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modify optical properties such as spectral broadening and red-shifting of absorption bands. These are desirable properties

for e.g. organic photovolatic applications. Attaching three squaraine dyes to a central nitrogen core in a star-shaped

manner leads to the formation of superchromophores that may form localised and delocalised excitons upon

photoexcitation. In this work we investigated two homotrimers, two heterotrimers and a heterodimer formed by the

combination of two different squaraines SQA and SQB. Due to exciton coupling the two homotrimers display a red shift of

the main absorption band by about 1000 cm™ compared to their monomeric reference compounds. On the other hand,

the heterotrimers show a broadening of the absorption spectra with three peak maxima at the exciton manifold band. In

fluorescence experiments the homotrimers display signals similar to the emission of the monomeric compounds but red

shifted. However, the heterotrimers and the heterodimer show, beside emission from the delocalised lowest energy state,

an additional signal that overlaps strongly with the absorption. Excitation and time-dependent emission spectra of the

hetero compounds indicate that this emission stems from a localised higher energy state.This interpretation is

corroborated by transient absorption measurements with fs-time resolution.

Introduction

and
of organic dyes is

Spectral
characteristics

broadening red-shifting of absorption
desirable for

applications such as organic photovoltaics.l’ 2 One strategy to

many

achieve this goal is to substitute chromophores with e.g.
donors or acceptors or to enlarge the z-system. However, by
applying these strategies it is difficult to predict the dye
properties. Therefore, our goal is to generate new or modified
optical properties by building up superchromophores from
covalently linked monomeric chromophores with known
optical properties. By exciton coupling of excited states® new
optical properties are formed in these superchromophores
which are to some extent better predictable. In this way a red-
shift or broadening of absorption bands, enhancement of
fluorescence NIR
fluorescence may be possible. The latter was e.g. realised in
recently studied macrocyclic squaraine dye trimers and
tetramers.> In this contribution we combine two different
squaraine dyes SQA and SQB (being the prototypical

quantum yields4 or generation of
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squaraines without NHAc groups) in star-like dye conjugates by
attaching them to a central nitrogen atom, see Fig. 1.
Squaraine dyes were used because of their superior optical
properties such as intense and narrow absorption in the red to
near infrared spectral region and high fluorescence quantum
yields in a >20
chromophores in close proximity will give rise to exciton
coupling effects and to the formation of modified excited
states compared to the monomer chromophores.21 Therefore,
we synthesised two homotrimers ((SQA);N and (SQB);N) and
two heterotrimers ((SQA),(SQB)N and (SQA)(SQB),N) built up
from the s-shaped squaraine SQA and from the c-shaped
squaraine SQB. The latter absorbs at lower energy than SQA
because of the dicyanovinylene group attached to the squaric
acid centre.” For comparison, we also investigated a hetero-
dimer ((SQA)(SQB)NH).

number of applications. Bringing such

Before we describe the optical properties of the dye
conjugates being in focus of this work, we anticipate these
properties by having a qualitative look at what exciton theory23
predicts: in case of three identical chromophore branches
arranged in an ideally D; symmetric star-like manner the
transition dipoles of the three localised transitions into the
excited states of the monomers interact in the
superchromophore and yield a set of degenerate excited
states at lower energy (E symmetry) and a single excited state
at higher energy (A symmetry) than the monomer excited
state (see Fig. 2). Excitation into the former set is allowed and
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Fig. 1. Star-like squaraine homo- and heterotrimers, parent monomers and dimer along with their respective orientation of transition moments of the lowest energy

localised states. The orientation of transition moments are estimated on the basis of CAMB3LYP/6-31G* computations of the monomers.

carries three times the squared transition moment (oc
oscillator strength) of a monomer while the latter state is
forbidden. Symmetry breaking or other structural variations
will lift these constraints to some extent and will lead to the
observation of all excited exciton states in a steady-state
absorption spectrum. This allows extracting the exciton
coupling energy J from the absorption spectra in a simple way
as it is one third of the energy difference of the highest and
lowest exciton state. In case of a heterotrimer built up from
two identical and one different chromophores the situation is
much more complex. Because of the reduced symmetry there
are in general two different exciton coupling interactions, the
one between the like and the one between the unlike
chromophores. Furthermore, the exciton state energies
depend on the energy difference (= 2AE) of the noninteracting
excited states of the different monomer chromophores. For
the special case of identical exciton coupling J the analytical
solutions for the eigenstates are given in the supporting
information (Table S11-S13). In fact, as we will show below,
this is approximately the case for the squaraine dyes employed
in this work. Here we refer to a qualitative description which is
sufficient to describe the essential optical features of the
superchromophores of interest. As can be seen from Fig. 2
exciton coupling in the heterotrimer leads to three different
eigenstates in the exciton manifold. For cases where the
energy difference 2AE between the two different monomers is
smaller than the coupling energy J, the two lower energy
states are somewhat closer to each other and the upper one is
farther apart, disregarding whether the two identical
chromophore branches possess the higher excitation energy
than the other one or vice versa. In the latter case, when the

2 |Phys. Chem. Chem. Phys., 2015, 00, 1-12

two identical chromophore branches are lower in energy, this
holds true for any values of AE. Thus, for realistic scenarios we
will observe three exciton eigenstates with different energies
for heterotrimers. Furthermore, because the transition
moments of the two different sorts of chromophores are in
general not identical, excitation into all states will be allowed
to a different degree. Presuming equal exciton coupling
interactions J, the energy difference of the highest and lowest
exciton state is larger than in case of the homotrimer. Thus,
we expect that the use of different chromophores may lead to
broader absorption spectra based on the broader exciton
manifold.

