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ABSTRACT: Combining a squaraine (S) and a BODIPY (B)
chromophore in a heterodimer (SB) and two heterotrimers (BSB and —
SBS) by alkyne bridges leads to the formation of coupled oscillators ’
whose fluorescence properties are superior compared to the parent ;<

squaraine chromophore. The lowest energy absorption and emission _
properties of these superchromophores are mainly governed by the 2 7

squaraine part and are shifted by more than 1000 cm™ to the red by > ¢

excitonic interaction between the squaraine and the BODIPY dye. o B
Employing polarization-dependent transient absorption and fluorescence ' ' (!
upconversion measurements, we could prove that the lowest energy } :
absorption in SB and BSB is caused by a single excitonic state but by two

for SBS. Despite the spectral red-shift of their lowest absorption band, the

fluorescence quantum yields increase for SB and BSB compared to the

parent squaraine chromophore SQA. This is caused by intensity

borrowing from the BODIPY states, which increases the squared transition moments of the lowest energy band dramatically
by 29% for SB and 63% for BSB compared to SQA. Thereby, exciton coupling leads to a substantial enhancement of fluorescence
quantum yield by 26% for SB and by 46% for BSB and shifts the emission from the red into the near-infrared. In this way, the
BODIPY-squaraine conjugates combine the best properties of each class of dye. Thus, exciton coupling in heterodimers and
-trimers is a valuable alternative to tuning fluorescence properties by, e.g., attaching substituents to chromophores.

B INTRODUCTION only one type of chromophore is employed; ie., homoag-
gregates are considered. Much less is known about hetero-
chromophore assemblies in which two or more different
chromophores are incorporated, although this kind of dye
assembly may open the chance to tune the SC properties
considerably.'¥*°

In this paper we will investigate the photophysical properties
of heterodimer and heterotrimer SCs built up from an
indolenine squaraine dye and a BODIPY dye. The former
were chosen as they display sharp and intense absorption bands
in the red to near-infrared spectral region*' >* and they are

Fluorescence dyes emitting in the red or near-infrared with high
quantum yield are highly sought after because of many
technological' > and medical applications.” In this context,
tuning absorption and fluorescence energy characteristics of
organic chromophores by attaching small substituents to a
parent chromophore structure is a very popular but also limited
method.®” Often, broadening of absorption and/or decrease of
fluorescence quantum yield are unwanted side effects.® Finding
completely new chromophore archetypes requires extensive
synthetic work and is also not easy to achieve.” Therefore, we ] ) e e
follow an alternative route in which we combine different T:)elr;%_;se.d m nun}grougs_%%pllcat{ons sucb if,_f; biolabel-
chromophores to form covalently bound superchromophores 1ng, lon recognition, nonlinear optics and solar

10 e P energy conversion.**””> BODIPY dyes are even more popular
(SC).”” In these SCs the transition moments of individual gy : Y pop
as fluorescence dyes absorbing in the green spectral region.

They also show a relatively intense and narrow absorption
band.”>”7® These are ideal conditions for investigating
chromophore interactions in SCs because coupling induced
shifts will easily be visible for strong and narrow absorption

chromophores are coupled (exciton coupling) to produce new
coupled oscillators whose resonance energy may deviate
strongly from those of the individual chromophores.'" Nature
uses this concept in light harvesting employing huge complexes
of chlorophyll molecules in the chromosomes of green bacteria.

Artificial analogues are the J-aggregates of cyanine dyes whose bands. In particular, we focus on the squaraine-BODIPY
enhanced coherent excitation and emission properties have heterodimer SB, and the heterotrimers SBS and BSB (for their
been studied for decades.'*™' This pretty old concept'” has synthesis, see Supporting Information (SI)). In these SCs, the
recently experienced a revival because the formation of J-

aggregates may lead to what is nowadays frequently called Received: December 3, 2014

“aggregation induced emission” (AIE)."® In all these examples Published: March 4, 2015
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Figure 1. BODIPY and squaraine parent chromophores and heterodye conjugates along with their respective orientation of transition moments of

the lowest energy localized states.

individual dyes were held together by triple bonds, which
reduce flexibility and leads to fixed interchromophore distances
although different conformers may result from rotation around
the triple bonds. The steady-state and time-resolved optical
properties will be investigated and compared to those of the
parent chromophores SQA'® and the BODIPY dyes BODIPY-1
and BODIPY-2" (see Figure 1).

