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Two merocyanine dyes containing a malononitrile or a ketone functional group as electron-
acceptors, and a piperidine group as electron-donor were synthetized and crystallized as pigments. The
electron-donor and -acceptor moieties are linked via an octahydroanthracene skeleton, forming an elec-
tronic push-pull molecular system. The crystal structure of the malononitrile compound was solved ab
initio from X-ray powder diffraction data, complementing the reported structure of the ketone pigment.
Both compounds show similar molecular conformations in the solid state, yet with completely different
crystal packing schemes. The crystal structures were analyzed by inspecting the Hirshfeld surfaces. IR
spectroscopy was applied to complement the crystallographic study. The absorption characteristics of
both pigments emerge from the push-pull chemical structure, which was visualized by plotting the elec-
trostatic potentials, calculated using molecular geometries as observed in the solid state. The solid-state
UV-vis spectra showed peak broadening and bathochromic spectral shift as compared to the spectra re-
corded in solution, depending on the polarity of the solvent molecules: The largest shifts of the spectra of
solid-state pigments were observed with respect to the spectra recorded in toluene solution, whether the
smallest to those in ethanol.

Keywords: pigments; dyes; crystal structure; powder diffraction; IR spectroscopy;
UV-vis spectroscopy

CTBPAHATHU MAJTOHUTPUJI- U KETOH-MEPOIIUJAHUHU BO PUTUJHU CPEIJUHU

JBe MepoljaHaTHH OOW, COCTaBEHH OJ] MAaJOHUTPUIIHA M KETOPYHKIHMOHAIHA TPyIa KakKo
CJICKTPOHCKH AKICITOPU W IMMUIHUPUAWHCKA TIpyla KakKo CJICKTPOHCKHU OOHOp, 6ea CUHTCTU3UPAHU U
KpUCTAJIM3UPAHU KaKO ITMTMCHTH. EJ'[CKTpOHCKI/ITe JOHOPHM M AKICOTOPHU TPyHNHu CC IMOBP3aHU CO
OKTaXHAPOAHTPALGHCKN CKeleT W (opMmupaaT T.H. MymI-yJd MoJjeKylapeH cucteM. KpucramHara
CTPYKTypa Ha MAJIOHUTPHIHOTO COEIMHEHHE Oellle pellieHa 3a MpB IaT, ab HMHUIMO, CO PEHATeHCKa
mudpakija ox mpamok. /IBeTe coeqwHEHWja MMaaT CIWYHM MOJEKYJICKH KOH(pOpMAaIuu BO IIBPCTa
€ocT0j0a, HO CO IEJIOCHO Pa3IMuHO MaKyBame BO KpUCTalHaTa perierka. Kpucrainute ctpyktypu Oea
MPOYYCHH CO aHAIM3UPAaEkE Ha COOABETHUTE XupmidennoBu nospmuHu. Kpucramnorpadcekara cryamja
Oemie JOMOJHETA €O pe3ynTath JNoOueHH o WH(GpaNpBeHa CIEKTPOCKONHja. ATCOPIIIHOHHUTE
KapaKTepUCTUKU HA JIBaTa NMUTMEHTA MMOTEKHYBAaT OJf XEMHCKaTa IMyII-IyJI CTPYKTypa, KOjalTo Oemie
HaOJby/yBaHa TMpPEKy OOJNHKOT Ha EIIEKTPOCTATCKUTE IOTCHIHUjAId, NPECMETaHH KOPUCTEJKH ja
MOJIEKyJIapHaTa TeOMETpHja MPUCYTHA BO IBPCTa COCTOjOa. YITPAaBHOJCTOBUTE CHEKTPHU BO IBPCTA
cocToj0a TOKaXyBaaT TMPOIIUPYBamke Ha AalCOPIIMOHUTE JIEHTH W 0aTOXpOMHO CHEKTPATHO
[IOMECTYBakhe, CIIOPEIEHO CO CHEKTPUTEe CHUMEHH BO pacTBOp. CIEKTPATHOTO MOMECTYBAHE 3aBUCH O]1
MOJIAPHOCTA HA MOJIEKYJIUTE HA PACTBOPYBAYOT: HAJTOJIEMH IOMECTYBamba Ha CIIEKTPUTE HAa LBPCTHTE

* Dedicated to Academician Gligor Jovanovski on the occasion of his 70" birthday.



