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We propose a hybrid anharmonic—harmonic scheme for vibrational broadenings, which embeds a
reduced-space vibrational configuration interaction (VCI) anharmonic wave function treatment in the
independent-mode displaced harmonic oscillator (IMDHO) model. The resulting systematically-
improvable VCI-in-IMDHO model allows including the vibronic effects of all vibrational degrees
of freedom, while focusing the effort on the important degrees of freedom with minimal extra
computational effort compared to a reduced-space VCI treatment. We show for oligothiophene
examples that the VCI-in-IMDHO approach can yield accurate vibrational profiles employing smaller
vibrational spaces in the VCI part than the reduced-space VCI approach. By this, the VCI-in-IMDHO
model enables accurate calculation of vibrational profiles of common fluorescent dyes with more than
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100 vibrational degrees of freedom. We illustrate this for three examples of fluorescent biomarkers of
current interest. These are the oligothiophene-based fluorescent dye called HS84, 1,4-diphenyl-
butadiene, and an anthracene diimide. For all examples, we assess the impact of the anharmonic
treatment on the vibrational broadening, which we find to be more pronounced for the intensities than
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1 Introduction

The calculation of accurate vibrational line shapes in optical
spectra is of interest in various ways: they are needed for direct
comparison of theoretical to experimental spectra’™ as well as
for elucidating the colour of a dye.>® Optical line shapes
are therefore also essential for the rational design of dyes.”
Moreover, the line shape of emission peaks can significantly be
altered within different environments. This is for example the
case for the oligothiophene-based fluorescent dye denoted
HS84: in solution, a broad fluorescent signal is obtained,
while a structured fluorescent signal occurs for HS84 mixed
with recombinant AP 1-42 amyloid-like fibrils.® Deposition of
amyloid fibrils is a hallmark for neurodegenerative diseases
such as Alzheimer’s and Parkinson’s disease.” The aggregation
of the HS84 dye to the amyloid fibril is associated with a change
of the fluorescence colour. This colour change is of particular
relevance as it is a promising route for improved detection of
amyloid fibrils also in vivo.'® Such luminescent conjugated
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oligothiophenes (LCOs) have, hence, been developed as candi-
dates for improved diagnosis of these wide-spread diseases by
fluorescence imaging. LCOs have been shown to detect a wider
range of disease-associated protein aggregates'®™** than more
conventional ligands such as thioflavin S or congo red.

Given that the line shape of fluorescent spectra of the
oligothiophenes™ can well be recovered from theoretical
models for vibrational broadenings,'* ¢ the observed structure
in the fluorescence spectrum can be assigned to vibronic
couplings. Still, supporting computational studies to under-
stand the mechanism behind the colour change rely fully on
conformational averaging of vertical transition and cannot
recover the line shape in the emission spectrum."”

The main reason, why vibrational line shapes are typically
not considered in such studies is their large computational
cost, particularly when anharmonic effects need to be accounted
for. In ref. 16, a reduced-space anharmonic model is proposed, in
which a selected vibrational subspace is treated by means of
vibrational configuration interaction (VCI) wave functions'®?>!
using anharmonic potential energy surfaces accounting for
mode-mode couplings and correlations. It was found that the
vibrational progression of oligothiophenes is dominated by only a
small number of modes.*>'® Notably, the number of important
modes does not increase significantly with an increasing number
of thiophene rings.'®

For estimating the impact of individual modes on the
vibronic profile, we previously applied the harmonic displacement
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between the minima of the two involved electronic states within
the independent mode displaced harmonic oscillator (IMDHO)
model.>*** The IMDHO model is a rather crude approximation,
that allows the calculation of vibrational line shapes from harmo-
nic frequencies of the initial state and the atomic gradients of the
final state at the equilibrium structure of the initial state alone.

In this work, we suggest using the information on the
IMDHO-type vibrational line shape not only for the assessment
of the impact of a mode on the vibrational spectrum, but also
for treating all modes that are considered less important or to a
high degree harmonic. By this, we obtain a hybrid scheme for
vibrational broadenings, which we denote VCI-in-IMDHO
model. This means, we treat a selected set of vibrational modes
by VCI methods and all others within the IMDHO model.
In contrast to other hybrid schemes for vibrational line
shapes,'***?° the VCIHn-IMDHO is not a mixed quantum-classical
approach, but rather a mixed quantum-quantum scheme. So far,
this model is restricted to Frank-Condon factors, which can be
assumed to be a good approximation for the bright transitions
considered in this study.

After validation of the VCI-in-IMDHO method for oligothio-
phenes with two to five thiophene rings, we apply it to the
fluorescent dyes depicted in Fig. 1. Among those is the HS84
fluorescent marker for amyloid fibrils already mentioned
above. It is a pentameric oligothiophene derivative that belongs
to the LCO dyes.® Additionally, we study 1,4-diphenyl-
butadiene (DPB) and an anthracene diimide (ADI) derivate.
DPB is a fluorescent derivative of linear polyenes, which have
been extensively investigated as a model for the photochemical
and photobiological systems.*"*> ADIs and related compounds
are functional organic dyes with outstanding chemical, thermal,
and photochemical properties.>*”** During the past decade, this
class of dyes has attracted increasing interest as promising
scaffolds for several exciting applications such as photovoltaic

HS84

DPB ADI

Fig. 1 Representation of the investigated dyes: pentameric oligothio-
phene derivative (HS84), 1,4-diphenylbutadiene (DPB) and anthracene
diimide (ADI).
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343¢ chemosensors,>”*® fluorescence dyes in biological

cells,
media.*’

This work is organized as follows. First, we present the VCI-
in-IMDHO model and the measures for the division of the
vibrational spaces (Section 2). Second, the computational
details are presented in Section 3. The results are discussed
and compared to the experiment in Section 4 and followed by

the conclusion (Section 5).