Results

Absorption spectra. In Fig. 3 the absorption spectra of the two
homotrimers, the two heterotrimers and the heterodimer are
presented together with their respective monomeric reference
compounds in toluene solution. From these spectra it is
obvious that the two homotrimers display intense and strongly
red-shifted absorption bands relative to their respective
monomeric reference compounds (SQA)NHAc and (SQB)NHAc
(1100 cm™ for (SQA)sN and 1000 cm™ for (SQB)sN). This is
clearly caused by exciton coupling which implies delocalisation
of excitation over all chromophore branches. The peak at
16100 cm™ for (SQA)sN and at 14900 cm™ for (SQB);N
indicates some structural disorder as this transition should be
forbidden for a truly Ds-symmetric superchromophore. As
indicated above, we used this peak to evaluate the exciton
coupling energy which is given in Table 1 and which is ca. 600
cm™ for both homotrimers. In contrast to the homotrimers,
the heterotrimers show much more complex absorption

This journal is © The Royal Society of Chemistry 2015
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Fig. 2. Exciton eigenstates formed by exciton interaction in case of a D3 symmetric homotrimer (left) and two heterotrimers (right). The excited state energies of the isolated

monomers are given as E, and Eg. The exciton state energies in the heterotrimers are arbitrary and depend on the relative magnitude of J and AE. The blue and yellow arrows

indicate the phase relations of the localised transition moments. The grey dashed arrows are the resulting sum of transition moments. Allowed transition from the ground state

are given as black arrows, excited state transitions as grey arrows.

Table 1. Optical steady state data of squaraine chromophores in toluene at RT.

splitting o€, .. =2 IAE? + J? of these bands from which J

~ -1 ~
cm 2 K - .
Vavs/ L. H Vﬂ,l # e 1l . can be evaluated as 736 cm 1A24 This is ca. 20% higher than the
(e/M7em?)  pz [em (7 fem™) fem coupling in the homotrimers. Given the crudeness of
(SQA):N 14200 313 13700 0.35+0.009 630 approximation, we assume equal couplings within each
(352500) (15200) heterotrimer which gives (see SI) 690 and 700 cm™ as
(sQB)sN 13100 347 12700  0.10%0.002 600  “ayerage” couplings.’®
(379800) (15300) . The squared transition moments of the exciton manifold of all
(SQA)(SQB).N 13700 348 12600 0.06+0.007 630 superchromophores (see Table 1) reflect approximate
(252900) (13600) (14900) s . .
. additivity from the monomeric reference chromophores which
(SQA)(SQB)N 13200 346 (12700) 0.04 +0.005 700 foll the Th Reiche-Kuh | 26 d sh that
(136500) (13700) (16700) ollow the “omas e|<? e-Kuhn sum rule” and show that no
14900 other transitions are involved besides those generated by
(SQA)(SQB)NH 13500 239 (132000 0.12+0010 736  exciton coupling.
(204900) 14900 (16700)
15400 Fluorescence spectra. All squaraines investigated in this work
(199200) fluoresce significantly in toluene solution (Fig. 4). The
(SQA)NHAc 15300 107 15100 0.65 +0.035 monomeric reference compounds (SQA)NHAc and (SQB)NHAc
(280900) (16100) show fluorescence with little Stokes shift and high quantum
(SQB)NHAC 14100 108 13800 0.61+0.030 yield of ca. 60% (see Table 1). As expected the fluorescence
(234800) (15600)

“ less intense maxima in parentheses. ° excitation wavenumber used for
measuring the fluorescence spectra and the quantum yield in parentheses.
¢ average coupling.

spectra. Superchromophore (SQA),(SQB)N has three peak
maxima in the exciton manifold band whereby the one at
intermediate energy is strongest. Clearly, these peaks are
associated with the three exciton states as indicated by the
energy level diagram in Fig. 2. Similarly, also (SQA)(SQB),N
shows three excitonic transitions, although the two at lower
energy merge and only a shoulder is visible for the lowest
energy transition.

The exciton coupling between the two different squaraines can
directly be evaluated from the absorption spectrum of the
dimer (SQA)(SQB)NH where only one coupling is present. Its
spectrum shows two prominent absorptions at 13500 cm™ and
15400 cm™ which are distinctly shifted relative to their two
reference chromophores. Exciton coupling theory predicts a

This journal is © The Royal Society of Chemistry 2015

displays mirror image to the absorption band. This is not the
case for the homotrimers which display fluorescence signals
with the shape of a monomer fluorescence but shifted to
lower energies. This proves fluorescence to be emitted from
the lowest exciton state only. However, the heterodimer and
the heterotrimers behave quite differently. When exited at the
high energy side of the exciton manifold they show complex
fluorescence spectra that overlap strongly with the absorption
spectra of the exciton manifold. For (SQA)(SQB),N the
fluorescence signal shows — besides the typical monomer-
shaped fluorescence at 12600 cm™ — a weaker signal at 13600
ecm™. For (SQA),(SQB)N it is the other way round: a strong
monomer-shaped fluorescence is observed at 14900 em™
(together with a vibronic peak at 13700 cm™) and a second
much weaker signal at 12700 ecm™ which stems from the
lowest energy exciton state. Also noteworthy is the generally
quantum yield of the
superchromophores than of the reference monomers which
may be understood in terms of the energy gap rule.

much  weaker fluorescence

Phys.Chem.Chem.Phys., 2015, 00, 1-12 | 3
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Fig. 3. Absorption spectra of superchromophore squaraines in toluene at RT. For comparison, the respective monomer spectra are also plotted.