152 T. Runcevski, K. C. KreR, N. Wahlberg, R. E. Dinnebier, S. Laschat

IIUTMEHTH c€ 3a0elle:KaHu BO OOHOC Ha CIICKTpUTEC CHUMCHHM BO TOJYCH, AOACKA IIaK HajMaJ’II/I
TIOMCCTYBama ce 3a0€eIe:KaHu BO OAHOC Ha CIICKTPUTE CHUMCHU BO €TaHOJI.

KiayuHu 300poBH: UTMEHTH; OOU; KPHUCTATHA CTPYKTYpPa; TU(paKIHja O MPaIIoK;
HH}pAaIpBEHa CIIEKTPOCKOIIN]a; YATPABHOJIETOBA CIIEKTPOCKOITH]ja

1. INTRODUCTION

Organic functional dyes recently attracted
much attention as novel functional materials with a
wide range of applications, for example in molecu-
lar memories and switches, food storage, photosen-
sitive pharmaceutics, photodynamic tumour phar-
maceutics, dye-sensitized optical elements [1-9].
Current research challenges are prediction, optimi-
zation and ultimately control of their physical
properties, such as optical absorption, emission,
long-term stability, processability and reproduci-
bility. Studies on their solid-state properties are
particularly important, as these materials are used
in many devices, for example in dye-sensitized
solar cells or as pigments.

Merocyanines (MCs) are interesting organic
dyes due to the complex solvatochromism of their
absorption and fluorescence and their non-linear
optical properties [7-9]. MCs are chemically de-
signed by linking an electron-donor with electron-
withdrawing functional group by a conjugated
chain (Fig. 1a). Conjugated chains are prone to
conformational isomerization (especially in solu-
tion and gas phase) due to free rotation around the
single bonds. It was shown that conformational
changes and isomerization of MCs directly corre-
late with decreased long-term stability, which is a
strong limitation to practical applications. One way
to overcome these problems is to increase the ri-
gidity of the flexible chromophoric unit, thus de-
crease its conformational flexibility [8]. This inter-
esting concept was recently applied in the synthe-
sis of chemically rigidified derivatives containing
ketones or malononitriles (Fig. 1b). Moreover, the
variation of the length of the conjugated core and
the type of acceptor group was correlated to the
optical and other physical properties in solution
[9]. We decided to bring this interesting concept a
step further and explore the influence not only of a
chemically rigidified chromophore unit, but of a
completely rigidified chromophore environment.
Namely, in the crystalline state molecules are
densely and orderly packed and their ability to
move and isomerize is strictly limited within the
close packing. MCs are well known for their sol-
vatochromism, thus it is interesting to observe the
changes of the chromophore’s absorption proper-
ties when surrounded by molecules of its own

kind. This can be achieved either in highly concen-
trated solutions or in the solid state.
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/
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Fig. 1. a) Electron-acceptor (A) and electron-donor (D)
functional groups linked by a conjugated chain (regions
of rotational flexibility are indicated with yellow arrows).
b) Chemical formulae of the studied compounds,
MC-M and MC-K.

We selected to study two of the rigidified
MCs containing different electron-acceptors, a
malononitrile and a ketone functional group, ab-
breviated as MC-M and MC-K, respectively. The
crystal structure of MC-K was presented and
briefly commented in a previous publication [9],
whether the structure of MC-M (which crystallizes
only as a polycrystalline bulk) was solved ab initio
using X-ray powder diffraction (XRPD). Note that
beside the advances in instrumentation and soft-
ware, crystal structure solution of organic mole-
cules by XRPD still appears to be a niche method.
The crystal packing features were analyzed by in-
specting the Hirshfeld surfaces [10]. The electro-
static potentials (ESPs) of the molecules in the
solid state were calculated using the molecular ge-
ometries as observed in the crystal structure deter-
mination [11]. Infrared (IR) spectroscopy was used
to complement the structural study, detecting the
characteristic vibrational signatures of the func-
tional groups. The optical properties were studied
by UV-vis spectroscopy and a comparison of the
UV-vis spectra, recorded in different solutions and
in the solid state, was made. In this article we re-
port on those findings.