B RESULTS AND DISCUSSION

The synthesis of the heterodimer SB and the two heterotrimers
BSB and SBS was accomplished by copper-free Sonogashira
reaction of appropriate bromine-substituted squaraines and
alkyne-terminated BODIPY dyes (Scheme 1, see SI for details).
The copper-free variant of Sonogashira reaction was used
because of less formation of homocoupling products, which are
difficult to remove from the target compounds.

The steady state absorption spectra of all SCs and their
parent compounds in toluene are given in Figure 2a—c. The
spectrum of SQA is typical of squaraine dyes and will serve as a
reference. The spectrum is quite narrow (fwhm = 560 cm™)
and has a weak vibronic shoulder to the higher energy side. The
spectrum of the heterodimer SB displays a strong absorption at
15000 cm™" similar to SQA but red-shifted by S00 cm™. A
second, much weaker band at 19000 cm™ is visible that is
shifted by 100 cm™ compared to that of BODIPY-1, which we
consider to be the most suitable dye for comparison. This
drifting apart of electronic transitions is caused by exciton
coupling of localized transition moments at the squaraine and
BODIPY chromophore moieties, respectively. Figure 3 sketches
the electronic situation for the head-to-tail arrangement of a
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homodimer that gives two excitonic states, split by twice the
exciton coupling energy, J. The relative phase relations of the
localized transition moments make the lowest exciton state
being an allowed transition and the upper exciton state being
forbidden. This scenario refers to the well-known J-type
aggregate behavior.'"">7®

OBy = 2y AE* + J*

» _ 3hceyIn 10
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£®) 4
20007°N (n* + 2)°
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: /
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In heterodimers, the excitonic levels can be evaluated in the
usual manner and are split by 6Egp. (eq 1), which is larger
than 2] of the homodimer. In this equation, 2AE is the energy
difference between the diabatic (noninteracting) energy levels
of the two chromophore units in the heterodimer. As zero
energy, we take the midpoint between these diabatic levels.
Because the transition moments are in general unequal for
heterodimers, they do not cancel for the upper excitonic level in
the head-to-tail arrangement, thus both states, the lower and
the upper are allowed. This is exactly what we observe for SB.
Interestingly, while the sum of the squared transition moments
#* (calculated by integration of the spectra, see eq 2) for the
squaraine and the BODIPY band are roughly that of the sum of
the parent chromophores (189 D* vs 160 D?), the one of the
squaraine band in SB is larger (159 D* vs 123 D*) and the one
of the BODIPY band in SB is smaller (30.4 D vs 36.5 D*) than
those of the respective parent compounds (see Table 1). This
intensity borrowing is caused by the phase relations of the
transition moments, which intensify the lower state on the
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Scheme 1. Synthesis of SB, BSB and BSB by Copper-Free Sonogashira Reaction
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expense of the upper state in case of a head-to-tail
arrangement.””*® The fact that SB shows an angle of ca. 120°
between the chromophore long axes leads to some modification
of intensity and orientation of resulting transition moments but
we consider the head-to-tail model as qualitatively correct for
our purposes. From the absorption maxima of SQA and
BODIPY-1 we estimate AE = (¥,,(BODIPY-1) —
Uax(SQA))/2 = 1700 cm™ and with the experimental state
splitting of SB = 4000 cm™' we evaluate an exciton coupling
energy IJl = 1050 cm™ by eq 1 (the coupling is negative for a
head-to-tail arrangement).

In case of BSB the absorption spectra show an even more
intense squaraine-type band at 14 400 cm™', which is strongly
red-shifted compared to SQA by 1100 cm™, and a broad
BODIPY-type band at 19 000 cm™. Again, the sum of squared
transition moments of BSB is larger than that of the parent
chromophores (271 D* vs 169 D?) and the squaraine band is
more intense (201 D? vs 123 D?) and the BODIPY band is
weaker (70.1 D? vs 2 X 36.5 D* = 73 D?) than in the parent
chromophores.

