¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Cyclopentene ring effects in cyanine dyes: a

".) Check for updates‘
handle to fine-tune photophysical propertiesy

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 6235 wabc

Natalia P. Neme, 2 2° Thomas L. C. Jansen (22 and Remco W. A. Havenith
The aim of this study is to investigate the photophysical properties of a cyanine dye analogue by
performing first-principles calculations based on density functional theory (DFT) and time dependent-
DFT. Cationic cyanine dyes are the subject of great importance due to their versatile applications and
the tunability of their photophysical properties, such as by modifying their end groups and chain length.
An example of this is the vinylene shift, which is experimentally known for these molecules, and it
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consists of a bathochromic (red) shift of approximately 100 nm of the 0-0 vibronic transition when a
vinyl group is added to the polymethine chain. Our study shows that when the saturated moiety C,H4 of
DOI: 10.1039/d3cp05219b the cyclopentene ring is added to the chain, it interacts with the conjugated m-system, resulting in a

smaller HOMO-LUMO gap. Here, we demonstrate the origin of this interaction and how it can be used
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1 Introduction

The increasing concern related to global warming as a conse-
quence of the intense consumption of fossil fuels worldwide
and the fact that the incident global average flux of sunlight per
square meter produces the energy equivalent to one petrol
barrel' make solar energy the most promising renewable energy
source. The theoretical maximum solar energy conversion effi-
ciency of a single junction solar cell is known as the Shockley-
Queisser limit.> This limit is nearly 33% for a semiconductor
band gap of 1.34 eV, and it considers a balance between the
particle flux in and out without any non-radiative recombination
in the system, with all charge carriers being collected as current.’
To surpass this limit, more charge carriers must be collected.
Photon up-conversion is one of the several approaches to go
beyond the Shockley-Queisser limit and increase the efficiency
of solar cells. Up-conversion materials are able to combine two
low energy photons, typically Near Infrared (NIR) into a higher
energy (UV) form.*® Zou et al reported® a new strategy to
improve the up-conversion of lanthanide nanoparticles, which
are well known up-conversion materials, by attaching dye mole-
cules that function as antennas for the nanoparticles. The dye
molecule absorbs the light, transfers the energy to the nanopar-
ticle that performs the up-conversion, and ultimately emits one
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to fine tune the absorption energies of this class of dyes.

photon in the visible range. This system’s concept can be broadly
extended and further improved by using different dyes with
different photophysical properties.

Cyanine dyes as used by Zou et al.® are promising candidates
for such improvement. This class of dyes is defined by the
methine chain shown in Fig. 1, 6(n). They are versatile compounds
with a wide range of applications apart from upconversion,'®™?
such as cancer diagnosis and therapy,"*™ doping molecules in
OLEDs,"® dye-sensitized solar cells (DSSEs),”” ™ laser dyes,* in vivo
imaging® ® and bioimaging.>”*° These are cationic dyes, and they
consist of two terminal groups containing nitrogen connected by a
polymethine conjugated chain with 2N + 1 carbons. They contain
an odd number of n-centres, with the n-charge density distribution
alternating along the carbon chain.*" Charged compounds, such as
cyanine dyes, have different spectroscopic properties observed in
solution based on the relative importance of the dipole, bis-dipole
and cyanine configurations®? to the electronic structure. The dipole
configuration consists of a doubly degenerated dipole state where
the charge is localized in one extremity. This results in a positive
bond-length alternation (BLA) and symmetry breaking of the
ground state, with a broad charge transfer type of transition. In
the bis-dipole configuration, the charge is centrally localized in the
polymethine chain, with positive BLA and a broad charge transfer
transition. The cyanine configuration consists of a fully symmetric
delocalized charge over the backbone, with negligible BLA and a
sharp and intense transition. There are different ways to cross the
cyanine limit from the cyanine to the dipolar configuration using
exogenous parameters such as solvent polarity and ion-pairing. By
increasing the electron donating ability of the substituent on the
polymethine chain, it is possible to cross the limit from the cyanine
to bis-dipole configuration.*>
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Fig. 1 Basic structures of the studied cyanines with two different end
groups and different linkers.