2 Methodology

In the VCI-in-IMDHO model, we treat all important anharmo-
nic modes with an accurate VCI wave function, which accounts
for the one-mode anharmonicity as well as for mode-mode
couplings and correlations, usually restricted to low orders. For
all other modes, we employ the IMDHO model, which is purely
harmonic and neglects frequency differences in the involved
electronic states as well as Duschinsky rotations.*° It, however,
has the advantage that it offers closed formulas for the Franck-
Condon factors:*>***'~** the Franck-Condon factors from the
vibrational ground state (0) of the initial electronic state to the
nth vibrational state of the final electronic state can in the
IMDHO model be expressed in atomic units as>*"*!

142" A7
Jn—o = E(T) eXp (—7) 1)

where 4; is the dimensionless normal-mode displacement of
the two involved electronic states along the considered normal
mode i. Furthermore, the vibronic profile of an emission band
within the IMDHO model can directly be calculated via its auto-
correlation function as*“***°

4 00
Im—m(w) = nw|”el‘2%[ exp(i [(,() - (E’"vo - E”*O)] t) ’ exp(—yt)

3c 0

Ninodes A 2
X H exp {7‘7’(1 — exp(iw;1)) |d1,
J=1

(2)

where ¢ is the speed of light, 4 is the electronic transition
dipole moment, which is assumed to be constant in the present
work. w; is the angular vibrational frequency of normal mode
J in the initial state and 4; the harmonic displacement of
normal mode j in the same state. Both, w; and 4;, are assumed
to be identical in both involved electronic states. E,, is the
energy of vibrational level 0 in electronic state n. In the IMDHO
model, the difference E,, — E,o is equal to the adiabatic
excitation energy between the electronic states m and 7. Nyodes
is the total number of normal modes. y is the half width at half
maximum (HWHM) for the underlying Lorentz line-shape
function of the individual vibronic peaks. Hence, y determines
the broadening of the vibronic peaks. It is chosen prior to the
computation of the IMDHO line shape. This time-dependent
approach is particularly beneficial for large systems, as the
accumulated intensity can be calculated for every frequency of

This journal is © the Owner Societies 2022
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interest rather than calculating a large number of Franck-
Condon factors.*>*®

In our hybrid scheme, we chose a small subset of modes for
the VCI calculations leading to a set of Franck-Condon factors.
The resulting stick spectra are then broadened with a line
shape obtained from the IMDHO autocorrelation function
[eqn (2)] for the remaining subset of modes,

4nw o 2N51ales OO .
hen(@) =52y s&JO exp(ifo - (35~ £5)]1)
NH0o modes A 2
x exp(—7t) exp {—7](1 — exp(iw_,-t))} dr,

=l
3)

where we introduce a sum over all Ng.s vibrational states
in the final electronic state obtained by anharmonic VCI
calculations. The energy of the corresponding vibronic state
E,S' equals the sum of the electronic energy of this state and
the VCI vibrational energy of the respective vibrational state s.
Similarly, Ej.o corresponds to the electronic energy of the
electronic state m plus the anharmonic zero-point energy.
Further, the product accounting for vibrational broadening in
the IMDHO is now restricted to those Nyomodes Modes not
accounted for in the VCI treatment. Note that in case all modes
are accounted for anharmonically, the Lorentzian line shape for
all peaks is recovered within this methodology.

For the above-described hybrid scheme, the modes must be
divided into two sets. This division is done based on three criteria:

(1) Importance of the mode for vibrational progression:
Harmonic displacement (4,) based on the IMDHO model.

This first measure estimates the impact of the mode under
consideration on the vibrational progression, i.e., whether
more than the 0-0 transition are significant. Similar as in ref.
16 and 47, we use the harmonic displacements 4; to rank the
modes with decreasing importance and assess the threshold by
the convergence of the theoretical spectra.

(2) Resolution of the vibrational progression with a given
HWHM (y): crossing point between the Lorentzian broadening
the 0-0 and 1-0 transition (o).

Besides the ratio of the Franck-Condon factors, it is also
important that their effect is also resolved when assuming a
line broadening, i.e., that the additional peaks are not hidden
below the broadened lines. In ref. 16, this was accounted for by
discarding all vibrational modes with frequencies smaller than
half the chosen HWHM. This approach, however, does not
account for the relation between the height of the satellite
peaks (in the IMDHO model determined by the displacement
4;) and the resolution. We therefore replace this pure frequency
criterion by a more nuanced criterion, which is the HWHM at
which the maximum of the 1 « 0 peak broadened with a
Lorentzian line shape lies on the Lorentzian band of the 0 « 0
peak. Within the IMDHO approximation, this value is given by

6 = L7 ()
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where v; is the harmonic frequency of the mode i. We only
include modes for which o¢; is greater than the chosen HWHM.

(3) Impact of one-mode anharmonicity on the vibrational
profile: with this third measure for anharmonicity, we aim at an
estimate, whether individual modes need to be treated anhar-
monically or whether a harmonic treatment within the IMDHO
model is sufficient. We assess this by comparing the one-mode
vibrational profiles within the IMDHO model and anharmonic

a 2
treatment. Additionally, we also consider the ratio <A—’)
1

between the squared anharmonic (47) and harmonic displace-
ments (4;). For this, we project the difference between the
optimized structures in the initial and final electronic states
on the normal modes employed in the IMDHO model. By this
procedure, we obtain the anharmonic displacements 47 for
all modes i. As analysed below, these two measures do not
correlate clearly and we focus by default on the comparison of
the one-mode profiles.