2. EXPERIMENTAL
2.1. Materials synthesis and crystallization

The synthesis of the MCs is detailed in a
previous publication [9]. In order to screen for po-
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lymorphic modifications, samples of MC-M and
MC-K were recrystallized from ether, dichloro-
methane and benzene. The choice of solvents was
limited by the solubility of the compounds. Only
one crystal modification of each compound was
obtained. Recrystallizations of MC-K led to single
crystals. On the contrary, MC-M always solidified
in form of a polycrystalline powder.

2.2. X-ray powder diffraction and structure
solution of MC-M

For the solution and refinement of the crys-
tal structure of MC-M, a XRPD pattern (Figure 2)
was collected on a Stoe Stadi-P high-resolution
laboratory diffractometer with CuKa; radiation
from primary Ge(111)-Johannson-type mono-
chromator and Dectris-MYTHEN 1K strip position
sensitive detector (PSD) with an opening angle of
12° in 26, in Debye-Scherrer geometry (Table 1).
Prior to measurement, the sample was manually
powdered in a mortar and sealed in a borosilicate
glass capillary of 0.5 mm diameter (Hilgenberg
glass No. 50). The sample was spun during data
collection for better particle statistics.

— Observed pattern
— Fitted pattern

— Background

— Simulated pattern
— Difference curve
| Bragg reflections

Scattered Intensity / a.u.

[ L O Y T TN TN OO Ty Ty T
T T T T T T T T T T T T T T T T T
6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
26/°

Fig. 2. Rietveld plot of the scattered X-ray intensity of MC-M
presented as a function of 20 angle, collected at room tempera-
ture with CuKa, X-ray radiation source

The powder diffraction data analysis (pattern
indexing, profile fitting, crystal structure solution
and refinement) was performed with the program
suite TOPAS 4.2. [12]. The experimental diffrac-
tion powder pattern was indexed with the singular
value decomposition method [13]. Precise lattice
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parameters were determined by Pawley fit [14]
using the fundamental parameter approach for peak
fitting. During the full profile decomposition, lat-
tice parameters, strain and crystallites size contri-
butions were refined. In addition, Chebyshev poly-
nomials were used to model the background. The
crystal structure was solved by the global optimi-
zation method of simulated annealing (SA) in real
space [15]. A rigid body of the molecule, defined
in z-matrix notation, was freely rotated and trans-
lated within the unit cell with all of its torsion an-
gles set flexible. A variable temperature factor for
each atom type was included in the SA process.
Once a global minimum was found, the crystal
structure was subjected to Rietveld refinement (the
bonds within the rigid body were also refined)
[16]. The anisotropy of width and asymmetry of
the Bragg reflections, caused by structural defects
and stacking faults, was successfully modelled by
applying symmetry adapted spherical harmonics of
sixth’s order to Gaussian, Lorentzian and exponen-
tial distributions which where convoluted with
geometrical and instrumental contributions to the
final peak profile. The final Rietveld plot of MC-
M is given in Figure 2 and selected crystallo-
graphic details in Table 1. Further information on
the crystal structure can be found in the CIF file
deposited under the reference code CCDC
1061469. Details on the crystal structure of MC-K
can be found in the literature [9] and by citing the
reference code CCDC 955695.

Table 1

Selected experimental and structural details for the
data collection and crystal structure of MC-M

Molecular formula
Wavelength (1&)

C2N3Hs
1.540596

Geometry Debye-Scherrer
Starting and final angle (° 26) © 638
Data collection time (h) 24
Temperature (°C) 25

Space group P2;/n

z 4

a(A) 15.231(4)
b (A) 15.415(4)
c(A) 7.7912(9)
5O 92.575(7)
V (A% 1827.39(6)
R—Bragg (%) 0.533

R—p (%) 1.054
R—wp (%) 1.426

[a] Diffraction data were collected up to 70° 26, how-
ever no reflections were observed after 38° 26.
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2.3. Crystal packing analyses

The crystal packing features of MC-M and
MC-K were analyzed by the program CrystalEx-
plorer [17]. The Hirshfeld surfaces of the mole-
cules were calculated and presented at 0.008 au
[10]. For the analyses of the ESP, the surfaces
were plotted at isovalue of 0.008 e au™. For the
calculations of the wavefunctions for both mole-
cules, a STO-3G basis set was used at Hartree-
Fock level of theory, as implemented in the pro-
grams CrystalExplorer and Tonto [11]. The mo-
lecular geometries for the calculations were taken
from the crystal structures.