For BSB the exciton interaction matrix reads as in eq 3 where
we adopt the nearest-neighbor approximation and neglect
dispersion interactions between the chromophores in the
ground state. Solving the secular determinant eq 3 yields the
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state diagram in Figure 3 with three exciton states and a state
splitting of SEgim.: (see eq 4) for the lower and upper state,
which is in case of identical AE and ] values larger than that of
the heterodimer. In the same way as for SB we estimate |J| =
1100 cm™' by eq 4 for the exciton coupling energy in BSB,
which is in excellent agreement with that in SB. Exciton
coupling theory also predicts that the lowest exciton level
carries most of the oscillator strength, the middle state is
forbidden and the upper states carries less oscillator strength
(for a compilation of all eigenvalues and eigenvectors, see SI).
At this point we would like to address an issue that has
frequently led to misunderstandings: The exciton coupling
energy is a quantity that enters in, e.g, eq 3, and which leads to
a certain splitting/shifting of excited energy levels. With
increasing energy difference 2AE between the diabatic states,
the influence of ] on this splitting becomes weaker but not the
coupling energy itself, as is obvious when looking at eq 4.
Therefore, the fact that many heterochromophore aggregates
show only little energy displacements compared to their parent
chromophores does not allow concluding on weak coupling, it
may also be caused by a large 2AE. However, comparing eq 1
with eq 4 shows that the effect of ] on the splitting is larger for
the trimer than for the dimer because of the 2J* term in the
root. For a heteropolymer this transforms into a 4] term.'”
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Figure 2. (a—c) Steady-state absorption spectra in toluene. In each panel the spectra of SB, BSB, and SBS are compared with their parent
compounds SQA and BODIPY-1 or BODIPY-2, respectively. In panel (c) the pump wavenumbers for the FLUC and TA measurement are

indicated. (d) Fluorescence spectra in toluene.
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In contrast to BSB and SB, which both show narrow
squaraine bands similar to that of SQA, the heterotrimer SBS
exhibits a much broader squaraine band at 14600 cm™.
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However, the BODIPY band is much weaker and hardly visible
at 19000 cm ™. For this reason we refrain from evaluating the
separated squared transition moments and give that of the sum
only, which is 339 D? compared to 291 D” for the sum of
individual parent compounds. As reference compound for SBS
we chose BODIPY-2 as this chromophore carries two acetylene

Lto

groups that shift the absorption maximum by 900 cm™
lower energy compared to BODIPY-1.
The exciton state diagram for SBS (Figure 3) is similar to

that of BSB with the middle state now being closer to the lower
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Table 1. Optical Data of Squaraine and BODIPY Dyes in Toluene at RT

Vpe/cm ™ (e/M7 em™) Vpea/cm (e/M7! em™) W 7g/cm™!
" [fwhm/cm™]* u3/D*? "~ [fwhm/cm™]¢ u/D*¢ 2/D? [fwhm/cm™']¢ o J/em™'8
SQA 15 500 123 123 15 400 0.57 + 0.007
(340 000) [590]
[560]
BODIPY-1 18 900 36.5 36.5 18 300 0.78 % 0.010
(70 600) [1090]
[1090]
BODIPY-2 18 000 44.9 449 17 500 0.92 + 0.013
(86 900) [920]
[970]
SB 15000 159 19 000 30.4 189 14 600 0.72 £ 0014 1050
(348 000) (29 600) [600]
[700]
BSB 14 400 201 19 000 70.1 271 14 100 0.83 +0.025 1100
(435 000) (65200) [610]
[710]
SBS 14 600 19 000 339 14 100 0.53 +0.035 990"
(484 000) (19 600) [750] 1250°

“Absorption energy (molar extinction coefficient) [full width at half-maximum] of the squaraine-type band. bSquared transition moment of the
squaraine-type band. “Absorption energy (molar extinction coefficient) [full width at half-maximum] of the BODIPY-type band. “Squared transition
moment of the BODIPY-type band. “Fluorescence wavenumber [full width at half-maximum]. JAbsolute fluorescence quantum yield. ¥Exciton

coupling energy. hEvaluated using BODIPY-2 as the reference chromophore. “Evaluated using BODIPY-1 as the reference chomophore.
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Figure 4. Vectorial representation of phase relations of transition moments of SBS for different orientations (DFT optimized geometries of model
compounds without solubilizing alkyl chains at the bottom, see SI): orange vector = squaraine, blue vector = BODIPY, black vector = vector sum.
The relative length of the orange and the blue vectors are arbitrary as they depend on the coefficients of eigenvectors (see SI).

state. As above, we evaluate IJl = 990 cm™', again in very good
agreement with the coupling in SB and BSB. Using BODIPY-1
as reference compound would lead to IJl = 1250 cm™.

Compared to the BODIPY parent chromophores, attaching
two trimethylsilylacetylene groups to SQA only leads to a 400
cm™! shift (15100 cm™"*! vs 15500 cm™ (SQA)). We stress
that the choice of the proper reference chromophore is crucial
for the evaluation of the electronic coupling, which thereby
introduces a major source of error. The above evaluated
coupling energies thus should be considered as a function of
the choice of diabatic states (= noninteracting parent
chromophores).

