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ABSTRACT: The absorption and fluorescence spectra of poly(p-phenylenevinylene)
(PPV) oligomers with up to seven repeat units were theoretically investigated using the
algebraic diagrammatic construction method to second order, ADC(2), combined with
the resolution-of-the-identity (RI) approach. The ground and first excited state
geometries of the oligomers were fully optimized. Vertical excitation energies and
oscillator strengths of the first four transitions were computed. The vibrational
broadening of the absorption and fluorescence spectra was studied using a semiclassical
nuclear ensemble method. After correcting for basis set and solvent effects, we achieved a
balanced description of the absorption and fluorescence spectra by means of the
ADC(2) approach. This fact is documented by the computed Stokes shift along the PPV
series, which is in good agreement with the experimental values. The experimentally
observed band width of the UV absorption and fluorescence spectra is well reproduced by the present simulations showing that
the nuclear ensemble generated should be well suitable for consecutive surface hopping dynamics simulations.
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1. INTRODUCTION electroluminescent and photovoltaic materials design.
Determining the mechanisms affecting its photophysical
behavior is crucial for controlling and tuning the absorption
and emission properties of PPV-derived materials. Experiments
have shown interesting features of coherent PPV dynamics’
that have been rationalized in terms of the coupling of the
electronic excitation to a vibrational mode.® It has been
established that the evolution of electronically excited states
relates to the structural relaxation dynamics in these systems.'
This coupling involves multiple electronically excited states that
can lead to strong nonadiabatic behavior.

Electronic structure calculations constitute an important tool
for interpreting experimental data and providing working
guidelines for design of new materials. However, there are
considerable challenges concerning their use due to the large
molecular sizes of the oligomers to be calculated and the
difficulties in properly describing the relevant excited states.
Calculations of PPV oligomers (Scheme 1) belong to this class
of problems. Previous studies of PPV oligomers used several
semiempirical methods for the description of the PPV spectra

Organic 7-conjugated polymers have several important
applications. One of the most fascinating and challenging
research frontiers in this field is the development of organic
solar cells. In organic photovoltaic systems, exciton (electron—
hole pair) transfer followed by population transfer of electrons
occurring via charge transfer (CT) states to a donor/acceptor
(D/A) boundary is crucial for the efficiency of the photovoltaic
cell.' Because of the structural flexibility of these chains,
complex dynamical processes occur that need to be understood
to control and improve the efficiency of the photovoltaic cell.
The first step is the photoexcitation into a bright electronic
state, which creates the initial conditions for the subsequent
photodynamics. Therefore, the comprehensive investigation of
the electronic spectra of polymers in particular with respect to
vibrational broadening is an important prerequisite for studying
the photodynamics.

Poly(p-phenylenevinylene) (PPV) (Scheme 1) is widely
studied due to its relevance as a benchmark system for

Scheme 1. Structure of (PV),P Oligomers
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and photodynamics: the collective electronic oscillator (CEO)
method combined with the semiempirical AM1 model”'® and
surface hopping dynamics based on the Pariser—Parr—Pople
model Hamiltonian for z-electrons.'’ Zerner’s intermediate
neglect of differential overlap (ZINDO) semiempirical method
was applied to the problem of the absorption spectra in PPV
oligomers."> Configuration interaction with single excitations
(CIS) was also used to investigate the vibronic structure of
optical transitions in PPV."> The singlet—triplet splitting was
investigated in a number of systems, including PPV, by means
of the time dependent density functional theory (TDDFT)."
The dependence of the description of the electronic excitation
character on the choice of correlation—exchange functionals
was studied in detail."

Because of the significantly larger computational demands, ab
initio theory has been used primarily for the smaller oligomers.
For instance, calculations of the electronic spectrum of stilbene
used the complete active space with perturbation theory to
second order (CASPT2)'® and the symmetry adapted cluster-
configuration interaction (SAC-CI) spectra for oligomers with
up to four PV units.'” The approximate coupled cluster method
to second order (CC2)'® and the algebraic diagrammatic
construction method to second order, ADC(2)," combined
with the resolution of identity (RI) approach,”® which allows
efficient handling of the two-electron integrals, were employed
successfully for examining vertical excitation energies of larger
oligomers with up to seven phenylenevinylene (PV) units.”!
The CC2 method has been proven useful in calculations of
methylene-bridged oligofluorenes** and oligo-p-phenylenes.”®
Moreover, it should be mentioned that unlike CC2, the
ADC(2) method has the advantage that the excited state
energies are computed as eigenvalues of a Hermitian matrix
resulting in an improved numeric stability.”* Furthermore, the
resolution-of-the-identity approximation (RI) greatly reduces
the computational time without affecting the quality of results
significantly.”***