Literature data on polymethine dyes and organic molecules
that absorb in the near-infrared (NIR) region are very limited®?
and cyanine dyes are versatile candidates as a result of the
different ways their photophysical properties can be tuned. The
vinylene shift is known for cyanines, and it consists of a
bathochromic (red) shift of approximately 100 nm of the 0-0
vibronic transition when a vinyl group is added to the poly-
methine chain.*'**?” The particle-in-a-box model is used to
explain the vinylene shift for cyanine dyes.*® As the heterocycles
in the end groups behave as electron donors and acceptors>®
this model restricts the electron movement to the polymethine
chain with the end group being the sides of the rigid box.
Different linkers on the chain can also tune the cyanine’s
absorption.*® A different approach is to choose an end group
with an effective length that provides the largest red shift with
the shortest polymethine chain possible, due to synthetic
stability.®” It has been shown that in symmetric polymethine
molecules, donor terminal groups considerably affect the
charge distribution of the HOMO (Highest Occupied Molecular
Orbital). This is a result of the mixing of the terminal groups’
wavefunctions and HOMO’s conjugated chain.*" Not only the
photophysical properties of the dye are important for practical
applications, but the dye also has to be sufficiently stable.
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To have a more stable and rigid molecule, we can add a ring
into the polymethine chain,** and this ring increases the
molecule’s thermal and photostability,** reducing the loss of
energy by molecular vibrations.**> Another advantage of
adding the ring is that it further stabilizes molecules that can
undergo conformational changes during excitation, such as
cyanines.*® Transitions involving n electrons that are deloca-
lized over the conjugated system are sensitive to geometric
changes in the ground and first excited states,*” and the central
ring can prevent cis-trans photoisomerization by increasing the
stability of the dye.*®

Computational methods and the tools of theoretical chem-
istry can be useful to predict structure related properties, to
assist the design of new dyes with specific optical properties.
Cyanine dyes are still a challenge for most of the quantum
chemistry methods.*>® The excitation energies calculated
using time-dependent density functional theory (TD-DFT) devi-
ate up to 1 eV compared to experimental values, depending
upon both the length of the polymethine chain and the end
groups.*?**?77% Jacquemin et al.*® investigated disparities in
vertical excitations computed using different exchange-correla-
tion functionals and methods, by comparing them with Diffu-
sion Monte Carlo (DMC), which is one of the most accurate
methods for cyanine dyes.* The study involved varying the
length of the polymethine chain in the simplest cyanine with
two nitrogen-hydrogen terminated chains. The results showed
deviations for the GGA PBE functional in the range of 0.20-
0.38 eV, for the hybrid-GGA PBEO from 0.31 to 0.42 eV, for the
long-range corrected CAM-B3LYP from 0.23 to 0.35 eV, and for
the hybrid meta-GGA MO05 from 0.27 to 0.38 eV, with the
smallest deviation for the M06-HF functional, ranging from
0.10 to 0.21 eV. CASPT?2 vertical excitations also deviate from
DMC from 0.16 to 0.34 eV. Now, comparing with experiments,
PBE using the Tamm-Dancoff Approximation (TDA) results in
larger discrepancies ranging from 0.81 to 0.93 eV.*’ For the
double-hybrid B2PLYP functional, deviations vary from 0.64 to
0.71 eV, while PBEO and PBEO-TDA have 0.90 to 0.99 eV and
1.43 to 1.50 eV blue-shifted vertical excitations, respectively.>>
The trends in the vertical adiabatic TD-DFT transitions are
nearly unaffected by the choice of exchange-correlation func-
tional, with systematic overestimations compared with the
experimental values;>*®® however, it is largely used to predict
the properties of cyanine dyes.®' This paper presents a series of
comparative studies to explore electronic, symmetry, and geo-
metry effects on the photophysical properties of cyanine dye
1(n) shown in Fig. 1, which is reported to absorb at 1380 nm in
1,2-dichloroethane (DCE) and at 1408 nm in orthodichloroben-
zene (ODCB).®*> We investigated different linkers: 2(n) and 3(n)
(see ESLt Fig. S4), as well as a different end group 4(n)
(modified FD-1080°%) (see ESIL,{ Fig. S5), as shown in Fig. 1.
Aiming to explore the photophysical properties of this dye, we
varied the polymethine chain’s length of 2(n) from n =1 to 8.

The goal of this study is to provide an understanding of
possible ways to tune the absorption of this class of dyes as
candidates to be used as antennas on a lanthanide-based
inorganic-organic hybrid system to perform upconversion
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and improve the PCEs of solar cells. The findings of the current
study indicate that the methine bridge substituents play an
important role, not only for their stability. We will further
elucidate the mechanism behind the observed effects.