By a combination of these measures, we identify those
modes that are important to be treated accurately. We stress
that one criterion alone cannot achieve this. For example, the
vibrational progression caused by a mode with a high displace-
ment, may not be seen due to a poor resolution, or it might
already be well described in the harmonic picture. In these
cases, a computationally expensive VCI treatment is not
in proportion to the minor improvements to be expected.
Similarly, some very anharmonic modes, such as certain torsion
motions,"**” do not necessarily contribute significantly to the
vibrational progression. Also here, a VCI treatment may not be
beneficial due to the accuracy—cost considerations.

Within this study, no attempts were made to include finite-
temperature effects.

3 Computational details

All electronic-structure calculations have been performed with
the Gaussian16 program package®® using (time-dependent)
density-functional theory [(TD)DFT] with the CAM-B3LYP*’
density functional and a def2-TZVP basis set.”>>! The calcula-
tions are performed for the dyes in vacuum, if not specified
otherwise. To get a rough estimate of the impact of the solvent
environment on the vibrational progression, we performed the
pure IMDHO computations additionally for each dye using the
integral equation formalism of the polarizable-continuum
model (IEF-PCM)**** with the default dielectric constants in
Gaussian16. We choose for each dye the solvent of the respec-
tive experimental spectrum compared to, that is, water for HS84
(note that the experiment was done in a phosphate buffered
saline), hexane for 1,4-diphenylbutadiene and dichloro-
methane for the anthracene diimide.

For oligothiophenes, we have used the potential energy
surfaces (PESs) from ref. 16. For new combinations of coordi-
nates treated anharmonically, not present in ref. 16, we have
deleted the respective regions from potential energy surfaces
generated in ref. 16.
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For the PES generation and anharmonic vibrational wave
function calculations, we employed a locally modified version
of the Molecular Interactions Dynamics And Simulation C++
package (MidasCpp)>* version 2019.04.0. For all vibrational
profile calculations, we employed the normal modes and
vibrational frequencies of the first excited state. The vibrational
coordinates of the excited state were also employed for the
reduced-space anharmonic PESs for both the ground and
excited state. The ground- and excited-state PESs for the fluor-
escent dyes were obtained with the multi-state extension®>>°
to the adaptive density guided approach (ADGA)*” obtaining
reliable PESs for at least the lowest six vibrational states in both
electronic states. Additionally, mode-mode coupling up to
second order in n-mode expansion is considered in the PES
generation within a selected set of modes. The relative ADGA
convergence criterion threshold was set to 1.0 x 10~ while the
absolute ADGA convergence criterion threshold was set to
1.0 x 10~ °. Both was increased by a factor of 10 for the two-
mode coupling part of the PES. The PES cuts were fitted to
polynomials with the maximal polynomial order of eight. All
vibrational self-consistent field (VSCF) calculations were per-
formed with B-spline basis sets>® with a basis set density of 0.8.

The anharmonic Franck-Condon factors were obtained
from vibrational configuration interaction (VCI) calculations.
For all cases with four or more modes in the VCI treatment up
to quadruply substituted configurations are included in the VCI
treatment (VCI[4]). For smaller vibrational subspaces, full
vibrational configuration interaction (FVCI) calculations have
been conducted. The VCI Franck-Condon factors®** were
obtained as overlaps of the anharmonic VCI wave functions
of the different vibrational states within the final electronic
state with the vibrational ground state of the initial electronic
state. The sum of FCs was required to be more than 0.98 to
ensure that most of the intensity was captured in the calculated
spectra. To reach this, different numbers modals were included
in the configurational space for different molecules. The calcu-
lations of the Franck-Condon factors were performed using the
respective implementation'®>® in MidasCpp.**

The different measures as well as the IMDHO line shapes
according to eqn (2) have been implemented in a python frame-
work. Therefore, scipy.integrate.quad with techniques from the
Fortran library QUADPACK®? is used for the integration parts.

For a consistent theory-experiment comparison, the experimental
spectra measured in wavelength scale are transformed in line shapes
by applying an intensity correction proportional to «*.%**® We further
normalized the area under the peak to 1 in all spectral comparisons
and shifted the maxima of the experiment to the same position as the
maxima of the respective most advanced calculation.

4 Results and discussion
4.1 Oligothiophenes, revisited

The above-mentioned reduced-space approach for anharmonic
vibrational broadenings was assessed for oligothiophenes of
different lengths."® In this previous work, all chosen vibrations
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(ie. all with 4; < 0.6 and v; > 161 cm ') were included
anharmonically and all others were neglected. We have chosen
these examples as first testbed for our hybrid approach and the
refined criteria described above. In view of the similar spectra
obtained with different conformers of the oligothiophenes,'®
we restrict the discussion here to the all-trans conformers. The
experimental spectra we compare to ref. 13 are taken in ethanol
at 77 K, that is, below the melting point of ethanol. Hence,
thermal broadening is likely suppressed in these spectra.
4.1.1 In-depth analysis of trans bithiophene. Following the
outline of ref. 16, we first evaluate the inclusion of anharmonic
modes with decreasing 4; for the trans bithiophene. The
corresponding mode ranking is listed in Table 1. This contains
next to the previous criteria (frequency v; and harmonic dis-
placement 4;) also the projected anharmonic displacements

ay 2
|47] and squared ratio (A—’> as well as the resolution measure
1

g; and the qualitative impact of one-mode anharmonicity in
the respective anharmonic calculation for this mode only. The
latter is obtained by visual inspection of the respective spectra,
which can be found in Fig. S1 in the ESL¥