Although theoretical information on the vertical excitation
energies of PPV oligomers is available, few spectral simulations
including vibrational broadening have been reported for these
systems. Representative works of this type are the restricted
configuration interactions with singles excitations (RCIS)
calculations of Gierschner and co-workers,”® the AMI/CI
calculations of Karabunarliev et al,>” and the CEO simulations
of Tretiak et al.”

To study the PPV oligomers at the ab initio level, it is
necessary to deal with the sharp increase of computational cost
upon increasing the size of the molecules along the series,
especially when going beyond a calculation of vertical excitation
energies. To this end, a careful balance between choices of
methods, basis set size, and further time-reducing measures is
required to not compromise the reliability of the description
and to allow a controlled assessment of the introduced errors.
For these reasons, it is necessary to devise strategies to use
computationally demanding high-level theory and to assess the
implications of the used approximations. This work is dedicated
to this question, in which we present refined spectra
simulations of PPV oligomers (PV),P (n = 1-5) including
vibrational broadening based on the above-mentioned ADC(2)
method.

2. COMPUTATIONAL DETAILS

Geometry optimizations were carried out at the RI Moller—
Plesset perturbation theory to second order (RI-MP2) level*®
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for the ground state and at the RI-ADC(2) level for the S, state,
with both the SV and the SV(P) Gaussian basis sets>® without
any symmetry constraints. These basis sets offer a good
qualitative description of the trends along the PPV oligomer
series as shown before.”! Starting geometries were selected with
the phenyl rings rotated by 10° relative to the vinylene plane,
with consecutive rings being rotated in opposite directions.
Geometry optimizations of the (PV),P and (PV),P oligomers
were also performed with starting planar geometries for
comparison purposes; geometries obtained this way are
restricted to being planar and are not true minima.
Convergence criteria for geometry optimizations include an
energy threshold of 1 X 107 hartree and gradient component
changes of less than 1 X 107* hartree/bohr. The vertical
excitation energies, oscillator strengths, and simulated spectra
were computed with the RI-ADC(2) method for the first four
excited singlet states.

The vibrational broadening of the spectra was calculated with
the nuclear-ensemble method.’**>" This method allows the
simulation of the band envelope but averages out the
vibrational fine structure; any such detail appearing on the
simulated spectra is an artifact of the sampling procedure. To
simulate the envelope broadening, it is necessary to sample the
ground state configurational space for the absorption spectra
simulation. The same procedure is performed for the S; state
when the fluorescence spectra are simulated. In the present
case, we used a Wigner distribution along the molecular
vibrational modes in the harmonic-oscillator approximation;
500 points were sampled in each case. Four excited states were
included in the computation of the absorption spectrum and
one excited state was considered in the florescence spectrum.
Individual spectral lines were convoluted with Lorentzian line
shapes using a phenomenological broadening of 0.05 eV. Due
to the large computational effort involved in calculating
frequencies for the larger molecules in the (PV),P series, the
ground state normal modes used for the photoabsorption
calculations were obtained at the Hartree—Fock level and the S,
normal modes for the fluorescence spectra calculations were
obtained at the TDDFT level with the BHandHBLYP
functional. The latter was chosen due to findings that
functionals including 50% Hartree—Fock exchange yield better
descriptions of the exciton localization of the excited states in
these systems.'> Band maxima were obtained from the spectra
by fitting a Gaussian function to each band and determining
their maxima and full width half-maximum (FWHM) values.

For the vertical excitations, both SV and SV(P) basis sets
were used for all oligomers in the series, from n=1ton="7.
For the photoabsorption spectra simulations of (PV),_;P, both
the SV and the SV(P) basis sets were employed. For the larger
(PV),_sP oligomers, only the SV basis set was used. The
fluorescence spectra simulations for (PV),_,P employed the SV
basis set. The Stokes shifts were computed by calculating the
energy differences between the maxima in the absorption and
fluorescence spectra. Radiative emission rates (k,4) and the
related lifetimes (7,,) for the S; — S, transition were calculated
by two different approaches. The first is obtained directly from
the vertical excitation energy (AE) and the oscillator strength
of the transition and is given by

1 2.,
0 9

Krad =

(1)

where ¢ is the speed of light and f is the oscillator strength.
Though straightforward, this method relies on the Franck—
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Condon approximation and ignores the contribution from
geometries close to equilibrium. The second procedure involves
the integration of the differential emission rate (I',q) in the
energy domain, according to the equation®’

1 1 /‘
Kad= — = 7 l—;a (E) dE
g on ™ @)

This integrated lifetime is a step ahead of the simple Franck—
Condon approximation procedure, and it is expected to provide
more consistent results.