2 Computational details

Density Functional Theory (DFT)**®® and TD-DFT®® calcula-
tions were performed using the Amsterdam Modelling Suite
(AMS)®” (and ORCA 5.0.4%°%%°). All DFT and TD-DFT calculations
were performed using the hybrid B3LYP”° exchange-correlation
functional in combination with the TZP basis set.”"”> A more
elaborated study of the functional and basis set dependence is
presented in the ESLf All functionals (including range-
separated hybrids CAM-B3LYP,”> ®B97X’* and the double-
hybrid functional B2PLYP’”) and basis sets (AUG/ATZP”® and
def2-TZVP/de2-TZVP/C’”) show the same features as obtained
by B3LYP/TZP. Hence, we discuss the B3LYP/TZP numbers in
the main text, and the observed trends are independent of
the choice of functional and basis set. The geometries were
optimized and the vibrational normal modes and frequencies
were calculated to characterize the nature of the stationary
points, confirming that the ground states correspond to true
minima of the potential energy surface. To evaluate the solvent
effect, orthodichlorobenzene (ODCB) was used as a solvent with
the Minnesota Solvation Model 12 (SM12).”® All calculations
were performed using Becke 3 (good)”® for geometry optimiza-
tions and UV-vis spectra without any symmetry constraints. The
UV-vis spectra were convoluted using Gaussian functions hav-
ing 0.1 eV of half width at half-maximum (HWHM) and they
were generated using the graphical tool Xmgrace.*® The geo-
metries of all described molecules are given in the ESL{ The
Natural Bond Orbital (NBO) analysis was performed to deter-
mine the interaction between different fragments of the mole-
cule using NBO 6.0.*" The procedure consisted of several steps:
the first one was obtaining the Fock matrix in the NBO basis, as
provided by the NBO 6.0 program. Molecules 2(n) (n = 1 and 2)
were divided into two fragments: the C,H, saturated moiety of
the ring on the polymethine chain and the remaining of the
molecule (see Fig. 6 in Results and discussion). All NBOs were
assigned to either fragment. To ‘switch off’ the interaction
between the two fragments, the Fock matrix elements between
NBOs assigned to different fragments were set to zero.
Diagonalization of this new Fock matrix resulted in a set of
semi-canonical molecular orbitals delocalized over one of the
fragments. The Fock matrix was subsequently transformed into
the basis of this set of semi-canonical molecular orbitals; the
off-diagonal elements of this Fock matrix are indicative of the
interactions between orbitals centred at different fragments,
and the diagonal Fock matrix elements can be interpreted as
orbital energies of the semi-canonical molecular orbitals, in
case there is no interaction between the fragments.

To validate that the TD-DFT results are also reproduced
with more accurate wavefunction methods, the second-order
approximate coupled-cluster model (CC2) using the resolution
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of the identity (RI) approximation®” was used to compute the
vertical excitation energy for a subset of molecules 6(n) and 8(n)
using Turbomole 7.6%® and the def-TZVP basis set.””

3 Results and discussion

Fig. 2 shows the theoretical absorbance spectra of molecules
2(n) (Fig. 1) obtained by varying the length of the chain. Here,
we define n as the number of C-H added to each side of the
chain. The total number of carbons added is always 2n. It can be
seen that the expected periodic 100 nm vinylene shift for cyanine
dyes is not applicable. Another important finding is that the
molecules can be divided into two groups: one consisting of the
molecules with n = odd carbons added to each side of the ring
and one with n = even carbon atoms added. Because of the
central ring and to keep the symmetry of the molecule, 7 is the
number of C-H added to each side. The main absorption peak
for all molecules corresponds to a HOMO-LUMO (Highest
Occupied Molecular Orbital-Lowest Unoccupied Molecular Orbi-
tal) transition in the first excited state. The inset graph in Fig. 2
provides an overview of the optical (Eex.) and HOMO-LUMO gaps
(Eri-1), and it can be seen that the latter has a similar trend in a
non-linear decrease in the optical gap with the increase of the
number of carbons in the polymethine chain. The linear regres-
sion shows the trend for the optical gap, even though being less
noticeable than the HOMO-LUMO gap. The coefficient of deter-
mination for molecules 2(n) between Eyyy, and Eey is 0.91 (see
Fig. S1, ESIY), while for molecules 6(n) and 8(n) the coefficients
are 1.00 and 0.99, respectively (see Fig. S2, ESIT). The addition of
the cyclopentene ring to the polymethine chain reduces the
HOMO-LUMO gap, as does the presence of more complex end
groups in the molecule. Despite this reduction, the correlation of
0.91 for molecules 2(n) indicates that changes in the optical gap
can be analysed based on changes in the HOMO-LUMO gap.
Photoisomerization in cyanine dyes, despite garnering
increasing interest in recent years, remains a highly elusive
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Fig. 2 Theoretical absorbance spectra of molecules 2(n) withn = 1to 8 in
the gas phase at the TD-DFT/B3LYP/TZP level with 5 excited states. The
inset graph shows the optical and the HOMO-LUMO gaps.
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phenomenon that is strongly influenced by local environmental
factors, such as solvent polarity and temperature.®**> Through
conformation analysis of molecules 2(n), it has been deter-
mined that molecules belonging to the first group (n = odd)
adopt a trans-trans configuration, exhibiting an energy differ-
ence of approximately 5 kcal mol™' between the trans-trans
(Fig. S7(a), ESIT) and trans-cis (Fig. S7(b), ESIt) conformers.
Conversely, the second group (n = even) adopts a trans—cis
configuration, with a smaller energy difference of approxi-
mately 3 kcal mol ™. Interestingly, despite the distinct confor-
mations, the primary absorption peak for both conformers
does not exhibit a significant shift, with a maximum shift of
0.018 eV for the first group and 0.035 eV for the second group.
Moreover, both the energy difference and absorption shift
between the conformers decrease as the length of the backbone
chain increases (see Fig. S8 and S9, ESI¥).