In the previous work, modes 14, 36, and 7 were deemed
important. Additionally, modes 5 and 29 were assessed. The
resolution measure g; for the modes 5 and 7 lies below the
chosen y value of 322.6 cm™ " (0.04 eV). This suggests that mode
5 and 7 are likely not well resolved and may therefore be
neglected. Fig. 2 shows the vibrational broadening of the
emission spectrum obtained with the IMDHO model and by
VCI for the following reduced spaces, containing

set 1: only the mode with the largest IMDHO displacement,
i.e., mode 14,

set 1*: only the mode with most pronounced one-mode
anharmonicity among the five modes with the largest IMDHO
displacement, i.e., mode 36,

set 2: three modes with the largest IMDHO displacements
according to the procedure in ref. 16, i.e., modes 14, 36, 7,

set 2*: three modes with the largest IMDHO displacements
and a resolution measure larger than the chosen half width at
half maximum, i.e., modes 14, 36, and 29, and

set 3: all five previously investigated modes, i.e., modes 14,
36, 7, 5, and 29.

Table 1 Mode ranking for trans bithiophene with CAM-B3LYP/6-31+g(d).
The most important modes with the harmonic frequency v; in cm™, the
absolute value of the harmonic |4;], anharmonic |4Z| dimensionless dis-
placement, the relative difference between harmonic and anharmonic

a

2
displacement (j) , the resolution measure g; in cm™

i

1 and the effect

of one-mode anharmonicity on the vibronic profile (1-mode AH)

A0\’
i
|41 <A,~>

Mode (i) wfem™ |4 oj/em™  1-Mode AH
14 674 1.420 1.593 1.259 7473 Weak

36 1658 1.350 0.422 0.098 5312 Moderate
7 387 0.824 1.606 3.799 277 Weak

5 290 0.529 0.415 0.615 117 Weak

29 1214 0.446 0.303 0.461 403 Weak

This journal is © the Owner Societies 2022
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{1setl {set 1* {set2

Emission intensity

{set 2* {set3

25 32 39 25 32 39 25 3

2 39 25 32 39 25 32 39

Emission energy [eV]

Fig. 2 Reduced-space vibrational profile for the So « S; emission for trans bithiophene with the IMDHO model (blue) and VCI (black). For the definition
of the reduced spaces, see the main text. The vertical transition energy is given as a vertical grey line.

For mode 14, which has the largest harmonic displacement,
the one-mode harmonic and anharmonic spectra are very
similar (set 1), while the respective spectra for only mode
36 (set 1*) differ significantly. The same also holds for all other
sets, that are set 2, set 2*, and set 3, which all include the
anharmonic mode 36. We further observe significant differences
between set 2 and set 2*, which both contain three modes.

Fig. 3 shows the vibrational profiles, for which the above-
mentioned sets of modes were treated by VCI and all other
modes by the IMDHO model. Additionally, set 0 is depicted,
which is a pure IMDHO treatment of all vibrational modes. The
respective vibrational profile is hardly altered, when treating
mode 14 anharmonically (set 1), but slight differences are
obtained for treating only mode 36 (set 1*) anharmonically.
Similar slight modifications of the vibrational profiles are
observed for set 2 and set 2*. The vibrational profile for the
hybrid scheme with set 3 is almost perfectly resembled by that
for set 2*. For a more quantitative comparison of the conver-
gence of the vibrational profiles to that obtained for the hybrid
scheme with the different sets of modes, we quantify the
difference between the two spectra by

b -
L) — g

fﬁg(x)dx ©)

here f(x) and g(x) is the approximated and reference spectrum,
respectively. As reference spectrum, we choose our best model,

i.e., the hybrid calculation for set 3. The d values are shown
below the respective spectra in Fig. 3. The d value for set 2* is
lower than that for set 2. For the example of bithiophene we,
hence, conclude that both the consideration of anharmonici-
ties and the refined resolution measure as well as the inclusion
of the less important modes within the IMDHO model can be
beneficial for increased convergence of the vibrational profile
with increasing number of modes.

4.1.2 All-trans terthiophene. For the terthiophene, we
obtain the importance and anharmonicity measures shown in
Table 2. All these modes have been considered in the previous
work.'® The set including all these modes will be denoted set 3
in the following. Two of these modes, that are mode 8 and
mode 10, may be discarded due to our resolution criterion o;
being lower than the chosen half width at half maximum. The
resulting set of modes includes modes 55, 24 and is denoted set
2. Mode 55 is the mode with the largest IMDHO displacement
and exhibits the most pronounced one-mode anharmonicity
among the listed modes. Mode 55 is the only mode in set 1.

The calculated hybrid spectra treating above-described sets
of modes anharmonically are depicted in Fig. 4. Again, we see a
convergence of the spectrum towards the set 3 results already
for set 2. This convergence is illustrated by the decreasing d
measures, also shown in Fig. 4. In this case, however, the
consideration of the remaining modes within the IMDHO
model has only little influence on the result compared to the
reduced-space VCI result already presented in ref. 16. The

|set0 |setl |set 1*

Emission intensity

|set2 |set 2* |set3

25 32 39 25 32 39 25 32 39 25 32 39 25 32 39 25 32 3.9

Emission energy [eV]
d =0.079 d =0.074 d = 0.097 d =0.075 d =0.028

Fig. 3 Hybrid VCI-in-IMDHO vibrational profiles for the Sy « S; emission for trans bithiophene for the different sets of vibrational coordinates treated by
VCI (black) and that for the largest set of modes set 3 (blue) with a HWHM of 0.04 eV compared to a corrected experimental spectrum of bithiophene at
77 K in ethanol®® (green). For the definition of the reduced spaces, see the main text. The vertical transition energy is given as a vertical grey line. The
experiment al spectrum is shifted by 0.105 eV to get the same position of maximum as calculated spectrum. Additionally, the deviation between the
shown spectra according to eqgn (5) is quantified below the respective graphs.
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Table 2 Mode ranking for all-trans terthiophene with CAM-B3LYP/6-
31+g(d). The most important modes with the harmonic frequency v; in
cm™?, the absolute value of the harmonic |4;, anharmonic | 47| dimension-
less displacement, the relative difference between harmonic and anhar-

a\ 2
monic displacement (j) , the resolution measure o; in cm™ and the
i

effect of one-mode anharmonicity on the vibronic profile (1-mode AH)