In all cases, a number of orbitals equal to twice the number of
core orbitals were frozen during calculations. Geometry
optimization and vertical excitation calculations were also
carried out for stilbene with only the core obitals frozen to
evaluate the effect of extended freezing.

All geometry optimizations, electronic structure, and normal
mode calculations were done with the TURBOMOLE 6.5
program system.”> The spectra simulations were done with
NEWTON-X>*** package, version 1.4.

3. RESULTS AND DISCUSSION

3.1. Assessment of Accuracy. The large computational
effort involved arises especially because of the sampling of the
Wigner distribution generating the nuclear ensemble (500
single-point calculations for each spectrum). Therefore, the
theoretical approach used has to be computationally eflicient.
The RI-ADC(2) method is a good candidate for that purpose
within the framework of ab initio theory. Nevertheless, the large
size of the oligomers demands a number of measures to further
reduce the computational effort. The consequences of these
measures on the accuracy of the results were tested and are
discussed in this subsection.

We first increased the number of frozen orbitals beyond the
standard freezing scheme of freezing the 1s core orbitals. The
number of frozen core orbitals were doubled, a procedure that
was then tested for stilbene, (PV),P. RI-MP2/SV(P) geometry
optimization calculations were performed, freezing the 14 1s
core orbitals or the 28 lowest-energy orbitals. The computed
geometric parameters in the two cases are compared in Table
S1 of the Supporting Information. It can be seen that bond
distances are not significantly affected by increasing the number
of frozen orbitals in the amount mentioned. The average
absolute difference in the bond distances is 0.008 A; the largest
effects are observed in the length of C—H bonds, which
decrease by 0.028 A in the aromatic ring and by 0.020 A in the
vinylene unit. The CC bond lengths present significantly
smaller changes, increasing only slightly (less than 0.003 A) in
most cases, except for the C—C single bonds, which increase by
0.016 A. Changes in angles and dihedral angles are also quite
small and should have no discernible effect on the electronic
structure calculations.

We note that in both cases the calculated equilibrium
geometry is nonplanar; the H2—C3—C4—CS5 dihedral angle
(for atomic numbering see Scheme S1, Supporting Informa-
tion) corresponding to the out-of-the-plane ring torsion is
about 20°. The issue of the planarity of stilbene has been
addressed by Kwasniewski et al,*® who showed by means of
MP2 and coupled cluster calculations that the true torsional
conformation in stilbene is planar; to obtain a planar ground
state geometry at ab initio levels, relatively large basis sets with
diffuse functions are necessary (at least of aug-cc-pVDZ
quality). It is noted that in the present work converged
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nonplanar geometries persisted for the larger oligomers using
the MP2/SV(P) approach with dihedral phenyl out-of-plane
angles keeping values of around 20°, as found for stilbene (see
also the discussion below).

The shallowness of the H2—C3—C4—CS5 dihedral-angle
potential well of stilbene makes zero-point energy (ZPE)
contributions important in defining the correct geometry.’’
Furthermore, the experimental data also point to a planar
geometry as the correct one.*® Because the purpose of this
work is to investigate significantly larger oligomers including
geometry optimization of their first excited state, and due to the
small energy differences involved, we did not make any attempt
to correct for the nonplanarity of the PPV oligomers in the
ground state by increasing the basis set. For these reasons,
excited states and spectra of all the oligomers in this work were
calculated from the nonplanar optimized ground state
equilibrium geometries. However, a correction for the non-
planarity of the ground state will be introduced later.