For bringing light into this somewhat unusual behaviour of the
heterochromophores we measured excitation spectra at
different emission wavenumbers of the three hetero-
chromophores. For the heterodimer (SQA)(SQB)NH the
excitation spectrum measured at 13200 cm™ emission (black
solid line) looks very similar to the absorption spectrum.
However, the lowest energy peak has a somewhat lower
intensity which might be caused by an improper correction of
the excitation monochromator at this very long wavelength
region. However, the excitation spectrum at 14900 cm™ (solid
white line) which refers to the peak maximum of the
fluorescence does not follow the absorption spectrum in this
wavenumber region. Likewise, the excitation spectra of the
heterotrimers measured at the wavenumber of the lowest
emission peak are similar to the respective absorption spectra
and those spectra measured at the wavenumber of the highest
energy fluorescence peak show strong deviations. The latter
observation points towards the presence of a second species
that displays a different absorption spectrum.

Using TCSPC we measured the fluorescence lifetime of all
squaraine dyes (see Table 2). The principal component of the
NHACc substituted monomers have a lifetime of ca. 2 and ca. 3
ns and are very similar to the ones of the unsubstituted
monomers SQA and SQB but the homotrimers’ longest lifetime
deviates significantly (1.56 ns for (SQA);N and 0.81 ns for
(SQB);N). Because of the complexity of the emission spectra of
the heterochromophores we measured time-dependent
fluorescence spectra using TCSPC. Contour plots of these
spectra are given in Fig. 4 and decay associated spectra (DAS,
parallel model) from a global fit are given in the SI (Fig. S10 to
Fig. S14). In all cases four components were necessary to fit
the emission map adequately. The decay times associated with
the DAS are collected in Table 2. Qualitatively, in all cases the

4 |Phys. Chem. Chem. Phys., 2015, 00, 1-12

lifetimes at higher emission wavenumber are on the order of
1-3 ns whereas the lifetimes at lower wavenumber are on the
order of 0.1-0.5 ns. Thus, it is clear that the fluorescence of the
heterochromophores stems from at least two different states
where the higher energy state possesses the longer lifetime.
Taking a closer look, the principal component at higher
wavenumber of the emission spectrum of (SQA)(SQB),N (7 =
3.2 ns) has a very similar lifetime to (SQB)NHAc (7 = 3.0 ns),
the one of (SQA),(SQB)N (7= 1.7 ns) and of (SQA)(SQB)NH (¢
=1.9 ns) to (SQA)NHAc (7= 1.9 ns). Together with the spectral
similarity of these components with the respective emission
spectra of the monomers we assume that the emission stems
from states/species that are very similar to pure monomer
states.

Time resolved spectroscopy with fs-resolution. From the
steady state spectroscopy and the TCSPC measurements we
conclude that in the heterochromophores a second
species/state is present in solution which is deactivated by
fluorescence at high energy. In order to shed light on the
photoinduced dynamics of the superchromophore we
performed time resolved pump-probe spectroscopy with fs-
time resolution, that is, fluorescence upconversion (FLUC) and
transient absorption (TA) spectroscopy.

Because of experimental limitations (small Stokes shift of
fluorescence near the gate wavenumber), the fs-upconversion
measurements were performed by excitation of the exciton
manifold at higher wavenumber. The time resolution is on the
order of ca 300 fs which is mainly caused by the wavelength
dispersion of the solvent and the necessity to use a set of
filters to supress stray light. The measurements were done at
parallel, perpendicular and magic angle polarisation of pump

and gate pulse (see Fig. S15 and S16). From these

This journal is © The Royal Society of Chemistry 2015
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Fig. 4. Absorption spectra (shaded areas), fluorescence spectra (coloured solid lines), excitation spectra measured at low energy emission (black solid lines) and at high energy
emission (solid white lines) of superchromophore squaraines and the monomers in toluene at RT. The fluorescence emission maps reflect intensity and decay dynamics for
excitation at 15200 cm™. The excitation wavenumbers (ex) for the fluorescence spectra and the emission wavenumbers (em) for the excitation spectra were as follows: a) ex:
15200 cm™; em: 13300 cm™ b) ex: 14300 cm™’; em: 12700 cm™ ¢) ex: 16700 cm’™; em: 14900 cm™, 12700 cm™ d) ex: 14900 cm™; em: 13700 cm™, 12300 cm™ e) ex: 16700 cm™; em:
14900 cm™, 13000 cm™ f) (SQA)NHAC: ex: 16100 cm™; em: 13900 cm’; (SQB)NHAC: ex: 15600 cm™; em: 12500 cm ™.