A0?
()

Mode yjfem ™ |4y |4¢| oj/em™"  1-Mode AH
55 1631 1.31 0.342 0.068 4009 Moderate
24 697 1.050 1.233 1.378 772 Weak
8 210 0.977 0.629 1.116 181 Weak
10 350 0.741 1.371 3.423 215 Weak
2 {set0 Jset 1 {set 2 {set 3
2
]
3
£
C
i)
= ]
0
S
w T T T T
21 28 35 21 28 35 21 28 35 21 28 35
Emission energy [eV]
d =0.085 d =0.057 d =0.029

Fig. 4 Hybrid VCI-in-IMDHO vibrational profiles for the Sg « S; emission
for all-trans terthiophene for the different sets of vibrational coordinates
treated by VCI (black) and that for the largest set of modes set 3 (blue) with
a HWHM of 0.04 eV compared to a corrected experimental spectrum of
terthiophene at 77 K in ethanol®® (green). For the definition of the reduced
spaces, see the main text. The vertical transition energy is given as a
vertical grey line. The experiment al spectrum is shifted by 0.093 eV to get
the same position of maximum as calculated spectrum. Additionally, the
deviation between the shown spectra according to egn (5) is quantified
below the respective graphs.

agreement with experiment (most right graph in Fig. 4), is,
however, only moderate. We note that the experimental data is
obtained in ethanol solution, so that many factors may play a
role, that are not accounted for in our present computational
setup. Note also that better agreement with the experiment is
obtained with a reduced HWHM value of y = 0.02 eV (see Fig. 5).

In this case, however, already the pure IMDHO model (set 0)
results in good agreement with experiment. Still, the VCI-in-
IMDHO treatment leads to a systematic further improvement of
this agreement as illustrated by the d values.

4.1.3 All-trans quaterthiophene and all-trans pentathio-
phene. The results for the all-trans quaterthiophene and all-
trans pentathiophene are overall similar to that of the terthio-
phene and can be found in Sections S3 and S4 in the ESIL{ Also
here, we can discard vibrational modes due to the more refined
resolution measure and observe similar convergence behaviour.

4.1.4 Assessment of the anharmonicity measure. In the
above discussions, we assessed one-mode anharmonicity
measure comparing the obtained line shapes for one-mode
calculations. In the respective tables, we however also list an
anharmonicity measure obtained by comparing the IMDHO
displacements to the anharmonic ones obtained by projecting
the coordinate difference of the ground and excited state onto
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a

. I . 4
the respective vibrational coordinates (A—’) If the squared

1
ratio for a mode is equal to 1, we expect the IMDHO treatment
to be a good approximation and for large deviations, the
respective mode is more likely to exhibit anharmonic contribu-
tions. For the thiophene test cases, all modes with significant
(moderate) effect of one-mode anharmonicity on the one-mode
vibrational profiles have an anharmonicity measure of

a 2
(A—’) < 0.1. For pentathiophene, we observe, however, two

1
modes with very small anharmonicity measures below that
value that do not show significant one-mode anharmonicities
(see Table SII and Fig. S8 in the ESIt). Similar observations are
also made for the organic dyes below (see Tables SIII, SIV, and
SV as well as Fig. S9, S11, and S13 in the ESZIT).

a

In summary, the correlation of A—’
1
anharmonicities is less clear than hoped for. This observation
might be related to that the Franck-Condon region has a larger
influence on the vibrational profile than the region around the
equilibrium of the final state, as has been reported earlier.®®
We, hence, speculate that the proposed anharmonicity measure
focuses too much on the adiabatic region to give a clear
guideline for the effect of the anharmonicity on the vibrational
profile. For this reason, we further apply the computationally
more expensive comparison of the effect of the one-mode
anharmonicity on the one-mode vibronic spectra directly.

We note that among the modes investigated for anharmo-
nicity, those with high harmonic displacements also exhibit the
largest anharmonicity effects on the vibrational profiles.
An exception is, however, obtained for bithiophene, for which
the mode with the second largest displacement exhibits the
largest one-mode anharmonicity of the tested modes. We should,
however, keep in mind that we have a very limited set of modes
here. Furthermore, known highly anharmonic modes like the
torsion in oligothiophenes'* only contribute little to the vibra-
tional profile. The observed correlation between high one-mode

to the observed
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anharmonicity and large harmonic displacements can, hence,
not be considered robust to predict the impact of anharmonicity
of a given mode.

4.2 Organic biomarkers

In the previous section, we have seen that reduced-space VCI
vibrational profiles can be combined with IMDHO-type line
shapes to the VCI-in-IMDHO model. This combination can lead
to a faster convergence of the vibrational profile. This accom-
panying reduction in computational cost allows us to apply this
methodology also to the somewhat larger organic fluorescent
dyes introduced in Fig. 1. In interest of computational cost, we
only included two-mode couplings in the PESs for modes, for
which |4,/ > 0.6 for these larger examples. For all organic
biomarkers, we compare also to experimental spectra. In con-
trast to the experimental spectra for oligothiophenes above, the
broadening in the experimental spectra for the organic biomar-
kers can be assumed to be dominated by thermal broadening.
Fewer details are resolved in these spectra.