2.4. Optical spectroscopy

Samples were spin-coated on a Herasil glass
plate (1 cm? out of a dichloromethane solution. The
spectra were collected using Cary 5000 UV-Vis-NIR
instrument and they were analyzed with the Cary
WinUV software.

2.5. Vibrational spectroscopy

For measuring the Fourier-transform IR spectra
of the samples in the solid state, a Bruker Alpha FT-IR
spectrophotometer was used, operating in transmission
geometry. The spectroscopic data were analyzed by the
OPUS 7.2 software.

3. RESULTS AND DISCUSSION

3.1. Crystal structures of MC-M and MC-K

MC-K crystalizes in form of single crystals
suitable for structure determination by single crys-
tal X-ray diffraction [9]. MC-M, on the contrary,
crystallizes as microcrystalline bulk (regardless of
our various efforts to obtain single crystals by re-
crystallization from different solvents). Accord-
ingly, its crystal structure was solved ab initio
from XRPD data. Note that although the deviation
of precise intramolecular parameters (for example
bond lengths and angles or especially thermal dis-
placement factors) by XRPD is hampered by in-
trinsic problems and limitations of the method, the
intermolecular features (for example the crystal
packing) can be well-defined. XRPD is in fact the
best alternative to single crystal X-ray diffraction,
when only a microcrystalline sample is available.

Expectedly, the molecular geometries of the
studied MCs are very similar in the solid state. The
annulated rings in the octahydroanthracene skele-

tons show a half-chair conformation with three CH,
groups peaking above the plane, linking the elec-
tron-donor and electron-acceptor groups with the
conjugated chain. The piperidine rings exhibit chair
conformation with the nitrogen atom linked directly
to the octahydroanthracene unit. As expected, the
bond lengths and angles have very similar values in
both compounds (the precision of derived parame-
ters of MC-M is somewhat lower due to the use of
XRPD to refine an all-organic structure).

Contrary to the similarities in the molecular
conformations and bond lengths of both MCs, their
crystal packing diagrams significantly differ
(shown in Figs. 3 and 4). Even though they crystal-
lize in crystallographically identical space groups
(P2y/n and P2,/c), the relative orientation of the
molecules differs. In MC-M (Fig. 3) the molecules
are stacked head-to-tail forming columns, whether
in MC-K (Fig. 4) they orient themselves in a head-
to-head fashion.

Fig. 3. a) Crystal packing diagram and b) head-to-tail
stacking of the molecules of MC-M

Maced. J. Chem. Chem. Eng. 34 (1), 151-158 (2015)
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Fig. 4. a) Crystal packing diagram and b) head-to-head
stacking of the molecules of MC-K

0.8 T0O T2 T4 16 T8 20 272 724
Fig. 5. Hirshfeld surfaces based on the crystal structures of

a) MC-M and b) MC-K, together with the corresponding
fingerprint plots given in c) and d) respectively
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These differences might originate from the
increased bulkiness and rotational flexibility of the
malononitrile group as compared to the small ke-
tone group directly linked to the octahydroanthra-
cene skeleton. In both MCs, the electron-acceptor
groups are weakly bonded via nonclassical hydro-
gen bonds to the piperidine CH, groups of the
neighbouring molecules. In the crystal structure of
MC-M close contacts of the malononitrile group
with the heptamethine CH, groups are also evident.

Plotting and analyzing the Hirshfeld surfaces
of a given crystal structure provides a very conven-
ient way for studying and visualizing intermolecu-
lar contacts in the crystal packing [10]. The gener-
ated Hirshfeld surfaces of MC-M and MC-K are
presented in Figure 5, together with the respective
characteristic fingerprint plots of atomic contacts.
The regions with red colour indicate shorter con-
tacts within neighbouring molecules. The bulkiness
of the malononitrile group (as compared to the
small ketone group) is reflected in a more compli-
cated and wider-spread fingerprint plot.

3.2. Vibrational properties of MC-M
and MC-K

Figure 6 presents the IR spectra of MC-M
and MC-K recorded in the solid state. The high-
wavenumber region (spreading from 4000 cm™* to
1700 cm™) is dominated by the IR active stretch-
ing vibrations of the aliphatic C—H bonds. In the
molecular structure of both dyes there are two
types of C-H bonds, depending on the hybridiza-
tion of the carbon atom: C=CH-C and C—CH,-C.
Accordingly, two bands are noticed in the IR spec-
trum of MC-M (centred at wavenumbers of 2923
cm* and 2851 cm™) and three in the spectrum of
MC-K (2937 cm™, 2855 cm™ and 2831 cm™;
splitting of the second band probably originates
from nonclassical hydrogen bonding or from the
presence of impurities in the bulk of MC-K).