The broadness of the squaraine band in SBS might be caused
by different conformers, which may adopt a cisoid and a transoid
structure concerning the relative orientation of squaraine dyes
to each other. This fact requires modifying the phase relations
of transition moments as given in Figure 4. Now we have to
take into account the ca. 120° angle between the chromophores
(for DFT computed molecular structure, see SI), which leads to
a nonvanishing vector sum of transition moments for the
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middle state in case of the cisoid arrangement of chromophores.
This transition is now allowed and refers to the intense
shoulder in the absorption spectra of SBS at ca. 15000 cm™.

The steady-state fluorescence spectra (see Figure 2d) of all
squaraine-containing compounds show very small Stokes shifts
(on the order of 100—500 cm™) and similar band shapes as
that of the parent squaraine SQA, which displays mirror image
to its absorption spectrum. The fact that the fluorescence
spectrum of SBS does not display mirror image to its
absorption spectrum supports the assumption that the broad
squaraine absorption of SBS stems from two different excitonic
states as only the lowest one should lead to fluorescence. The
fluorescence spectra of the BODIPY dyes are also mirror
images of their respective absorption spectra. Comparison of all
these spectra shows that the lowest excitonic states of the
heterodimer and the heterotrimers have essentially squaraine
character. As a consequence of exciton coupling, the
fluorescence of these SCs is strongly red-shifted (800—1300
cm™') compared to that of SQA and extends into the NIR.
Fluorescence quantum yields were determined for all dyes with
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Table 2. Time-Resolved Optical Data of Squaraine and BODIPY Dyes in Toluene at RT

7/ns (TCSPC)® ki = de/ze/s™'% w/ps (a) (FLUC)® t/ps (TA)? 1,/ps (r(t = 0)) anisotropy (FLUC)® 7,/ps (r(t = 0)) anisotropy (TA)Y

SQA 1.7 3.35 x 10° 0.31 (—0.091) 1.0
16 (—0.027) 740
1400 (1) 1900
[16900/15 300] [15 500]
BODIPY-1 4.7
BODIPY-2 4.5
SB 1.9 3.79 x 10° 170 (0.115) 14
1900 (1) 50
[16 400/14 500] 490
2000
[14900]
BSB 1.8 461 x 10 0.51 (—0.104) 1.0
35 (=0.176) 50
1500 (1) 320
[15400/13 900] 1800
[14 500]
0.70 (—0.070)
34 (=0.123)
1700 (1)
[19000/[13 700]
SBS 1.3 4.08 x 10 0.29 (—0.246) 0.13
70 (—0.197) 5.0
450 (0.150) 88
1200 (1) 1200
[15 600/14 000] [14 600]

200 (0.4) 200 (0.36)
[16900/15 300] [15 500/14 200]
180 (0.35)
[15 500/15 400]
440 (0.36)
[16 400/14 500]
980 (0.38)
[15 400/13 900]
1090 (0.025)
[19000/13 700]
960 (0.15) 1400 (0.36)
[15 600/14 000] [14 600/14 500]

“Fluorescence lifetime measured TCSPC, excitation at 15200 cm™ (squaraine dyes) and 23 900 cm™ (BODIPY dyes), emission at the emission
maximum. “Radiative rate constant. “Fluorescence lifetime (amplitudes) [excitation/fluorescence wavenumber] measured by FLUC. dGlobally fitted
lifetimes of SADS measured by TA [pump wavenumber]. “Lifetime of anisotropy decay (initial anisotropy) [excitation/fluorescence wavenumber]
measured by FLUC. /Lifetime of anisotropy decay (initial anisotropy) [excitation/probe wavenumber] measured by TA.

an integration sphere. The amazing point is that for both SB (¢
= 0.72) and BSB (¢; = 0.83) the fluorescence quantum yield
increases compared to SQA (¢ = 0.57) due to the interaction
with the BODIPY dye. This contradicts the gap rule, which
suggests increasing rates of nonradiative processes while going
to lower fluorescence energies.gz’83 In contrast, the quantum
yield of SBS is much smaller than that of SB and BSB and even
SQA, which is likely caused by the allowed middle state in the
cisoid conformer.