measurements a combined deconvolution fit yielded, besides
the isotropic decay time constants, the fluorescence
anisotropy decay r(t) and its initial amplitude. The latter gives
information about relative orientation of transition moments
and, thus, possible energy transfer processes. These
measurements were performed exemplarily for one
homotrimer (SQA);N and one heterotrimer (SQA)(SQB),N
only. The isotropic decay is multiexponential in both cases (see
Table 2) which suggests some structural reorganisation in the
excited state. The initial anisotropy is quite small (r(0) = 0.02
and 0.06) which indicates at least two-dimensional
delocalisation of excitation (the theoretical values for parallel,
perpendicular, 2D and 3D polarisation are 0.4, -0.2, 0.1 and 0)
within the time-resolution of the measurement (IRF ca. 300 fs).
The anisotropy decay constants are rather imprecise (1.5 ns for
(SQA);N and 0.9 ns for (SQA)(SQB),N) because of the small
amplitude but are on the order of diffusional rotation
expected for the size of these superchromophores.4’ 2

Our TA measurements have a much better time resolution (IRF
ca. 140 fs), and allowed to excite the chromophores at various
wavenumbers, that is, at the maximum of the lowest energy
absorption and at the maximum of highest energy absorption

This journal is © The Royal Society of Chemistry 2015

of the exciton manifold (see Fig. 2). The excited states were
probed by white light between 400-800 nm and in one case
between 500-900 nm.

First, we describe and discuss the TA spectra of (SQA);N as an
example. The transient maps of this chromophore upon
excitation into the lowest exciton level (14200 cm'l) show a
strong ground state bleaching (GSB) signal around the steady
state absorption of the chromophores merged with an also
negative signal at the lower energy flank of the GSB caused by
stimulated emission, SE, see Fig. 5a. This GSB/SE signal forms
within instrument response time as an initially narrow
negative peak at 14200 cm™ which broadens within ca. 100 fs.
This process has frequently been assigned to transient hole-
burning of the ground state population.zs'34 However there is
doubt whether this effect can really be discerned from
coherent artefacts when pump and probe pulse overlap in
time.®® Therefore, we do not discuss this effect further. There
is also a rather weak and unstructured excited state
absorption (ESA) at wavenumber <18000 cm™ (see Fig. 5a). A
weak ESA is also found at around 15000-16000 cm™ which is
caused by excitation into a two-exciton state (see Fig. 2). These
two-exciton states are formed by simultaneous excitation of

Phys.Chem.Chem.Phys., 2015, 00, 1-12 | 5
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Table 2. Time-Resolved Optical Data of Squaraine Chromophores in Toluene at RT

z/ns 7 /ps (&) 7 1ps ¢ /ps (TA)’ z/ps (TA)'
(TCSPC)? (FLUC)b (r(t = 0)) anisotropy excit. lowest exciton excit. highest exciton
(FLUC)®
(SQA):N 0.08 4.2(0.18) 1530 (0.03) 0.08
0.13 67 (0.18) [16100/13600] 3.6 4.9
0.50 1020 (0.64) 240 190
1.56 [16100/13600] 1400 1300
[14200] [16100]
(SQB);N 0.83 0.16
7.3 10
710 730
[13200] [14900]
(SQA)(SQB),N 0.07 16 (-0.10) 880 (0.06) 0.65 0.11
0.30 350 (0.90) [14400/11100] 20 6.7
0.51 [14400/11100] 360 350
3.22 770
[13100] [15500]
(SQA),(SQB)N 0.15 0.09
0.29 13
1.74 17 7.2
3.07 180 180
1100
[13200] [15800]
(SQA)(SQB)NH 0.03 0.13
0.05 1.4
0.33 8.4 5.7
1.90 31
330 320
2200
[13500] [15400]
(SQA)NHAC 0.40(0.04)
1.93(0.96)
(SQB)NHAC 2.98

“ Global deconvolution of fluorescence spectra measured by TCSPC, excitation at 15200 cm™. The amplitude spectra can be found in the SI. For the monomers
fluorescence was measured at the maximum only, amplitudes are given in brackets. b Isotropic fluorescence lifetime constants (amplitudes) measured by upconversion
at the given [pump/fluorescence] wavenumbers. ¢ Anisotropy lifetimes (initial amplitudes at t = 0) [pump/fluorescence] measured by FLUC. d Globally fitted lifetimes of

SADS measured by TA [pump wavenumber].

two chromophore branches, a process which is forbidden from
the ground state but allowed as consecutive processes in the
TA experiment.36'38 Their state energy can easily be estimated
by adding the energies of the two individual excited states of
the chromophore branches. All these signals decay
multiexponentially (see Table 2) with only little
shift/broadening of the principal GSB/SE signal. Quite similar
behaviour is found for all other trimers and the dimer (see Fig.
S1 to S5). The two-exciton state is however only visible as a
reduced GSB at ca. 15000 cm™" in the case of the dimer. In case
of excitation into the highest exciton band at
16100 cm™, the TA spectra of (SQA)sN show a somewhat
modified behaviour. The GSB at ca. 16100 cm™ is more
pronounced and shows an initial rapid decay within ca. 100 fs
(see time profile at 16200 em™in Fig. 5d). This signal may be
caused by diverse processes which are hard to discern given
the short timescale: 1) A coherent artefact can be ruled out
because excitation of (SQA)(SQB)NH at somewhat higher
energy (16100 cm™) than the S,-state (15400 em™) yields the

