state therefore
becomes dominant, which is the typical behavior of H-
aggregation. For the crystal, this trend is even more notable
due to its strong H-aggregation packing. In addition, only

Figure 4. Selected dihedral angles of equilibrium geometry structures
in solution (a), cluster A (b), cluster B (c), and crystal (d) at the
ground and excited states; frontier molecular orbital future, aromatic,
and quinoid structures of α6T (e).

Figure 5. Calculated Huang−Rhys factors versus the displacement of
the main normal modes in solution, cluster A, cluster B ,and crystal.
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considering the effect of structural distortion, the absorption of
a distorted monomer in cluster A is blue-shifted by 16 nm and
the emission is blue-shifted by 5 nm relative to those of planar
monomer in cluster B.
Also seen in Figure 6, the optical spectra of the three clusters

exhibit fine structures owing to strong intramolecular vibronic
coupling. In order to obtain insight into the role of the
intramolecular vibronic coupling on the optical spectrum, we
further compared the optical spectra by accounting for different
normal modes. According to the vibronic coupling model
discussed above, we divided the normal modes into two
categories: low-frequency (<200 cm−1) normal modes and
high-frequency (ca. 1500 cm−1) ones. These two kinds of
normal modes were considered in the calculated emission
spectra in Figure 7. It is clear that, when only considering the

low-frequency modes, the spectra appear as a single peak. This
is because the 0−n (n ≥ 1) peak is extremely close to the 0−0
peak owing to very small energy gap. However, as a matter of
fact, the dominance between 0−0 and 0−n peaks is determined
by the vibronic coupling of the low-frequency modes. For
instance, the largest Huang−Rhys factor of the low-frequency
mode is 3.46, and therefore the 0−3 peak is dominant in cluster
A. In contrast, because the largest Huang−Rhys factors are 0.32
and 0.21 in cluster B and crystal, respectively, the 0−0 peak
overwhelms the 0−1 peak for both. Based on the Frenkel
exciton model, the 0−0 peak is suppressed in H-aggregation
but is red-shifted and strengthened in intensity in J-aggregation.
Likewise, the 0−n peak is red-shifted in H-aggregation and red-
shifted and weakened in intensity in J-aggregation.11,23,49

Therefore, as seen in Figure 7c,e, the emission of cluster B
and crystal manifest a large red shift compared to the monomer
due to their pure H-aggregation. In contrast, the emission of
cluster A exhibits a slight shift due to the disordered stacking of
mixed H- and J-aggregations.
When only high-frequency normal modes are considered, the

monomer emission exhibits two main peaks arising from the
0−0 and 0−1 transitions because S < 1 in three cases (see
Figure 7b,d,f). As the excitonic coupling is included, the 0−0
peak disappears and the 0−1 peak is red-shifted, resulting in
only a single peak in the emission spectra of the cluster B and
in the crystal (Figure 5d,f). The emission of cluster A still
displays two peaks owing to its disordered structure. This
analysis reveals that the multimode vibronic couplings are of
vital importance to correctly modeling the optical spectrum in
addition to the excitonic interaction.
The effect of disordered aggregation on the optical spectra

can be more clearly seen in Figure 8. The trimer extracted from

cluster A includes H-dimer and J-dimer interactions. Compared
to the emission of the monomer, the maximum peak of
emission of the H-dimer is strongly red-shifted (Figure 8) due
to the suppression of the 0−0 peak and the red shift of the 0−1
peak while the emission of the J-dimer is slightly red-shifted
because of the enhanced 0−0 peak and the diminished 0−1
peak. The emission of the trimer is the superimposition of H-
dimer and J-dimer emissions to some extent.

3.4. Interpretation of Blue-Shifted Absorption and
Emission of α6T Nanoparticles. In experiments, a variety of

Figure 6. Calculated absorption and emission spectra of cluster A (a,
b), cluster B (c, d), and crystal (e, f) at 298 K. LF denotes low-
frequency normal modes and HF represents high-frequency normal
modes.

Figure 7. Calculated emission spectra induced by the vibronic
coupling of low-frequency normal mode (a, c, and e) and high-
frequency normal mode (b, d, and f) of cluster A at 298 K.

Figure 8. Calculated emission spectra of monomer, dimer, and trimer
extracted from cluster A at 298 K.
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absorption and emission bands were observed in α6T
nanoparticles.5 Distinct from the more commonly observed
red-shifted emission upon aggregation, a surprising blue shift of
the emission was found for the first time in α6T nanoparticles.
The mechanism underlying the variety in emission wavelengths
observed for α6T was not known prior to this study. Strikingly,
our calculations successfully identified the origin of the
excitation wavelength-dependent absorption and multicolor
luminescence. We compare the calculated optical spectra in
solution and in different clusters with the experimental
counterparts in Figure 9. First, relative to the solution-phase

absorption, the blue shift value of the maximum peak is
calculated to be 33 nm (0.18 eV) for cluster A and 85 nm (0.52
eV) for cluster B. The latter is closer to the experimental 76 nm
(0.59 eV) in ref 5. Therefore, the observed large blue shift in
absorption is attributed to the formation of an H-aggregate-like
cluster B. Second, the calculated emission spectra better
reproduce the experiment both in solution and in nanoparticles.
The two main peaks observed experimentally can be identified
with cluster A and B, respectively. Collectively, disordered
molecular structure and intermolecular packing induce the
unusual optical spectra phenomena observed in α6T nano-
particles. It should be noted here that the H-aggregate can emit
significant light via the other vibronic progressions although the
0−0 transition is forbidden.49 The obtained radiative decay rate
constant by integrating over the whole emission spectrum of
cluster B in Figure 6d is decreased by ca. 5% relative to that of
monomer. In contrast, the radiative rate constant of cluster A
obtained from Figure 6b is almost unchanged after considering
exciton coupling.

4. CONCLUSION
We proposed a theoretical scheme to calculate the optical
spectrum of nanoparticles which combines molecular dynamics
(MD) simulations, quantum mechanics/molecular mechanics
(QM/MM) calculations, and vibronically coupled Frenkel
exciton spectrum calculations. Using this scheme, we explored
the relationship between irregular molecular packing, diverse
molecular structural distortions, and optical spectra in α-
sexithiophene nanoparticles. From the structures derived from
MD simulations, we chose two representative clusters with

central monomer of ECL = 3 (cluster A) and ECL = 6 (cluster
B) from the simulated amorphous nanoparticle for inves-
tigation, as well as one cluster cut from the X-ray crystal
structure for comparison. For cluster A, the monomer is
significantly distorted and the intermolecular packing is largely
disordered. These factors give rise to a higher excitation energy
and multimode vibronic coupling that result in a blue shift of
the optical spectra. Excitonic interaction can be neglected
owing to the mutually canceling effect of H- and J-type
coupling in these distorted structures. For cluster B, the
monomer is almost planar and the intermolecular packing is H-
aggregate-like and relatively ordered. Consequently, the
synergism of the multimode vibronic coupling and the excitonic
interaction results in a sharp blue shift of the optical spectra.
The optical spectra of both cluster A and cluster B are totally
different from the blue shift of absorption and red shift of
emission predicted for a crystal with strong H-aggregation.
Notably, the superimposition of the spectra of these two cluster
types reproduces the experimental results and explains the
unique spectral properties of the α-sexithiophene nanoparticles.
Our theoretical protocol successfully elucidates the relationship
among the irregular molecular packing, diverse molecular
structure distortion, and optical spectra in organic nano-
particles. This protocol is general and applicable to the study of
the optical properties of other organic nanoparticles.
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