The BSB and SBS superchromophores behave also much
differently from a recently described squaraine-fluorene-
squaraine heterotrimer,** which displays very similar absorption
and emission properties to its parent squaraine chromophore
presumably because the excited state of the fluorene moiety is
too high in energy and excitonic couplings exert only little
changes of state energies. On the other hand, Therien et al.
compared alkyne-connected Zn-porphyrin oligomers consisting
of identical chromophores with oligomers of alternating slightly
different Zn-porphyrins.*>*® While impressive red-shifts of
absorption and fluorescence were found for both series, the
spectral width of the absorption band also increases strongly
with the number of porphyrin units.

The above-described steady-state optical properties of SB,
BSB, and SBS can quantitatively be understood by exciton
coupling theory. In order to probe the influence of the
excitonically coupled chromophores on the dynamic optical
properties we performed time-resolved fluorescence and
transient absorption experiments.
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To cover and compare the whole temporal evolution of all
chromophores by fluorescence spectroscopy, we measured the
fluorescence decays of all chromophores by time-correlated
single-photon counting (TCSPC, IRF ca. 200 ps) in toluene.
From the results in Table 2 it is obvious that while the BODIPY
dyes show monoexponential decays with lifetimes of ca. 4—5 ns
the squaraine dyes have lifetimes of ca. 1.7—1.9 ns, with
exception of SBS, which has a significantly reduced lifetime of
1.3 ns. Using these lifetimes and the fluorescence quantum
yield we calculated the fluorescence rate k¢ = ¢by/7; (see Table
2), which is larger for SB and BSB compared to SQA and
explains the effect of intensity borrowing on the basis of rate
constants.

For the squaraine dyes better time resolution was obtained
by fluorescence upconversion (FLUC) measurements with fs-
time resolution (see Table 2 and SI). These measurements
show multiexponential decays even for the SQA parent
chromophore but the longest lifetime is in good agreement
with the TCSPC results in all cases. For SQA, small negative
amplitudes for the 0.31 and 16 ps component are indicative of
dynamic changes of the fluorescence spectral band shape, which
is probably caused by intramolecular vibrational relaxation
(IVR) and vibrational cooling (VC)¥ ™% because solvent
relaxation effects are supposed to be small considering the
nonpolar excited state and the nonpolar toluene.” Similar
observations were made for BSB but not for SB, which shows
only two decay components. In any case, the longest
component dominates by far the decay to the ground state.
We stress that for technical reasons it was not possible to excite
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the chromophores at the absorption maxima of the spectra and
to measure the fluorescence decay at the maxima of the
respective fluorescence spectra. This has to do with the
excitation and emission wavenumber being very close and also
close to the laser fundamental, which leads to stray-light
artifacts even when using a type-II BBO crystal for sum-
frequency generation in the FLUC experiments. The observed
rise-time and decay-time components may then depend on the
specific excitation/emission wavenumber combination. There-
fore, we refrain from discussing the minor components in more
detail.

In order to circumvent the above-mentioned problems we
measured transient absorption (TA) pump—probe spectra
where we excited the samples in toluene at the maximum of
their absorption with 140 fs laser pulses and probed the spectral
difference with a white-light continuum between 12 500 and
25000 cm™" (400—800 nm).”® The original chirp- and stray-
light corrected data can be found in the SI. Here we focus on
global target fits to the transient wavenumber X time map. In
these target fits we assume a consecutive model (A—> B — C
etc. and A > Sy, B — S etc.) where all spectral components
are associated with species and, thus, yield “species associated
difference spectra” (SADS), which are given in Figure S. Each
component is also allowed to decay directly to the ground state.
The efficiencies for each reaction pathway are given in the
reaction scheme in Figure 5 and were determined under the
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Figure S. Species associated difference spectra of a global target fit to
the transient absorption measurements in toluene. The inset gives
state diagrams with the lifetimes and efficiencies of the corresponding
excited states. S, and the initially pumped state are represented by
black bars. The efficiency differences to 100% refer to the direct
pathways to the ground state.
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assumption that all SADS at the maximum bleaching signal
show the same optical density because they should possess the
same extinction coefficient. In general the SADS consist of
three contributions: (negative) ground state bleaching (GSB)
signals where the steady-state spectra show prominent
absorption bands; a (negative) stimulated emission (SE) signal
where the steady-state spectra show fluorescence (intensity
divided by %), and (positive) excited state absorption (ESA) to
higher lying states.