The first four singlet excitation energies and the correspond-
ing oscillator strengths computed at the RI-ADC(2)/SV(P)
level for both frozen core and extended frozen core are
presented in Table 1. The results show that the extended frozen

Table 1. Stilbene Vertical Excitations Calculated at the RI-
ADC(2)/SV(P) Level for Optimized RI-MP2/SV(P)
Geometries

frozen core” frozen (core +14)”

excitation energy oscillator excitation energy oscillator

(eV) strength (eV) strength
N 4.715 1.033 4.937 0.934
S, 4.909 0.000 5.085 0.000
S; 4.935 0.150 5.123 0.253
Sy 6.134 0.005 6.389 0.004

“Frozen core corresponds to calculations performed with 14 orbitals
frozen. “Frozen (core+14) corresponds to the lowest 28 orbitals
frozen.

core excitation energies are always larger by approximately 0.2
eV than those of the standard frozen core scheme. The dark S,
— S, transition, the highest one, is most affected by freezing
additional orbitals, being shifted by about 0.25 eV. As was
discussed before for the poly(thieno[3,4-b]thiophene benzodi-
thiophene/[6,6]-phenyl-C61-butyric acid methyl ester (PTB1/
PCBM) system,” the use of a carefully tested freezing scheme
in the RI-ADC(2) approach allows the investigation of large
molecular systems without compromising the accuracy of
calculated transition energies.

Extensive basis set tests ranging from the split valence SV
basis up to TZVPP*® containing two d functions and one f
function on carbon were performed previously.*" It was found
that the SV basis could be used with good success by observing
that the relative energies of the first four excited states remained
constant within ~0.1 eV for the mentioned range of basis sets.
In this work, we used the SV and SV(P) basis sets, considering
the latter one for comparison purposes. The present
calculations on the larger oligomers will be performed with
the SV basis. The discussion of accuracy will be postponed until
the comparison with experimental data in gas phase and in
solution.

3.2. Geometry Optimization and Vertical Excitation
Energies. The ground state geometries of PPV oligomers
(PV),P with up to six phenyl rings were optimized at the RI-
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MP2 level using both the SV and the SV(P) basis sets and the
extended set of frozen core orbitals. The most important
structural aspect is the phenyl ring torsional angle. All geometry
optimizations were started from alternating twisted nonplanar
geometries, which preserved this feature in the course of the
optimization process. Table 2 collects for each structure the

Table 2. Selected Torsional Angles for Phenyl Ring Rotation
Calculated at the RI-MP2 Level with the Extended Frozen
Core Approach and with the SV(P) and SV Basis Sets for the
(PV),P (n = 1-7) Series in the Ground State”

sV SV(P)

0, (deg)” 0, (deg)® 0, (deg)” 6; (deg)*
n=1 25.52 2429
n=2 25.87 2322 25.01 —22.49
n=3 2578 2287 24.83 2217
n=4 25.80 2287 24.98 2215
n=5 25.80 22.86 24.95 2221
n=6 25.81 —22.84 25.00 2212
n=7 25.81 22.89 24.99 222

“Only symmetry unique angles in one half of the oligomer are listed.
®Outermost ring rotation dihedral angle. “Innermost-ring rotation

dihedral angle.

results for the outermost (6,) and the innermost (6,) phenyl
ring angles. The other phenyl rings display torsional angles very
similar to the innermost ring ones and, for this reason, they are
not listed separately. Along the series (except n = 1), the 6,
torsional angles were found to be about 25.0° with the SV(P)
basis and around 25.8° with the SV basis. The 6, torsional
angles are around 22° and do not change much along the
series; the most pronounced difference is ~0.35° between the
(PV),P oligomer and the larger oligomers in the series. The
differences between the SV(P) and SV calculations are also
quite small: the calculated SV 6, torsional angles are larger than
those computed with the SV(P) basis by no more than 0.75°.

The RI-ADC(2)/SV geometry optimizations of the S; state
were also carried out for the (PV),_;P series. Optimization of
stilbene in S, converged to a nonplanar geometry. This
situation had been previously predicted by state-averaged
complete active space self-consistent field (SA-CASSCF)
calculations,*® which points to a twisted geometry (6, = 5°
and the torsional angle around the ethylene bond ¢ = 167°).
Because it turned out that this feature was special to stilbene,
we did not follow it further. Starting with the (PV),P oligomer
in the series, the S; minima were planar.