6 |Phys. Chem. Chem. Phys., 2015, 00, 1-12

same signal contribution (see Fig. S6). 2) Preferred population
of an exciton state in a mixture of conformers with slightly
varying absorption spectra can be ruled out since a stiff
squaraine dimer pySQB (Fig. 6) which cannot possess different
conformers also shows this behaviour.* 3) Stimulated
emission together with GSB from the higher exciton level. In
this case, population transfer to the lower exciton states
would go along with a decrease of the SE from the higher
exciton state but the GSB caused by depopulation of the
ground state would remain at the same spectral position
irrespective which excited state is populated. With the same
time constant of the population transfer to the lower exciton
state, SE from the lower exciton state should increase. This is
exactly what we observe. The expected increase of SE is visible
in the time scan at ca. 14100 cm™ as a smooth curvature
0.3 ps. This becomes more apparent when
comparing the time traces at 14100 cm™ for both 14200 cm™
and 16100 cm™* excitation (see red shaded circle in Fig. 5). The
signal around ca. 16100 cm™ is further influenced by overlaid

around t =

This journal is © The Royal Society of Chemistry 2015
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Fig. 5. Transient absorption spectra and time scans at selected wavenumbers of (SQA);N in toluene for excitation into the lowest exciton band at 14200 em™ (a, b) and the highest

exciton band at 16100 cm™ (c, d).

Fig. 6. Stiff squaraine dimer pySQB.

signal around ca. 16100 cm™ is further influenced by overlaid
ESA to the two-exciton states which increases in energy upon
relaxation from the upper to the lower exciton state.

For a more detailed interpretation of the TA spectra we
analysed the transient maps of all compounds for two
different excitation wavenumbers globally using a heuristic
target model given in Fig. 7 under the assumption that the ESA
of all species associated difference spectra (SADS) have
(almost) equal intensity at ca. 18000 em™.% This requires in
most cases that the efficiency for each particular step is
adjusted as listed in Tables S1 to S10 in the SI. These SADS are
given in Fig. 8. The discussion of the photoinduced processes is
based on these SADS in the following.

In case of (SQA);N for the 14200 cm™ excitation experiment
three SADS (see Fig. 8a) were found whereby the short lifetime
(3.6 ps) indicates fast vibrational relaxation or intramolecular
vibrational energy redistribution®*™ and the long lifetime (1.4
ns) is caused by ground state recovery. The intermediate
lifetime (0.24 ns) is frequently observed in the relaxation of
squaraine dyes4' 2
structural reorganisation. The longer times are corroborated
by the TCSPC measurements (0.13/0.50 and 1.56 ns). The TA
experiment at 16100 cm® pump wavenumber gave four SADS

and is probably associated with a slow

This journal is © The Royal Society of Chemistry 2015

(Fig. 8b): in addition to the two SADS also observed at lower
pump wavenumber with similar lifetimes (4.9 ps and 0.19 ns)
there is one component with a lifetime of 0.08 ps that shows
an intense GSB at 16100 cm™ and reduced SE at
13300-14300 cm™ compared to the species with longer
lifetime. This spectral component refers to what we tentatively
interpret as the interband relaxation process mentioned
above.

The other homotrimer (SQB);N behaves similarly to (SQA);N if
excited at the lower exciton level. However, all spectral
features are shifted to lower wavenumber and its lifetimes, in
particular those associated with ground state recovery, are
significantly shorter (see Fig. 8c). This may be a consequence
of the energy gap rule. If excited at the highest exciton level,
the homotrimer also shows an additional SADS (7 = 0.16 ps,
see Table 2 and Fig. 8d), however with much less pronounced
interband relaxation features at ca. 15000 cm™.

The heterotrimer (SQA),(SQB)N displays SADS being distinctly
different from the homotrimers. For the excitation into the
lowest exciton level at 13200 cm™ three SADS can be
discerned (Fig. 8e). All these SADS show two pronounced GSB
signals at ca. 13000 cm™ and 14200 cm'l, a weaker one at
16100 cm™ and an ESA around 15300 cm™. The latter two
features are quite similar to those of the homotrimers. The
two pronounced GSB signals refer to the two absorption peaks
in the steady-state absorption spectrum at lower energy, the
third peak at higher energy is reflected by the less intense GSB
at 16100 cm™. From the difference of intensities of the SADS
compared to the steady-state spectrum it is obvious that there
must be a pronounced ESA into the two-exciton states
overlaying the GSB signals. The three SADS possess lifetimes of
1.3 ps, 17 ps and 0.18 ns. The first two are associated with
structural relaxation, the latter with ground state recovery.
The fact that these three SADS show differences in band
intensity at 13000 ecm™ and 15300 cm™ must be caused by
variation of SE and/or ESA because the GSB is expected to be
the same for any delocalised excited state. This may easily be
explained by slight changes of conformations between the
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(given as one bold bar). All the energy levels are not to scale.

three subchromophore branches which influence the oscillator
strengths particularly strong due to variation of exciton
coupling strength.