An alternating behaviour was observed for the oscillator
strength of the first transition for molecules 2(n). Fig. 3 provides
a comparison of the absorption spectra of molecules 6(n) and 7(n),
revealing no alternation in the intensity. Therefore, it can be
inferred that this variation is attributed to the distinct end groups
present in the molecules, not an effect of the ring added to the
backbone chain. The oscillator strength is affected as a result of
the mixing between the terminal groups’ and the chain’s MOs.

As discussed before, the TD-DFT excitation energy tends to
deviate from experimental values. In order to validate the
finding using a more accurate wavefunction method, second-
order approximate Coupled-Cluster (CC2) calculations®* were
performed on molecules 6(n) and 8(n) with n = 1 to 4. Tables S1
and S2 (ESIt) show a comparison between the vertical excita-
tion from the ground state S, to the first excited state S;.
Besides the difference in absolute values compared with TD-
DFT, CC2 has similar shifts, and this provides a confirmation
of our findings based on the TD-DFT calculations.

Solvation effects are predominantly governed by the altera-
tions in molecular dipole moments upon excitation, which

Energy (eV)

Fig. 3 Theoretical absorbance spectra of molecules 6(n) and 7(n) with n =
1 to 6 in the gas phase at the TD-DFT/B3LYP/TZP level with 5 excited
states.
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encompass two primary factors: the dipole transition change
during excitation and the disparity between the permanent
dipole moments of the ground and excited states, both of
which are well-established for cyanine dyes.*® In Fig. S6 (ESIt),
the absorption spectra considering implicit solvation effects are
presented, revealing negligible solvatochromism. It is widely
recognized that cationic dyes exhibit varying shifts contingent
upon the polarization of the solvent. However, the introduction
of the central ring into the polymethine chain can effectively
suppress this solvatochromism to a significant extent.*>*”

Molecules 3(n) (Fig. S4, ESIt) with n = 1 to 4 and a hydrogen
as a linker also show no periodic vinylene shift, as well as
molecules 4(n) with a different end group (Fig. S5, ESIt). The
exchange of linker R, from chlorine 2(n) (Fig. 4) to hydrogen
3(n) results in a small blue shift in the absorption for all
molecules, keeping the non-periodic vinylene shift. This
indicates that linker R, and the end groups are not associated
with the non-periodicity of the absorption shift and the failure
of the particle-in-a-box model for the optical gap of this dye.

To investigate whether the saturated ring plays a role in this
behaviour, we studied molecules 5(n), which are similar to 1(n),
but are lacking the five-membered ring. Fig. 5 shows the
absorption spectra of 5(n) with n varying from 1 to 4, and it
can be seen that by removing the ring we essentially retrieve the
periodic shift expected by the particle-in-a-box model; hence,
the ring affects the absorption. By adding cyclopentene to the
polymethine chain, the absorption of molecules 5(1) and 5(3)
red shifted by 0.09 and 0.04 eV, respectively. For molecules 5(2)
and 5(4) the blue shift is negligible, being 0.004 and 0.008 eV,
respectively. In fact, the HOMO-LUMO gap for the group n =
odd carbons is more affected by the ring than that for the group
n = even carbons, as shown in the inset graph in Fig. 5. The
molecule n = 1 has a HOMO (LUMO) energy of —6.87 (—5.41) eV
with the ring, and by removing C,H, the HOMO energy changes
to —7.02 eV and the LUMO to —5.43 eV. The variation in
HOMO-LUMO energy for the n = 2 molecule is smaller, with
the HOMO varying from —6.89 to —6.94 eV and the LUMO from
—5.36 to —5.44 eV. Taken together, these results suggest that
there is an association between the polymethine chain’s ring
and the fact that the particle-in-a-box model cannot explain the
absorption shift for this molecule.