The vertical excitation energies are displayed in Table 3.
Except for stilbene, (PV),P in the SV basis, the largest oscillator

Table 3. RI-ADC(2) Vertical Excitations for the S, — S,
Transitions in the (PV),P (n = 1-§) Oligomers Computed
with the SV(P) and the SV Basis Sets

5% Sv(P)

excitation energy oscillator excitation energy oscillator

(eV) strength (eV) strength
n=1 5.023 0.275 4.937 0.934
n=2 4.461 2.087 4.281 2.063
n=3 4.164 3.071 3.973 2.957
n=4 4.012 3.986 3.822 3.821
n=35 3.925 4.897 3.734 4.689

1790

strength was found for the S, — S, transition for both basis sets
used here. Only stilbene in the SV basis shows an inversion of
the character of excited states. For the SV(P) basis set, the first
singlet excited state corresponds to the most intense absorption
of the whole series, becoming stronger as the chain increases.
The SV(P) basis set Sy — S; transition also gets brighter further
along the series. The SV excitation energies differ from the
SV(P) energies by at most 0.2 eV.

The spectral simulations employed the nonplanar ground
state equilibrium geometries. This ezpproach could lead to
systematic errors because the correct®®>* ground state planar
geometries do not correspond to the minima structures except
for very large basis sets.”” The potential energy surface in terms
of torsional angles is very flat and the necessary large basis set
sizes to obtain planar geometries make even ground state
geometry optimizations costly for the larger oligomers along
the series, not to mention for excited state optimizations.
Spectra simulations and dynamics, which depend on a much
larger number of energy calculations, would not be feasible.
Even though the ground state energies for the nonplanar and
planar geometries are located within a range of 0.05 eV, the
vertical excitation energies show a larger sensitivity because the
S, energy surface does not possess the just-mentioned flatness
of the ground state in terms of torsional angles. Therefore, to
account for the true planar ground state geometry in the
calculations using smaller basis sets, we also calculated the
vertical excitation energies for geometries optimized with a
planarity restriction. The results for the excitation energies of
the first bright state in the (PV),P and (PV);P oligomers are
displayed in Table 4. The vertical excitations for planar ground

Table 4. Comparison of RI-ADC(2)/SV and RI-ADC(2)/
SV(P) S,—S, Vertical Excitation Energies for (PV),P (n =2,
3) Calculated at Both the Nonplanar Equilibrium Geometry
and at the Optimized Planar Geometry

basis set N SV(P)
planar nonplanar planar nonplanar
n=2 4.205 4.461 4.039 4.281
n=3 3.882 4.164 3.712 3.973

state geometries are smaller than those for nonplanar ones by
~0.25 €V for (PV),P and ~0.27 eV for (PV);P oligomers. For
this reason, the absorption spectra calculated in this work on
the basis of a nonplanar ground state reference geometry
should be too high in energy by a similar amount. It is
important to note that a corresponding correction is not
necessary for the emission energies, because the equilibrium
geometry for the S, state does not show the torsional ambiguity
of the ground state; it is already planar using our smallest basis,
the SV set, and no further geometrical adjustments are
necessary. These differences in the shapes of the S, and §;
energy surfaces lead to different energy corrections for
absorption and fluorescence energies. In the former case, an
average value of 0.26 eV (see the (PV),P and (PV),P values
just mentioned) will be deducted from the computed
absorption energies based on nonplanar structures whereas
for the fluorescence energies no corresponding correction is
applied. Because the remaining corrections discussed below are
the same for absorption and fluorescence, it is only this
difference of 0.26 eV that affects the relative values of calculated
absorption and fluorescence energies and thus also the
computed Stokes shift.

dx.doi.org/10.1021/jp508512s | J. Phys. Chem. A 2015, 119, 1787—1795
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It is clear that to have a meaningful comparison of excitation
energies with experimental data, our approach needs to be
corrected for all factors already mentioned, i.e., basis set effects,
extended freezing of molecular orbitals, and the correction for
the planarity of the ground state. A lower limit for the basis set
correction when using the SV basis set was estimated in
previous work®" and is taken as a lowering of the excitation
energy by 0.45 eV. The freezing of an extended number of
orbitals leads to an estimated reduction of 0.2 eV. On the basis
of the arguments presented above, the error originating from
using the nonplanar equilibrium geometry will be taken as a
decrease of 0.26 eV. Thus, the overall total correction to be
applied to the results computed with the SV basis equals —0.91
eV.