The C=N stretching vibration is IR active
and observed as a very strong band, centred at
2190 cm?, in the spectrum of the malononitrile
compound, and is expectedly absent in the spec-
trum of the ketone analogue.

In the spectrum of MC-K a strong band cen-
tred at 1621 cm* is observed and can be assigned
to the ketone C=0 stretching vibration, this band is
absent in the spectrum of MC-M. The observed
bands in the low-wavenumber region of the IR
spectrum can be used to discriminate among MCs
with different functional groups. These peaks (po-
sitioned at wavenumbers below 1700 cm™) are
accredited to a number of IR active modes: (pre-
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dominantly) CH and CH, bending and rocking vi-
brations, C-C skeleton vibrations and coupled
modes.

a) MC-M
1568 F
732
2851
2923
5 2190 891
= 1468
©
e 1006
& |b) MC-K
= 1324
£ 1428 T a7
@
c
©
_
'_
2831
2855 727
2937
1621 877
1175
1554

4000 3500 3000 2500 2000 1500 1000 500
Wevenumber / cm-1

Fig. 6. IR spectra of a) MC-K and b) MC-M in the solid state.
The wavenumber values of selected strong bands
are displayed.

3.3. Optical properties of MC-M and MC-K

MC organic dyes are designed to follow the
electron push-pull molecular concept. Namely,
they are chemically assembled by attaching elec-
tron-donor and electron-acceptor groups at oppo-
site termini of a conjugated (in the present case
heptamethine) moiety. Their overall electronic
structure can be described by a superposition of a
neutral and a zwitterionic resonance form. The
push-pull molecular systems can be readily visual-
ized by plotting the ESP surfaces of the MCs
molecules. As presented in Figure 7, negative ESP
(depicted in red colour) is observed around the
electron-withdrawing groups and in the region of
the lone electron pair of the nitrogen atom. The
relative size of the negative ESP around the nitro-
gen atom, compared to the negative ESP around
the electron-acceptor group, can be used to indicate
the electron-withdrawing strength of the attached

functional group. The relative size of the negative
ESP on the MC-K nitrogen atom is bigger, com-
pared to the ESP region around the nitrogen atom
in MC-M. This indicates that the ketone group is a
much weaker electron-accepting group compared
to the malononitrile. It is expected that the presence
of different electron-acceptor functional groups,
with significantly different electron-accepting capa-
bility, will give rise to pronounced differences in the
corresponding UV-vis absorption spectra.

Fig. 7. ESP calculated for the molecules of a) MC-M and b)
MC-K (with geometries as observed in the respective crystal
structures) showing the push-pull molecular design

Figure 8a presents the absorption UV-vis
spectra of MC-M recorded in the solid state and in
different solvents. The absorption spectra are
dominated by a strong bands originating from 0-0
vibronic transitions, which are characteristic for
MCs with strong electron-acceptor moieties (pre-
sumably due to the similar structure and polariza-
bility of the electronic ground and first excited
state) [18]. In the solid state, MC-M absorbs UV-
vis radiation with wavelengths shorter than 700 nm
giving rise to intensive purple colour.

In the UV-vis spectra of MC-K, presented
in Figure 8b, the 0-1 vibronic transitions are the
major contributors of absorption. This is expected
for MCs assembled by incorporating a weak elec-
tron-acceptor group, because the electronic ground
state is less polarized than the first excited elec-
tronic state [18]. MC-K absorbs UV-vis radiation

Maced. J. Chem. Chem. Eng. 34 (1), 151-158 (2015)
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with wavelengths shorter than 550 nm giving rise
to intensive orange colour.

a) 104 e
”_—»~ - = = solid state
F ——EtOH
——DMSO
) ——CH2CI2
| , CHCI3
5 . toluene
@
5 0.54
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Wavelenght / nm
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Fig. 8. UV-vis absorption spectra of a) MC-M and b) MC-K
recorded in the solid state (dotted line) and in different
solutions (solid coloured lines)