For SQA the SADS show strong bleaching associated with
the strong S; < S, GSB superimposed by SE S, — §,
contribution to the low energy side. These two contributions
merge to a strong negative signal with a minimum at 15 500
cm™. At 18 000—23 000 cm™" there is a broad and featureless
ESA band (see SI). Between the first (z = 1.0 ps) and the
second (7 = 740 ps) SADS there is a slight red-shift of the SE
flank of the 15 500 cm™" signal and between the second and the
third (z = 1.9 ns) SADS there is a slight blue-shift of both the
GSB and the SE flanks. The shorter time constant (1.0 ps) is
probably associated with an IVR process (see fluorescence
upconversion results above). The slower process (7 = 740 ps) is
difficult to assign to a specific process. One might speculate
about vibrational cooling, which is so slow that in parallel
relaxation to the ground state occurs. In fact this would be a
continuous process and the representation by a single time
constant is inadequate. Similarly long decay components were
observed before for analogous squaraine dyes by other
authors.”"”? There, the hundred ps component was argued to
be caused by an isomerization reaction. However, the long
lifetime speaks against isomerization via a conical intersection
as do the almost identical transient spectra for all three
components (see Figure S and a magnification of the SADS in
the SI). Furthermore, fluorescence anisotropy measurements
(see below) also show no indication of an isomerization
process.”® Thus, an unspecified relaxation processes that goes
along with little geometric/electronic changes appear to be the
most likely explanation.

In SB the situation is similar to SQA, however, the global
analysis procedure requires four components (see Table 2)
whose SADS exhibit an increasing red-shift of the SE flank as
does the low-energy side of the ESA at ca. 17 000—18 000
cm™". The SADS of BSB show a very similar scenario with very
similar lifetimes of the components but with more pronounced
red-shifts. Again, for SQA, SB and BSB the slowest component
is in good agreement with the time-resolved emission
measurements. The shorter components cannot be compared
with the FLUC data because dynamic shifts of bands result in
different lifetimes and amplitudes in a single color measurement
as FLUC than in a globally fitted broad-band measurement
such as the TA experiments. The dynamic properties of SB and
BSB obviously are governed by the squaraine part of the SC.

Much in contrast to SQA, SB and BSB, the SADS of SBS
show some additional features. These are, besides the
superimposed GSB and SE at ca. 14500 cm™, weak ESA
signals at 13 800 and 15200 cm™ for the component with the
shortest lifetime (7 = 0.13 ps) and somewhat stronger ESA for
all longer-lived components at the latter wavenumber. In
addition, the successive red-shifts of the four SADS are even
stronger than those in BSB and the associated lifetimes for the
three shortest SADS are about 1 order of magnitude shorter
compared to those of SB and BSB. This might be caused by the
presence of cisoid and transoid conformers in SBS (see Figure
4) that are absent in BSB. The ESA at 15200 cm™' may be
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Figure 6. (a) Fluorescence upconversion measurements (circles) of BSB with pump pulse at magic angle (MA), parallel (]|) and perpendicular (L)
orientation relative to the gate pulse (pump at 15400 cm™, fluorescence at 13900 cm™). The MA data are not to scale to the parallel and
perpendicular data. Global convoluted fit curves (red lines). (b) Experimental fluorescence anisotropy and convoluted anisotropy r.

caused by a two-exciton state, that is, transitions into a state
where both squaraine chromophores are excited.”* The more
pronounced red-shift points toward stronger molecular
reorientation processes in the excited state.

As indicated above, the deviations of the optical properties of
SBS from, e.g, BSB may be traced back to excitation to the
middle state being allowed caused by the presence of
conformers. Such geometric changes should be visible in the
time-resolved anisotropy of fluorescence, which is sensitive to
changes of the orientation of the transition moment of the
emitting state vs the transition moment of the primarily excited
state.”® Therefore, we determined the time-resolved fluores-
cence anisotropy r(t) (see eq S) by FLUC for all squaraine
containing chromophores. In this equation, @ refers to the angle
between the excitation and the emission transition moment.
The anisotropy was determined by measuring the time-
dependent fluorescence at parallel, perpendicular and magic
angle orientation of the pump pulse relative to the gate pulse
(see Figure 6). These time traces were deconvoluted by the
instrument response (assumed to be Gaussian-shaped) and
globally fitted, which yields the isotropic decay times and
amplitudes and the anisotropic decay time together with its
amplitude.96 In all cases, (t) shows a monoexponential decay
(Table 2) whose lifetime is related to the rotational diffusion
and, thus reflect the increasing hydrodynamic radius of
chromophores in the series 7,(SQA) = 200 gs, 7,(SB) = 440
ps, 7,(BSB) = 980 ps, and 7,(SBS) = 960 ps.”’