Because the experimental PPV spectra were obtained only in
solution, the gas phase data reported in ref 26 were actually
obtained by extrapolation from solvent data by plotting the
band maxima for different solvents as a function of the solvent
refraction indexes (n,) and then extrapolating the band values
to the n, — 1 limit. The corrected (gas phase) ADC(2) values
agree very well with the corresponding experimental gas phase
data (Table S). The former are only between 0.1 and 0.2 eV

Table 5. Comparison of RI-ADC(2)/SV Vertical Excitation
Energies for (PV),P (n = 1-5) with Experimental Data®

vertical excitation (eV) exp (eV)
calculated gas corrected” gas solv gas

phase phase shifted® phased dioxane solv®
n= 5.023 411 393 419 417 (0.80)
n=2 4.461 3.55 3.37 3.69 3.54 (0.58)
n=3 4.164 3.25 3.07 3.47 3.28 (0.53)
n=4 4,012 3.10 2.92 3.34 3.13 (0.53)
n=35 3.925 3.01 2.84

“Calculated values corrected for basis set deficiency, extended freezing
of orbitals, and geometry are presented. Values including solvent shift
for comparison with measurements in dioxane are also included.
Experimental FWHM band width data are given in parentheses.
bCorrections: basis set, —0.45 eV, orbital freezing, —0.2 eV, geometry,
—0.26 eV. Total correction: —0.91 eV. “Corrected value + dioxane
solvent shift (—0.18 eV, see text). “Values extrapolated from band
maxima obtained for solvents with differing refraction indexes.* *Data
taken directly from band maxima in experimental spectra obtained in
dioxane.26

lower in energy. A bathochromic solvent shift of ~0.18 eV is
deduced from a comparison of the experimental gas phase and
dioxane data of Table S (excluding the stilbene data).
Comparing our solvent-shifted (“solv shifted” column in
Table S) results with the experimental data (“dioxane solv”
column, Table S) shows that this correction is not good for
stilbene (n = 1) but improves as the oligomers get larger, with a
difference between the theoretical and experimental data of
~0.2 eV.

An analogous approach was used to compare the calculated
emission energies with existing experimental fluorescence data
(Table 6). The stilbene case is omitted because of the strong
deviation from planarity in the S, state, which classified this
molecule as a special case not fitting into the PPV series. The
computed solvent-shifted vertical emission energies shown in
Table 6 are about 0.30—0.35 eV lower than the experimental
data.

3.3. Simulated Spectra. The simulated absorption spectra
comprise the first band of the (PV),P oligomers that is
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Table 6. Comparison of RI-ADC(2)/SV Emission Energies
for (PV),P (n = 2—4) with Experimental Data”

vertical emission energy (eV) exp (eV)
as calculated ~ corrected” gas phase  solv shifted” dioxane? solv
n=2 3.601 2.95 277 3.05 (0.51)
n=3 3291 2.64 2.46 2.79 (0.50)
n=4 3.150 2.50 2.32 2.68 (0.51)

“Calculated values corrected for basis set deficiency and extended
freezing of orbitals are presented. The value of the solvent shift for
comparison with measurements in dioxane is included. Experimental
full FWHM band width data are given in parentheses. bCorrections:
basis set, —0.45 eV, orbital freezing, —0.2 eV. Total correction: —0.65
eV. “Corrected value + dioxane solvent shift (—0.18 eV). “Data taken
directly from band maxima in experimental spectra obtained in
dioxane.”

composed exclusively of 7—z* transitions. Both the SV(P) and
SV calculations (Figure la,b, respectively) show an increase in
the maximum of the photoabsorption cross section, along with
a displacement of the band toward lower photon energies.
Because the combination of basis set error, extended frozen
core approximation, and ground state geometry effects
increases the vertical excitation energies by about ~0.9 eV for
the SV results as shown before, the corresponding simulated

6
. (a ) : ——PPV1
[w\ ——PPV2
\!y ——PPV3

Photoabsorption cross section (A2)

2
1

—~ 0

o~

< 10

C

i)

©

8 8

(]

[}

(%2}

© 6

o

C

k]

B 4

—

(o]

[}

®

8 2

o

£

o

0
3 35 4 45 5 55 6

Energy (eV)

Figure 1. Simulated absorption spectra with vibrational broadening
calculated at the RI-ADC(2) level for (PV),P oligomers including the
first four singlet states: (a) SV(P) spectra with n = 1-3; (b) SV spectra
with n = 1-S. Dashed vertical lines mark the vertical excitation
energies corresponding to the bright state in each oligomer. The
relative heights of these lines are proportional to the corresponding
calculated oscillator strength.
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spectra should be too high in energy by similar amounts and
will be corrected below when comparing to the experimental
spectrum.