Excitation of (SQA),(SQB)N at 15800 cm™ into the highest
exciton state yields an SADS (Fig. 8f) with 7= 0.09 ps again with
a strong negative signal around the excitation wavenumber
which we interpret to be caused by GSB/SE of this exciton
level. Accordingly, the peak at 13000 cm™ of this SADS is
smaller because of lack of SE. The other two SADS with 7=7.2
ps and 0.18 ns are very similar to the corresponding ones of
the 13200 cm™ excitation experiment. However there is an
additional SADS with 7= 1.1 ns with very low amplitude and
which shows a totally different spectral form than the other
SADS. From the steady-state and time-resolved emission
spectra we have reasoned above that upon excitation of the
highest exciton state, monomer-like states may be populated
in parallel because the vibronic progression of these states
extends to the excitation energy (see Fig. 7). Indeed,
comparison of the SADS with 7 = 1.1 ns with the combined

8 | Phys. Chem. Chem. Phys., 2015, 00, 1-12

absorption and emission spectrum of (SQA)NHAc (see Fig. S7)
shows strong resemblance which supports the population of a
localised SQA state in this case. Thus, we included this state in
the target fit as a species excited in parallel whereby the initial
population (ca. 10%, see Table S6) was adjusted to yield an
SADS with comparable intensity as the other SADS.

For (SQA)(SQB),N the global fit of the TA map obtained by
excitation into the lowest exciton state at 13100 cm™ yields
three SADS (Fig. 8g) with 0.65 ps, 20 ps and 0.36 ns. Excitation
into the highest exciton band at 15500 cm™ produces an
additional SADS (Fig. 8h) with 7 = 0.11 ps and a pronounced
GSB/SE peak at 15600 cm™ caused by the population of the
upper exciton state. There is also an SADS with 7= 0.77 ns that
looks like an SQB excited state as it resembles closely the
spectral features (= sum of GSB and SE, see Fig. S8) of
(SQB)NHAc. At this point we stress that the lifetime is
associated with major uncertainties because of bad signal-to-
noise ratio. In principal one would expect a lifetime in the
lower ns time regime.

This journal is © The Royal Society of Chemistry 2015
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In case of (SQA)(SQB)NH low energy excitation (13500 cm™)
gives rise to four SADS with GSB/SE around 13400 cm™ and
little spectral changes around 15000 em™® (Fig. 8i). Again, the
lifetimes span a range from 1.4 ps to 0.33 ns with the latter
being the predominant lifetime for ground state recovery. At
15400 cm™ excitation (Fig. 8j), an SADS with 7= 0.13 ps shows
somewhat stronger GSB/SE at 15500 cm™ and accordingly a
lack of SE at the low energy side of the prominent negative
signal around 13000 cm™. A fourth component with 7=2.2 ns
has two GSB maxima (13800 and 14900 cm'l) each
corresponding to the SQA and SQB state, respectively (see
comparison with the respective GSB/SE spectra in the Fig. S9).
Because of the low signal-to-noise ratio we observe a single
lifetime (7= 2.2 ns) for these two states.

DISCUSSION AND CONCLUSION

It appears that upon excitation of the highest exciton state in
the hetero superchromophores localised squaraine states
(SQA or SQB) are populated to a minor extent in parallel
because their respective vibrational manifold leads to a
significant absorption at the excitation energy. Such a
population of a localised SQA or SQB states requires electronic
decoupling from the rest of the molecule which is then left
unexcited. The population of localised SQA or SQB states takes
place exclusively in cases of the heterochromophores, that is,

This journal is © The Royal Society of Chemistry 2015

the SQA state in case of (SQA),(SQB)N, the SQB state in case of
(SQA)(SQB),N, and both localised SQA and SQB states in case
of the dimer (SQA)(SQB)NH. This behaviour can be rationalised
easily as for e.g. (SQA),(SQB)N population of a localised SQA
(= (SQA*)(SQA)(SQB)N) state leaves a fragment containing
SQA and SQB in its ground state. The two chromophore
branches in this (SQA)(SQB)N fragment could either be excited
independently if they are electronically decoupled, or, if they
are excitonically coupled, can be excited together. The first
case can be ruled out as we would expect to see a localised
SQB as well, which we do not. In the case of coupled SQA/SQB
we would expect to see spectral components similar to the
dimer (SQA)(SQB)NH. However, given the small amount of
localised states formed (< 10%) these spectral features will
easily hide among those of the excitonically coupled
heterotrimer, as they are rather similar. And indeed we do not
observe such specific dimer features. However, support for the
latter interpretation comes from the analysis of the
(SQA)(SQB)NH dimer spectra. Here we indeed see both
localised SQA and SQB states because once one chromophore
branch is electronically decoupled, the other one inevitably
has also to be decoupled and both branches can then be
excited separately.