r(t) = IH(t) - I(t) _ 23 cos’ 9 — 1
I(t) +2L(t) S 2 )

Even more interesting is the anisotropy (amplitude) at t = 0,
which can be related to the angle & between the excitation and
the emission transition moment before rotational diffusion or
other processes such as energy transfer or energy relaxation
leads to a decay of anisotropy with time (see eq S). The initial
anisotropy r(t = 0) is almost 0.4 for SQA, SB, and BSB (see
Table 2) referring to 0° angle; that is, the transition moment
for absorption and emission are parallel, which is what we
expect for the emitting state being the same as the excited state.
However, SBS shows r(t = 0) = 0.15, which refers to 40°. As
stated above, because of technical reasons we excited the
samples at the high energy flank of the squaraine band at
16400 cm™" for SB, 15400 cm™" for BSB and 15 600 cm™" for
SBS. In case of SBS this means that we excited predominantly
the middle exciton level of the cisoid conformer. Internal
conversion to the lowest exciton state is a prerequisite to emit
fluorescence. As sketched in Figure 4 the transition moment of
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the middle state and the lowest exciton state have an angle of
ca. 90°, which theoretically refers to an initial anisotropy r(t =
0) = —0.2. In case of the transoid isomer we can only excite the
lowest exciton state, which should result in 7(t = 0) = 0.4. If we
assume a mixture of cisoid and transoid conformers with, e.g,
equal amounts this would result in an anisotropy of (r(90°) +
r(0°))/2 = (—0.2 + 0.4)/2 = 0.1 in reasonable agreement with
experiment.

In order to support the assumption that we excite a mixture
of conformers of SBS we performed polarization dependent TA
measurements. In general, unlike fluorescence measurements,
where the anisotropy is always between —0.2 and +0.4, for TA
measurements the anisotropy can adopt all values between —oo
and +0o because several signals (GSB, SE, ESA) can contribute
at a single wavenumber.”® However, at the GSB/SE band of the
squaraine dyes (around 14 000—16 000 cm™'), there is hardly
any ESA signal contribution. Because GSB of the lowest excited
state and the ESA signal are expected to possess the same
direction of transition moments this should simplify the
analysis. This assumption is confirmed by measuring the TA
anisotropy of SQA by pumping at 15 500 cm™" and probing at
14200 cm ™!, which indeed gives 7(t = 0) = 0.36 as expected for
a lowest energy pumped and probed state with minimal overlap
with other states. For SBS we pumped at 14 600 cm™', which is
at the lowest exciton level and probed at 14 S00 cm™" yielding
r(t = 0) = 0.36. Again, this high anisotropy shows that we
pumped and probed the identical lowest energy state. Thus,
this TA experiment at 14600 cm™

together with the FLUC anisotropy measurement, which
1

pump
wavenumber, proves that the squaraine absorption band
between 14000 and 17000 cm™' of SBS consists of the
lower and the middle excitonic states.

Finally it is instructive to see what happens if the BODIPY
state of SB and BSB is excited at 18 900 cm™ (the BODIPY
band of SBS is too weak for such an experiment). While the TA
spectra (SADS) and their associated lifetimes are similar to the

pump wavenumber

shows a much lower anisotropy at 15600 cm™

ones pumped at the maximum of the squaraine band (see SI),
the initial anisotropy of the FLUC measurement of BSB is
0.025 (z,(BSB) = 1090 ps in excellent agreement with the
experiment at 15400 cm™' pump wavenumber, see Table 2 and
SI). This surprisingly low initial value indicates energy transfer
from the upper excitonic state to the emitting lowest state being
much faster than our time resolution (<200 fs).