The solvatochromism of the studied MCs
(Fig. 8) was previously discussed [9]. In the pre-
sent contribution the accent is put on the solid-state
absorption features. The UV-vis spectra recorded
from crystalline MCs show significantly broader
bands, which is characteristic for solid state mate-
rials. For both pigments a bathochromic shift is
evidenced in the solid-state spectra, as compared to
the spectra in different solutions. The largest shift
is observed with respect to the spectra recorded in
toluene solution (with toluene being a non-polar
solvent). Generally, the spectral shift decreases
with the increase of the polarity of the solvent
molecules. Interestingly, the absorption spectrum
of MC-K in the solid-state shows very small
maxima deviations compared to the spectrum re-
corded in an ethanol solution (with ethanol being a

Maced. J. Chem. Chem. Eng. 34 (1), 151-158 (2015)

polar solvent). These bathochromic shifts of ab-
sorption maxima can be ascribed to at least two
effects that could arise upon solidifying the mole-
cules: a) changes to the energies of the singlet S,
and/or S; states and b) changes to the contributions
of different vibronic transitions upon UV excita-
tion. To elucidate the real nature of the solid-state
absorption features sophisticated theoretical mod-
elling and calculations are needed.

The UV-vis absorption window of solidified
MC-M is enlarged for ca. 70 nm in the visible re-
gion, compared to the absorption in different solu-
tions (Fig. 8a). In the case of MC-K, the absorp-
tion window exhibits much smaller enlargement
(Fig. 8b). The different spectral shift and broaden-
ing can be explained considering several factors.
Namely, the packing of the molecules (head-to-tail
vs. head-to-head in MC-M and MC-K, respec-
tively) can contribute to changes in absorption. The
energies of the 0-0 and 0-1 vibronic transitions
(occurring in MC-M and MC-K, respectively) can
be influenced by solidification. In addition, the
strength of electron-withdrawing groups might be
affected when the molecules are densely packed in
close proximity. To decipher this phenomenon,
systematic structural, spectroscopic and theoretical
studies on different dyes are necessary.

Materials with tuneable UV-vis absorption
in a broad spectral region are important in the pro-
duction of new, dye-sensitized solar cells and pig-
ments in general.

4. CONCLUSIONS

Two MC dyes containing different electron-
acceptor functional groups (malononitrile, MC-M
and ketone, MC-K) were synthetized and crystal-
lized to study their physical properties. IR spec-
troscopy proved the presence of the corresponding
functional groups in the solidified samples. The
crystal structure of MC-M was solved ab initio
from XRPD data. Both compounds show very
similar molecular geometries in the solid state,
with a half-chair conformation of the three CH,
groups in the heptamethine moiety, peaking above
the plane of the octahydroanthracene skeleton. The
piperidine rings exhibit chair conformation. Al-
though the molecules crystallize in the same crys-
tallographic space group and have similar molecu-
lar geometries, they exhibit different crystal pack-
ing diagrams. In MC-M they are head-to-tail
packed, whether in MC-K head-to-head packed.
Therefore, it can be concluded that the introduction
of bulky and highly flexible functional group (as it
is the malononitrile compared to the ketone) has a
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significant effect on the crystal packing fashion of
MCs. The crystal structures were analyzed in de-
tail with inspecting the Hirshfeld surfaces, reveal-
ing different short contacts within neighbouring
molecules in the two MC crystals. The absorption
characteristics of MC-M and MC-K were rational-
ized with the push-pull chemical design, which
was visualized by plotting the ESP calculated us-
ing the molecular geometries as determined by the
crystallographic analysis. The solid-state absorp-
tion spectra of these MCs pigments with different
electron-acceptor groups and dissimilar crystal
packing were experimentally studied. It was no-
ticed that different bathochromic spectral shift oc-
curs (when the solid-state spectra were compared
to the spectra recorded in solution). It can be con-
cluded that the spectral shifts are increasing in-
versely to the solvent molecules’ polarities: The
largest shifts were noticed with respect to the spec-
tra recorded in toluene solution, whether the small-
est shifts to those in ethanol solution. Changes to
the energies of the singlet Sy and/or S, states and/or
changes to the contributions of different vibronic
transitions upon UV excitation were pointed-out as
possible reasons for the experimental observations.
In addition, it was evidenced that the solidification
of the MCs pigments influences the absorption-peak
shape, leading to larger broadening of absorption in
the visible region of MC-M, as compared to MC-K.
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