This scenario leaves us with the question what the reason for
the electronic decoupling is and why it does not take place in

case of homotrimers. We may illustrate the electronic
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situation for the heterodimer as an example. Here, simple
exciton coupling theory tells us that the wavefunctions of the
two exciton states are given by a linear combination of

1+s 1-s 1-s 1+s
W, =1 T‘//l+‘ ?V/l and Yo =1 ?Wlf‘?%

where s =2AE/V4AE? +4J2 . If AE gets much larger than J the
probability of finding the excitation on one chromophore

branch (1_75) or the other (“75) approaches either zero or
2 2

unity. Thus, with increasing energy separation 2AE of the two
monomer branches SQA and SQB the excitation becomes
increasingly localised on one of these branches. We assume
that small perturbations such as solvent fluctuations or
thermal motions may induce a complete biasing of one of
these branches.** In case of the homotrimers the probability of
finding an excitation is equal (= 1/3) for each chromophore
branch and fluctuations under the given conditions are not
strong enough to perturb this situation in order to induce
localisation of excitation. Another explanation may be based
on different conformers. The orientation of chromophores in
Fig. 1 is highly idealised. Given the fact that the central
triphenylamine core adopts a propeller-like geometry, several
conformers may result, where in some of those the orientation
of two chromophores leads to a vanishing electronic exciton
coupling. However in this case it is less obvious why this should
not be the case for the homotrimers. This is why we favour the
interpretation based on thermal motions/fluctuations.

In any case, the fact that the localised SQA or SQB state has a
lifetime on the order of nanoseconds raises the question why
no energy transfer takes place to lower lying states in the
heterotrimers, thus shortening the lifetime of the localised
states. Arguments based on Forster dipole-dipole energy
transfer concerning distance of energy donor and acceptor as
well as the spectral overlap issues cannot be raised as these
criteria are certainly fulfilled and would allow fast energy
transfer. However, unfavourable orientation of transition
dipoles may indeed slow down energy transfer. A look at the
estimated localised transition moments (Fig. 1) of the
heterotrimers shows that those of one SQA and of one SQB
are almost perpendicular which may reduce the dipole-dipole
coupling considerably. As to what extent this reduced coupling
can slow down energy transfer sufficiently is a matter of
current debate as Langhals and Riedle® recently showed that
even in cases of perfect perpendicular
chromophores, vibronic coupling can induce very fast energy
transfer.

Concerning the relaxation within the exciton
manifold, we interpret the GSB/SE signal around the excitation
wavenumber observed upon excitation of the highest exciton
state as an indication for the almost selective population of
this state at this energy. The associated lifetime for all homo
and heterochromophores is ca. 0.1 ps which is close to the
resolution of our set-up. Therefore, we take these lifetimes as
an upper bound of the real lifetime of the upper exciton state.
Indeed, recent coherent optical 2D experiments with
squaraine polymers gave intraband relaxations of a few 10 fs.%®

orientation of

intraband
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The electronic coupling in the star-like trimers as evaluated in
this work (ca. 600-700 cm™) is slightly larger than in the cyclic
squaraine trimer (572 cm™) built from three SQB squaraine
chromophores investigated recently.3 Despite the different
geometric arrangement which would favour emission from
allowed states in the symmetric homotrimers, the
fluorescence quantum vyield is only 0.10 for (SQB)3;N while that
of the cyclic trimer c(SQB); is 0.14.”7 In the latter -although
formally forbidden- symmetry breaking makes the lowest
exciton states allowed transitions. This clearly shows that
symmetry considerations may be disregarded when designing
larger somewhat flexible chromophores for fluorescence
application as symmetry breaking may override symmetry
arguments and other effects may predominate in the
fluorescence vs. nonradiative issues.

The main conclusion from this work is that combining two
different squaraines in star-like arrangements brings about a
broadening of absorption that surmounts that of analogous
homotrimers. However, these heterosquaraine super-
chromophores may populate localised states which counteract
the delocalised states formed by exciton coupling. These local
states may have a rather long lifetime which is not reduced by
energy transfer to lower lying states. Thus, the strategy to
broaden the absorption by using different chromophores that
are coupled excitonically comes to an end if static disorder or
dynamic fluctuations induce localisation of excitation.

EXPERIMENTAL

Steady-State Absorption Spectroscopy. All dyes were
dissolved in toluene (Uvasol from Merck) and the UV/vis/NIR-
absorption spectra were measured in 1 cm quartz cuvettes
from Hellma using a Jasco V-670 spectrometer. The pure
solvent was used as reference.

Femtosecond Transient Absorption Spectroscopy. The
samples were dissolved in toluene (Uvasol from Merck),
degassed for 30 min, filtered and stirred throughout the
measurement. The experiments were performed in 2 mm
fused silica cuvettes (Spectrocell Inc.) at RT and the optical
density was adjusted to ca. 0.3 at the corresponding excitation
wavenumber. The pump-probe measurements were
performed with a Helios transient spectrometer from Ultrafast
Systems and an amplified Ti:sapphire oscillator (Solstice) from
Newport Spectra Physics (pulse length of 100 fs) with a
repetition rate of 1 kHz and a fundamental wavenumber of
12500 cm™ (800 nm). The output beam from the Solstice
amplifier was split into two parts. A small part was focused
onto a vertically oscillating CaF, crystal to generate a white
light continuum between 11800 cm™ (850 nm) and 28600 cm™
(350 nm) which was polarised horizontally (the polarisation
was adjusted by using a wire grid (Thorlabs)). The pulse was
restricted with filters and used as the probe pulse. The main
part was used to pump an optical parametric amplifier (TOPAS-
C) from Light Conversion to generate the pump pulse with a
pulse length of 140 fs at the corresponding excitation
wavenumbers. By means of a wire grid (Moxtek) the