The spectra obtained with the SV basis for n = 1—3 are quite
similar in shape to those obtained with the SV(P) basis. The
spectra obtained with the SV basis suggest that the range of
photon energies covered by the absorption band is already
converged for the n = S oligomer, with absorption occurring
between 3.0 eV (band onset) and 5.0 eV (band termination),
which should not change much when advancing in the series.
This feature indicates that a range of less than 2.0 eV of photon
energies is necessary to excite this band for larger oligomers
along the series. Moreover, the calculated absorption peak of
the (PV);P oligomer is located at ~3.8 eV. Reducing this value
by the estimated correction of 0.91 eV (Table 5) leads to a
value for the (PV)P first absorption band peak of ~2.89 eV.
This value should be an upper limit to the actual value of the
PPV polymer band peak of a single ideal chain. Experimental
data for the polymer suggest the existence of a defect band in
the range of approximately 2.1—2.4 eV, a main band at 2.4—2.7
eV (peaking at ~2.5 eV), and a vibronic band from 2.7 eV to
higher energies.7 The 2.89 eV adjusted value for the (PV)iP
peak differs by about 0.4 eV from that value measured in the
PPV polymer.”

Characterization of the band widths by means of FWHM
data obtained from our calculated spectra agree quite closely
with those taken from experimental spectra, as seen by
comparing values given in Table 7 to the experimental

Table 7. Band Maxima (eV) from Simulated UV Absorption
and Fluorescence Spectra and Computed FWHM Band
Widths Using the RI-ADC(2)/SV

absorption band FWHM fluorescence band FWHM
max. (eV)? (eV) max. (eV)? (eV)
n=1 3.98 0.70
n=2 3.29 0.59 2.73 0.56
n=3 3.00 0.53 242 0.52
n=4 2.82 0.56 2.30 0.52
n=3 2.75 0.47

“For correction values including solvent shift added to the computed
ADC(2) see Table S. ®For correction values including solvent shifts
added to the computed ADC(2) see Table 6.

FWHM data in the “dioxane solv” columns in Tables 5 and
6. The calculated band maxima are quite close to the vertical
excitation energies. Absorption spectra band maxima are always
lower than the vertical excitation energies, the largest difference
being found for n = 4 (0.10 eV), whereas for the fluorescence
spectra the largest difference is found for n =2 and n = 3, with a
band maxima lower than the vertical excitation by 0.04 eV. The
computed RI-ADC(2)/SV absorption spectra for (PV),_,_4P
(Figure 2) are not much broader than the corresponding
fluorescence spectra (see FWHM values in Table 7). The
intensity of the emission also increases along the series,
together with a displacement of the band toward lower photon
energies.

The radiative emission rates and lifetimes for the simulated
fluorescence spectra were computed by two methods. One
employed the Franck—Condon approximation (eq 1), and the
other is obtained by integrating over the whole calculated band
(eq 2); results are collected in Table 8. Two cases are
presented. In the first one the uncorrected energy differences
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Figure 2. Simulated fluorescence spectra for the S; — S transition
with vibrational broadening calculated at the RI-ADC(2)/SV level for
the (PV),P (n 2, 4) oligomers reported as a dimensionless
differential emission rate. Dashed vertical lines mark the vertical
excitation energies corresponding to the computed bright state in each
oligomer. The relative heights of these lines are proportional to the
corresponding calculated oscillator strength.

Table 8. Radiative Emission Rates k4 and Lifetimes 7, for
the S, — S, Transition, at the RI-ADC(2)/SV Level for
(PV),P (n = 2—4), Calculated Both by Integration of the
Differential Radiative Rate (“Integrated” Method, Eq 2) and
by Considering Only the Vertical Excitation Energy
(“Vertical” Method, Eq 1)

as calculated corrected + solv-shifted”

method ko (10° s7Y) 75 (ns) kg (10°s7Y) 74 (ns)
n=2 vertical 1.40 0.72 0.80 1.25
integrated 1.25 0.80 0.71 1.41
n=3 vertical 1.60 0.62 0.86 1.16
integrated 1.44 0.70 0.78 1.28
n=4 vertical 1.82 0.55 0.95 1.06
integrated 1.64 0.61 0.85 0.85