DOI: 10.1021/ja512338w
J. Am. Chem. Soc. 2015, 137, 35473557


http://dx.doi.org/10.1021/ja512338w

Journal of the American Chemical Society

B CONCLUSIONS

Combination of two different chromophores, squaraine and
BODIPY, in a heterodimer and two heterotrimers allowed
tuning the superchomophore properties. The lowest energy
absorption and emission properties are mainly governed by the
squaraine part of the SCs, which can be shifted by more than
1000 cm™ to the red by the excitonic interaction with the
BODIPY dye. The exciton coupling energy is ca. 1000 cm™" for
all squaraine-containing SCs, which is substantial compared to,
e.g, squaraine polymers with IJl ~ 400—700 co™"'** but
similar to thiophene-bridged squaraine dyes.** Employing
polarization-dependent TA and FLUC measurements we
could prove that the squaraine absorption in SB and BSB is
caused by a single excitonic state but they are two for SBS. In
this way, the dynamic properties of SBS differ from those of all
other squaraine compounds in terms of dynamic Stokes shift,
lifetimes and, most importantly, fluorescence quantum yield,
which is decreased compared to SQA. For SB and BSB the
situation is quite different: despite the spectral red-shift of the
lowest absorption band, the fluorescence quantum vyields
increase for SB and BSB compared to SQA, which contradicts
Siebrand’s gap rule. This is caused by intensity borrowing from
the BODIPY states, which increases the squared transition
moments of the squaraine band dramatically by 29% for SB and
63% for BSB compared to SQA. In this way, exciton coupling
can lead to a substantial enhancement of fluorescence quantum
yield by 26% for SB and 46% for BSB and shift the emission
from the red to the near-infrared while keeping the bandwidth
almost constant. Thus, exciton coupling in heterochromophore
systems represents an alternative way to tune and improve
fluorescence properties of dyes provided that the excited state
energies of the two chromophore units are not too far away. In
conclusion, the here investigated superchomophores combine
the best of two worlds, the high fluorescence quantum yield of
BODIPY dyes with the low energy fluorescence of squaraine
chromophores.

B EXPERIMENTAL SECTION

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 Cary 5000 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 measure-
ments 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 12 S00
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 11 900 cm™
(840 nm) and 25000 cm™' (400 nm), which was polarized
horizontally (the polarization was adjusted by using a wire grid
(Thorlabs)) 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 (SQA: 15500 cm™,
SB: 14900 cm™", BSB: 14 500 cm™, SBS: 14 600 cm™). By means of
a A/2-plate and a wire grid (Thorlabs) the polarization axis of the
pump pulse was set to 45° relative to that of the probe beam. With a
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second wire grid the probe beam was then adjusted to paralle],
perpendicular and magic angle relative to the probe beam. This
ensures that the sample was excited with the same intensity in the
parallel and perpendicular measurements. The pump pulse (@ ca. 0.5
mm) and probe pulse (@ ca. 0.1 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 11 900 and 25 000 cm™" with an intrinsic resolution of
1.5 nm. Every second pump pulse was blocked by a mechanical
chopper (working at 500 Hz) to measure I and I, In order to
compensate intensity fluctuations, a reference beam was split off and
also detected with an identical spectrograph.

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 analyzed
with GLOTARAN®>'® including the correction for the white light
dispersion (chirp) and modeling the instrument response function and
the coherent artifact. The anisotropic data were analyzed by a
simultaneous reconvolution 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
the literature.'”" Briefly, the measured signal intensity I 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.

I(t) 1+ 2r(t)
L() [=[SOf 1 - @) || ® IRE
Iya(t) 1 (6)

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 pulsed laser
diodes at 15200 cm™ (SQA, SB, BSB, SBS) or at 23900 cm™*
(BODIPY-1, BODIPY-2) under magic angle conditions and using a
fast PMT detector (H10720) for fluorescence detection. Deconvolu-
tion 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 Ultrafsat Systems). The laser system was the same as for the fs-
TA-experiments. The output beam was again divided in two parts. One
part seeded the optical parametric amplifier (TOPAS from Newport
Spectra Physics) to generate the pump pulse with a pulse length of 140
fs and an excitation wavenumber of 16 900 cm™" for SQA, 16 400 cm™*
for SB, 15600 cm™ for SBS and 15400 cm™ for BSB. The other part
of the output beam was used as the gate pulse (12 500 cm™), 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 II crystal for frequency
upconversion with the gate pulse whose focus was adjusted to lay ca.
10 mm behind the BBO crystal. All lenses in the setup had a focal
length of 100 mm and a thickness of 1.85 mm. The upconverted light
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was focused on the entrance slit of a double monochromator and
measured by a PMT detector. For polarization dependent measure-
ments the pump beam was set to 45° by a 1/2 plate relative to the
horizontally oriented gate beam. The polarization 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 analyses of the anisotropic fluorescence
upconversion data was done exactly as for the anisotropic transient
absorption data.

B ASSOCIATED CONTENT
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Synthetic protocols, eigenvalues and eigenvectors of exciton
coupling theory, raw data of time-resolved measurements. This
material is available free of charge via the Internet at http://
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