This journal is © The Royal Society of Chemistry 2015
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polarisation axis of the pump pulse was set to magic angle
relative to that of the probe beam. The pump pulse (50 nJ, @
ca. 0.1 mm) and probe pulse (@ ca. 0.5 mm) met at ca. 6°
vertical angle in the sample cuvette. The probe light was
measured by a spectrograph equipped with a CMOS sensor
(Ultrafast Systems, Helios) in the range between 11900 cm™
(840 nm) and 25000 cm™ (400 nm) with an intrinsic resolution
of 1.5 nm. Every second pump pulse was blocked by a
mechanical chopper (working at 500 Hz) to measure / and /y. In
order to compensate intensity fluctuations, a reference beam
was split off and also detected with an identical spectrograph.

In order to cover the spectral range from 11000 cm™ (910 nm)
down to 22000 cm™ (455 nm) accurately without interference
around 12500+200 cm™ (80010 nm) with the fundamental,
we used in one TA experiment a small portion of the light
coming from the TOPAS (6500 cm™ / 1530 nm) which was
frequency doubled. The 13100 cm™ (765 nm) and 6500 em™
(1530 nm) beams were separated. The 13100 cm™ beam was
used as the pump pulse and the 6500 cm™ beam to generate
white light in a CaF, crystal. Because of larger temporal white
light fluctuation, the signal-to-noise ratio is much worse than
in all other TA experiments. However, these TA spectra show
the accurate spectral shape of GSB/SE band in the 11100-
14300 cm™ (900-700 nm) region.

By means of a computer-controlled linear stage (retro reflector
in double pass setup) the relative temporal delay between
pump and probe pulse was varied in 20 fs steps from O fs to 4
ps and from 4 ps to 8 ns in logarithmic steps with a maximum
step size of 200 ps. Steady state absorption spectra were
recorded before and after the transient absorption experiment
to exclude degradation of the sample. The raw data were
corrected for stray light prior to data analysis of the difference
spectra map (time x wavelength).

The maps recorded under magic angle conditions were
analysed with GLOTARAN" #° including the correction for the
white light dispersion (chirp) and modelling the instrument
response function and the coherent artefact.
Emission Spectroscopy. Steady-state fluorescence
measurements were performed with an Edinburgh
Instruments FLS980 spectrometer. The compounds were
dissolved in toluene (Uvasol from Merck) and purged with
argon gas for 30 min prior to each measurement. Fluorescence
quantum yields were measured with an integrating sphere and
the FLS980 spectrometer applying the method of Bardeen et
al.*° to correct for self-absorption. Fluorescence lifetimes were
determined by time-correlated single-photon counting (TCSPC)
with the FLS980 spectrometer by exciting the samples with a
pulsed laser diode at 15200 cm™ (656 nm) under magic angle
conditions and using a fast PMT detector (H10720) for
fluorescence detection. Deconvolution of the data (4096
channels) was done by measuring the instrument response
function with a scatterer (LUDOX).

Femtosecond Fluorescence-Upconversion Spectroscopy. We

used a commercial fluorescence upconversion setup (Halcyone
from Ultrafast Systems). The laser system was the same as for

This journal is © The Royal Society of Chemistry 2015
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the fs-TA-experiments. The output beam was again divided in
two parts. One part seeded the optical parametric amplifier
(TOPAS-C from Newport Spectra Physics) to generate the
pump pulse with a pulse length of 140 fs. The other part of the
output beam was used as the gate pulse (12500 cm™, 800 nm)
which was delayed over a maximum of 3 ns in 20 fs steps from
0 fs to 4 ps and in logarithmic steps from 4 ps to 3 ns with a
maximum step size of 80 ps with a computer-controlled linear
stage. The samples were prepared as for the fs-TA-
experiments in 2 mm fused silica cuvettes (Spectrocell Inc.)
and were stirred during the experiment. The pump pulse was
focused onto the cuvette and the fluorescence light was
collected and focused on a 0.5 mm BBO type Il crystal for
frequency upconversion with the gate. All lenses in the setup
had a focal length of 100 mm and a thickness of 1.85 mm. The
upconverted light was focused on the entrance slit of a double
monochromator and measured by a PMT detector. For
polarisation dependent measurements the pump beam was
set to 45° by a A/2 plate relative to the horizontally oriented
gate beam. The polarisation of both beams was purified by
wire grids (Moxtek). In front of the cuvette, the pump beam
was finally adjusted to parallel, perpendicular and magic angle
relative to the gate beam with a wire grid for reasons already
explained in the section above. The anisotropic data were
analysed by a simultaneous deconvolution fit of the parallel,
perpendicular and magic angle traces at selected wavelengths
with a self-written implementation in MatLab. A detailed
description of this procedure can be found in literature.>®
Briefly, the measured signal intensity / is the convolution of the
instrument response IRF (taken as Gaussian shaped) with the
product of the population decay function S and respective
anisotropy function which depends on r.

1(t) 1+ 2r(t)
L(t) |=|S@) 1-r(t) ||®IRF
1, (t) 1
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