4.2.1 HS84. For the oligothiophene-based fluorescent dye
HS84, we obtained five modes with |4;| > 0.2 and ; > 322.6 cm™ "
(0.04 eV, see Table 3). We note that additional to the listed modes,
there are 17 modes, for which |4; > 0.2. All these modes are
discarded due to the resolution measure.

The corresponding calculated vibrational line shapes of the
emission spectra for HS84 obtained for reduced-space VCI,
IMDHO and VCI-in-IMDHO models are shown in Fig. 6 for a
HWHM of 0.04 eV.

The energy differences between the main peaks are similar
in all approaches (between 0.180 eV and 0.187 eV). With the
reduced-space VCI model, small additional side peaks are
obtained. The reduced-space VCI results differ more from the
VCI-Hin-IMDHO spectrum than the IMDHO spectrum. This
somewhat better “resolution” of the reduced-space VCI spec-
trum compared to the VCI-in-IMDHO spectrum, as well as the
largest deviation for the reduced-space VCI model, can most
likely be attributed to the neglect of the broadening effect of
the remaining vibrational degrees of freedom in the reduced-
space model.

The differences between the VCI-in-IMDHO and pure
IMDHO spectra mainly concern the intensity rather than the
position of the peaks. For none of the selected modes, we
observe a strong effect of one-mode anharmonicity (see Fig. S9
in the ESIf). Further, we obtain a slight deviation for the

Table 3 Mode ranking for HS84 with CAM-B3LYP/def2-TZVP. The most
important modes with the harmonic frequency v in cm™, the absolute
value of the harmonic dimensionless displacement |4;], the resolution
measure ¢; in cm™ ! and the effect of one-mode anharmonicity on the
vibronic profile (1-mode AH)

Mode vifem ™! |4, o/em™* 1-Mode AH
133 1576 1.120 2044 Weak
131 1547 0.699 879 Weak
68 735 0.697 416 Weak
107 1264 0.420 393 Weak
126 1488 0.313 338 Weak
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Fig. 6 Calculated harmonic (blue), reduced-space VCI (red), VCl-in-
IMDHO without mode—mode couplings in the PES (magenta) and VCI-
in-IMDHO (black) broadened emission spectra of HS84 molecule with a
HWHM of 0.04 eV compared to a corrected experimental spectrum in
PBSE (green). Vertical electronic emission energy with grey lines. The VCI
spectrum is obtained by conventional Lorentzian broadening. In the
bottom part, the calculated spectra are directly compared to the best
approximation (VCI-in-IMDHO) and the experimental spectrum, respec-
tively. Additionally, the deviation between the calculated spectra according
to egn (5) is quantified in the respective graphs. The modes treated by VCI
in the reduced-space VCl are 131, 133, 68, 107, 126, out of which only the
modes 133, 131, and 68 were coupled in the underlying PESs. The
experimental spectra are shifted by 0.144 eV to get the same position of
maximum as VCI-in-IMDHO spectra.

VCIHn-IMDHO spectrum with all the modes from Table 3
accounted for anharmonically including two-mode couplings
for selected modes in the PES compared to that with only one-
mode anharmonicities in the reduced-space PES (see Fig. 6).
This suggests that mode-mode coupling effects, similar to one-
mode anharmonicities, play a small role here.

Fig. 6 additionally shows an experimental reference for the
emission spectra in solution. This experimental spectrum is
however very broad so that the vibrational progression is not
resolved. For the HS84, we further observe a pronounced
sensitivity of the pure IMDHO spectrum on the inclusion of
solvent effects by a continuum solvation model (see Fig. S10
in the ESIt). Hence, solvent effects are expected to be not
negligible in this case.

4.2.2 1,4-Diphenylbutadiene. Next, we investigate the per-
formance of the VCI-in-IMDHO scheme for 1,4-diphenyl-
butadiene (DPB). For this molecule, an earlier theoretical
study concluded that anharmonic ground state effects are
significant.®>®” Table 4 shows the obtained ranking parameter
for the highest ranked modes.

In total, we identify seven modes with a harmonic displace-
ment larger than 0.2 and a g; larger than 200 cm ™" (0.025 eV),
out of which two modes have harmonic displacements larger
than 0.6 and are therefore coupled in the PES. Again, the mode
with the largest harmonic displacement (mode 70) also has the
largest o; and strongest one-mode anharmonicity among the
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Table 4 Mode ranking for 1,4-diphenylbutadiene with CAM-B3LYP/def2-
TZVP. The most important modes with the harmonic frequency v; in cm™?,
the absolute value of the harmonic dimensionless displacement |4/], the
resolution measure o; in cm~* and the effect of one-mode anharmonicity

on the vibronic profile (1-mode AH)

Mode viem ™! |4,] o/em ™! 1-Mode AH
70 1691 1.270 3452 Moderate
53 1285 0.849 964 Weak

69 1653 0.527 663 Weak

41 1016 0.372 277 Weak

60 1435 0.303 314 Weak

57 1363 0.290 286 Weak

64 1544 0.202 223 Weak

ranked modes. All other ranked modes show only weak one-
mode anharmonicity.