Surprisingly, despite being saturated, the ring affects the
absorption maximum and not only the stability of the mole-
cule, as previously reported.** To further understand the reason
how the ring has different effects on the two groups of mole-
cules (n = odd and even) we performed NBO analysis. The
analysis consisted of calculating the orbital energies of the

Fig. 4 Optimized ground state geometries of molecules 2(1) and 2(2) are
shown on the left and right sides, respectively.

This journal is © the Owner Societies 2024
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Fig. 5 Theoretical absorbance spectra of molecules 5(n) withn =1to 4 in
the gas phase at the TD-DFT/B3LYP/TZP level with 5 excited states. The
inset graph shows a comparison between the HOMO-LUMO gap for 2(n)
and 5(n).

molecules, but neglecting interactions between the C,H, moiety
and the polymethine chain (see Fig. 6). Since the HOMO-LUMO
gap follows the same pattern as the optical gap and the HOMO-
LUMO transition is the main transition to the first excited state,
the analysis was done on the orbital energies.

Fig. 7 compares the HOMO and LUMO with and without the
interactions. Considering the C,, symmetry point group, for the
molecules with n = odd carbons added to the chain, the HOMO
transforms according to the a, irreducible representation and
the LUMO according to the b, irreducible representation. For
the molecules in the second group, n = even, the symmetries
of the frontier orbitals are inverted. The C-H bonding orbitals
on the C,H, moiety form four symmetry adapted linear combi-
nations, of which the one with a, symmetry has the highest
energy. In Fig. 7(a), it can be seen that for molecule 2(1) the a,
combination of the C-H bonding orbitals with an energy
of —11.87 eV and symmetry a, interact with the HOMO with
an energy of —6.95 eV, thereby destabilizing the HOMO and
resulting in a reduction of the HOMO-LUMO gap from 1.55 eV
to 1.46 eV. Because of the inversion of symmetry of the HOMO
and LUMO when a vinylene group is added to the chain, for
molecule 2(2) the a, C-H combination of the C,H, moiety with
an energy of —11.89 eV can interact with the LUMO and not
with the HOMO. This interaction has no considerable effect on
the LUMO energy because of the larger energy gap and weaker
interaction.

Fig. 6 The two fragments of molecules 2(n): n = 1and n = 2 for the NBO
study in which the interaction between C,H,4 and the polymethine chain
was set to zero.
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Fig. 7 Saturated ring analysis of molecules 2(n): n = 1 (a) and n = 2 (b),
NBO study excluding interaction between C,H, and the polymethine
chain. The orbital energies of the molecules without the C,H, moiety
(5(n)) are presented in brackets. HOMOs are presented in blue-red and the
LUMOs are presented in cyan-orange. The colour difference in the
molecular orbitals indicates a difference in sign.

4 Conclusion

We performed DFT and TD-DFT calculations to study the
vinylene shift of a cyanine analogue containing a cyclopentene
in the methine bridge. This study has shown that the chain’s
ring affects not only the stability of the dye, as reported
experimentally,** but also the photophysical properties. These
properties can be tuned as a result of the interaction between
the moiety and the polymethine chain, depending on the
number of carbon atoms in the chain. For molecules with n =
odd carbons added to the chain, the HOMO that transforms
according to the a, representation interacts with the a, combi-
nation of C-H orbitals of the C,H, moiety, increasing the
HOMO energy and reducing the HOMO-LUMO gap. For mole-
cules with n = even carbons added to the chain, the HOMO has
symmetry b; and therefore does not interact with the C,H,
orbitals in the ring. The results of this study suggest that the
substitutions to the methine bridge can affect the photophysi-
cal properties of molecules, depending on the number of
carbons and the symmetry of the frontier orbitals. We find that
this property is independent of the cyanine’s end groups and
linker substitutions, suggesting that it is potentially relevant for
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other polymethine dyes with bridges. The present work
provides an additional method for tuning the photophysical
properties of cyanine dyes, which is an important tool for
designing new materials.
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