“Corrected transition energies as listed in Table 6 were used.

are used and in the second case corrected transition energies.
Radiative emission rates are somewhat larger in the former case.
They increase with the increasing oligomer length because the
reduction of AE for larger oligomers is counterbalanced by the
increase of the oscillator strength (f). Emission rates based on
the integrated method are about 10% smaller than those
obtained with using vertical excitations only; the former is
expected to yield more consistent results because it includes
information about the entire band. For n = 4, the lifetime is
calculated to be 0.6—0.9 ns; it is expected to decrease even
further when progressing along the series. To our knowledge,
there are no experimental data for the lifetime of the S, — S,
transition for the PPV oligomers. Therefore, these results are of
particular interest.

The calculated spectra can be compared with experimental
absorption and fluorescence spectra obtained in dioxane at 293
K*° by superimposing the experimental data with the simulated
spectra (Figure 3). The calculated spectra included in Figure 3
already take into account all the previously discussed
corrections for calculated absorption and emission energies
(Tables S and 6), including the solvent shift. The simulated
absorption spectra have a shape quite close to the experimental

dx.doi.org/10.1021/jp508512s | J. Phys. Chem. A 2015, 119, 1787—1795
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Figure 3. Comparison between experimental and simulated spectra for the n = 1—4 oligomers. Absorption spectra are red and fluorescence spectra
are blue. Solid lines are for the RI-ADC(2)/SV spectra, and the dashed lines are for the experimental spectra obtained in dioxane at T = 293 K> All
previously discussed corrections for calculated absorption and emission energies (Tables S and 6), including the solvent shift, are included in the
calculated spectra. The simulated and the experimental absorption and fluorescence spectra were normalized to an arbitrary yield peaking at 1.

one for all the examined spectra (Figure 3). The main
difference in all cases is that the band tail at lower energies falls
off more slowly in the simulated spectra than in the
experimental spectra. A similar trend is present in the
fluorescence band tails at higher energies. The vibrational fine
structure of the fluorescence spectra is averaged out in the
simulated spectra (Figure 3), because our semiclassical method
for spectra simulation does not include vibrational resolution.
As already mentioned above, the FWHM band width measure
agrees quite nicely with the experimental ones.

By taking the difference between maxima in the solvent
corrected absorption and fluorescence spectra (Table 7), the
Stokes shift is predicted to be ~0.51 eV for n =2 and n = 4, and
~0.64 eV for n = 3. The results obtained from this procedure
also compare quite well with the experimental values (0.45—
0.46 €V), obtained by subtracting the experimental absorption
and fluorescence band maxima listed in Tables S and 6.

4. CONCLUSION

The vibrational broadening of the first UV absorption and the
fluorescence band in PPV oligomers was computed using the
semiclassical nuclear ensemble method and the ab initio RI-
ADC(2) approach for the electronic excitation energies. The
ensemble of structures for simulating the vibrational broad-
ening contained 500 geometries constructed from a Wigner
distribution. To keep the calculations manageable in view of the
large size of the PPV oligomers, relatively small basis sets and
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an extended scheme for freezing molecular orbitals had to be
used. By comparison with previously obtained results using
significantly larger basis sets and with more extended
calculations, a thorough control of the influence of the different
systematic factors on the computed excitation energies was
achieved. In this way, it was possible to obtain quite accurate
predictions using alternative methods to the computationally
more efficient TDDFT methods, which have the issue that the
exchange—correlation functional has to be selected carefully
(see, e.g,, ref 15).

Overall, the absorption and fluorescence band shapes of the
PPV oligomers were well-described. As the oligomer size
increases, the 7 — 7* photoabsorption and fluorescence bands
show progressively larger peaks. The computed absorption and
fluorescence bands were found to have a well-described shape
and range of light absorption/emission spectra, displaying a
Stokes shift of about 0.5 eV. We also could establish a
correction of the S, — S vertical transition energy due to the
artificial nonplanar ground state of PPV oligomers found in
MP2 and coupled cluster calculations using small- and medium-
sized basis sets in the range of ~0.25—0.28 eV.

Obtaining a reliable broadening of the electronic spectra of
PPV is also an important asset for dynamics simulations
because the nuclear ensembles used for describing the spectra
also constitute the initial structures for surface hopping
dynamics simulations®® of the oligomers that aim at the ab
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initio dynamics description of exciton and charge transfer
processes.
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