The vibrational line shapes of the emission spectra of
1,4-diphenylbutadiene for harmonic, reduced-space VCI, and
VCI-in-IMDHO treatment of different reduced spaces are shown
in Fig. 7 along with an experimental spectrum.®>®” Again, the
treatment of reduced-space anharmonicity has a significant
impact. This holds in particular for the intensities, but also
the energy differences are shifted. This shift in intensities
mostly concerns an increase of the peak around 3.1 eV and a
decreased intensity, of the peak around 3.5 eV when consider-
ing reduced-space anharmonicity. This shift leads to a better
qualitative agreement with the experimental spectrum, similar
to the conclusions drawn on the effect of full-space ground-
state anharmonicity in ref. 65. We also note that accounting
only for the anharmonicity of mode 70, leads already to a rather
similar result as the VCI-in-IMDHO result with the seven high-
est ranked modes in this case (see Fig. 7). This means that the
impact of one-mode anharmonicity of mode 70 on the vibra-
tional profile is larger than the mode-mode coupling contribu-
tions in this case. Further, we find this effect to be more
significant than the impact of the dichloromethane solution
treated by continuum solvation model on the IMDHO spectrum
(see Fig. S12 in the ESIt).

4.2.3 Anthracene diimide. As the last test system, we have
chosen the anthracene diimide (ADI) depicted in Fig. 1.
We note that the experimental spectrum we compare to is that
of an anthracene diimide derivative with a longer linear alkyl
chain in the imide substituents (-C,H;5),°® which is in line with
ref. 7. This can be rationalized by the observation that imide
substituents in this compound series have no significant
photophysical characteristics e.g. spectral band shape influ-
ence, which is also confirmed for other perylene diimides.®®”""

The vibrational profile of this molecule has previously been
assessed by means of harmonic calculations accounting for
Duschinsky rotations and the different harmonic frequencies
in the two involved electronic states as well as including
ground-state anharmonicity effects.” The authors of this study
found significant deviations from the experimental reference
with all applied approaches as well a strong dependence on
ground state anharmonicity, which, however, was highly depen-
dent on the applied density functional.
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Fig. 7 Calculated harmonic (blue), reduced-space VCI (red), one-mode
VClI-in-IMDHO (orange), VCI-in-IMDHO without mode—-mode couplings
(magenta) and VCI-in-IMDHO (black) broadened emission spectra of
1,4-diphenylbutadiene with a HWHM of 0.025 eV compared to a corrected
experimental spectrum in hexane®>®” (green). Vertical electronic emission
energy with grey lines. The VCI spectrum is obtained by conventional
Lorentzian broadening. In the bottom part, the calculated spectra are
directly compared to the best approximation (VCI-in-IMDHO) and the
experimental spectrum, respectively. Additionally, the deviation between
the calculated spectra according to egn (5) is quantified in the respective
graphs. The modes treated by VCl in the reduced-space VCl are 70, 53, 69,
41, 60, 57, and 64, out of which only the modes 70 and 53 where coupled
in the underlying PESs. Only mode 70 is VCI treated in the one-mode VCI-
in-IMDHO treatment. The experimental spectra are shifted by 1.549 eV to
get the same position of maximum as VCI-in-IMDHO spectra.

The mode ranking (see Table 5) leads to nine modes with a
harmonic displacement larger than 0.2 and a resolution mea-
sure larger than 200 cm ™" out of which three have a harmonic
displacement larger than 0.6. All of these modes exhibit only
weak one-mode anharmonicity.

We find a moderate effect of the anharmonicity on the
emission spectrum of the ADI (see Fig. 8). Again, this effect is
more pronounced for the intensities than for the energy
differences. For the two highest-energy peaks (at about 2.5 eV
and about 2.7 eV, respectively) we find for the IMDHO model and
pure anharmonic model that the peak at 2.7 eV has the highest
intensity. This difference is reduced in the VCI-in-IMDHO treat-
ment. In this case, we obtain a negligible effect of the one-mode
anharmonicities (¢f. d values for the pure IMDHO model and the
VCI-in-IMDHO model without mode-mode couplings in the PES
from the VCIHn-IMDHO result with mode-mode couplings), but a
larger effect of the mode-mode couplings compared to the above
examples. Overall, the effect of anharmonicities on the vibrational
line shape is similar to that of the continuum solvent (see Fig. S14
in the ESIY). Still, all simulated spectra exhibit large deviations from
the experimental reference.

The here calculated vibrational line shapes for the ADI
applying CAM-B3LYP/def2-TZVP remind of those obtained
both harmonically and with ground-state anharmonicity with

This journal is © the Owner Societies 2022
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Table 5 Mode ranking for the anthracene diimide with CAM-B3LYP/def2-
TZVP. The most important modes with the harmonic frequency v; in cm™?,
the absolute value of the harmonic dimensionless displacement |4/], the
resolution measure o; in cm~* and the effect of one-mode anharmonicity

on the vibronic profile (1-mode AH)

Mode vlem * |4,] oifem ™! 1-Mode AH
79 1447 0.706 833 Weak
75 1398 0.642 712 Weak
92 1652 0.607 785 Weak
29 512 0.566 223 Weak
65 1215 0.352 312 Weak
81 1473 0.332 356 Weak
88 1546 0.318 367 Weak
89 1574 0.252 285 Weak
82 1502 0.227 244 Weak
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Fig. 8 Calculated harmonic (blue), reduced-space VCI (red), VCl-in-
IMDHO without mode—mode couplings in the PES (magenta) and VCI-
in-IMDHO (black) broadened emission spectra of the anthracene diimide
with a HWHM of 0.025 eV compared to a corrected experimental spec-
trum in dichloromethane’®® (green). Vertical electronic emission energy
with grey lines. The VCI spectrum is obtained by conventional Lorentzian
broadening. In the bottom part, the calculated spectra are directly com-
pared to the best approximation (VCI-in-IMDHO) and the experimental
spectrum, respectively. Additionally, the deviation between the calculated
spectra according to eqn (5) is quantified in the respective graphs. The
modes treated by VCI in the reduced-space VCl are 79, 75, 92, 29, 65, 81,
88, 89, 82 out of which only the modes 79, 75, and 92 were coupled in the
underlying PESs. The experimental spectra are shifted by 1.124 eV to get
the same position of maximum as VCI-in-IMDHO spectra.

MO06-2X in ref. 7. In view of the pronounced functional depen-
dence on the vibrational line shapes for the anthracene di-
imide, it can be speculated that the deviations obtained from
experiments may be more likely dominated by a challenging
electronic structure of the involved electronic states rather than
the applied vibrational treatment.

5 Summary and conclusions

With the VCI-in-IMDHO model, we introduce a hybrid treat-
ment for vibrational line shapes of optical spectra. This model

This journal is © the Owner Societies 2022
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allows us to treat selected modes by highly accurate and
anharmonic vibrational wave function methods (VCI) and the
remaining modes by the very approximate IMDHO model. No
mode-mode coupling is considered within the modes treated
by the IMDHO model and in between the two sets of modes.
The Franck-Condon factors for the reduced vibrational space
obtained by VCI are broadened by a system-specific line shape
obtained from the IMDHO autocorrelation function for a given
half-width at half maximum considering all modes but the ones
treated by VCI.

For the separation of the modes into these two sets, we
refined and extended the criteria introduced in ref. 16. One
criterion is the impact on the vibrational progression estimated
by the displacement of the minima in the two involved electro-
nic states within the IMDHO model (|4;]), which has also been
applied in earlier work.'®*” We refined the resolution criterion
a;, which excludes modes due to the expected poor resolution
of the vibrational modes rather than a simple frequency
criterion."®*” We show for oligothiophene examples that the
harmonic treatment of the modes with a large 4; but a ¢; below
the chosen half-width at half maximum leads to negligible
deviations in the resulting VCI-in-IMDHO spectra compared to
the case, where these modes are included in the VCI treatment.
We also attempted to assess the impact of the anharmonicity a
priori by comparing the displacement within the IMDHO model
|4;] to the displacement between the optimized minima of the
two electronic states projected on the respective mode |47|.

ay 2
We, however, could not find a clear correlation of (A—’) with
1
the impact of anharmonicity on the one-mode vibrational
profiles and therefore resorted to the comparison of calculated
harmonic and anharmonic one-mode vibrational profiles: if the
one-mode vibrational spectra are affected by anharmonicity,
the multi-mode anharmonic spectrum will also be. Unfortu-
nately, this cannot be turned around. That means, weak one-
mode anharmonicity is no guarantee for negligible overall
anharmoncity, as we saw, for the anthracene diimide.

For the three investigated dyes, ie., the oligothiophene-
based dye HS84, 1,4-diphenylbutadiene, and an anthracene
diimide, we found between five and nine modes above the
thresholds to be included in the VCI treatment. For two to three
modes of these, we also accounted for mode-mode couplings
in the underlying potential energy surfaces. For all examples,
we find some impact on anharmonicity, which is larger for the
intensity of the peaks than on the peak positions. This means
Franck-Condon factors are more sensitive toward anharmoni-
city than the vibrational energies. The cases, however, differ in
the impact of one-mode anharmonicity and/or mode-mode
coupling: for HS84 both anharmonic effects are small but
visible. The anharmonic effect in the vibrational line shape of
1,4-diphenylbutadiene is dominated by one-mode anharmoni-
city, with small contribution from the mode-mode coupling.
And for the anthracene diimide, we find negligible effect of
one-mode anharmonicity, but a somewhat larger effect of the
mode-mode couplings. In case of 1,4-diphenylbutadiene, the
VCI-in-IMDHO model leads to an improved agreement with
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experiment compared to the pure IMDHO results. For HS84,
the agreement is unclear due to a not very well resolved
experimental reference, which is furthermore affected by
the solvent. For the anthracene diimide, the experimental
spectrum could not be recovered with any of the models. The
strong functional dependence of the harmonic vibrational line
shape’ suggests that this failure might be due to deficiencies in
the applied electronic-energy methods for this molecule.

With the presented VCI-in-IMDHO model, we hence reduce
the computational cost compared to the reduced-space VCI
approach.'® It allows computations of emission line shapes of
organic dyes accounting for anharmonicity in both involved
electronic states, where required. We systematically converge
the vibrational profile with increasing vibrational space
described by accurate VCI methods. For this, we assess both
the overall impact of the mode on the vibrational progression
as well as the resolution of the resulting vibronic peaks in a
spectrum with a given line width. What remains a challenge is
to estimate the anharmonic effect and particularly the impact
of mode-mode couplings a priori. Still, the hybrid nature of the
VCI-in-IMDHO model combined with possibility to systemati-
cally increase the vibrational space treated by VCI provides
reliable, yet affordable computational setup for vibrational
profiles for typical fluorescent dyes. For the organic dyes, we
additionally calculated the IMDHO vibrational profiles in con-
tinuum solvation models. In particular for the HS84, this effect
was significant and larger than that of the anharmonicity. For
the other molecules, the impact of anharmonicity and solvation
effects are more similar. This suggests that both effects have to
be included for accurate computations. Furthermore, for the
calculation of vibronic profiles in heterogeneous environments,
such as HS84 at an amyloid fibril, more multi-level aspects,
e.g., on the electronic-structure calculations and dynamics of
the environment are required. The combination of accurate
vibrational profiles with different environmental description
will be considered in future work.
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