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Abstract

Strong excitonic coupling in photosynthetic systems is believed to enable efficient light absorption
and quantitative charge separation, motivating the development of artificial multi-chromophore
arrays with equally strong or even stronger excitonic coupling. However, large excitonic coupling
strengths have typically been accompanied by fast non-radiative recombination, limiting the
potential of the arrays for solar energy conversion as well as other applications such as fluorescent
labeling. Here, we report giant excitonic coupling leading to broad optical absorption in
bioinspired BODIPY dyads that have high photostability, excited-state lifetimes at the nanosecond
scale, fluorescence quantum yields of nearly 50%. Through the synthesis, spectroscopic
characterization, and computational modeling of a series of dyads with different linking moieties,
we show that the strongest coupling is obtained with diethynylmaleimide linkers, for which the

coupling occurs through space between BODIPY units with small separations and slipped co-facial
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orientations. Other linkers allow for broad tuning of both the relative through-bond and through-
space coupling contributions and the overall strength of interpigment coupling, with a tradeoff
observed in general between the strength of the two coupling mechanisms. These findings open
the door to the synthesis of molecular systems that function effectively as light-harvesting antennas

and as electron donors or acceptors for solar energy conversion.

Introduction

Strongly interacting chromophores are key components in photosynthetic light-harvesting
antennas'™ and photosynthetic reaction centers.}® It has long been argued that electronic inter-
pigment interactions play a pivotal role in the efficient light harvesting and ultrafast, nearly
quantitative charge separation accomplished by natural photosynthetic systems.>° This has
inspired a growing interest in producing artificial multi-chromophoric arrays with strong inter-
pigment electronic interactions that mimic the advantages of natural systems for developing
diverse functional photonic materials.20-44

Designing arrays with strong excitonic coupling and long excited-state lifetimes requires
an understanding of and control over the coupling mechanisms, as numerous processes may result
in quenching of the excited state, such as increase in non-radiative rate constants,****> symmetry-
breaking charge transfer,*’*8 and excimer formation.*>* In synthetic arrays, as in natural systems,
excitonic coupling between adjacent chromophores can occur both by interactions between
transition dipole moments (long-range excitonic coupling) and by spatial overlap of m-orbitals
(short-range excitonic coupling).?%25152 This “through-space” coupling has the effect on the
absorption spectra,?®! with absorption peaks shifting to higher energies for face-to-face
arrangements of the chromophores (H-aggregates) and peaks shifting to lower energies for head-
to-tail arrangements (J-aggregates). Slipped co-facial arrangements, which break the symmetry of

H-aggregates, can produce two new absorption peaks in place of the original one, with maxima
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located at both shorter and longer wavelengths, thus enabling broadband optical absorption.
Moreover, the short-range excitonic coupling significantly modifies the ground-state electronic
structure of individual chromophores.*6°34 In synthetic arrays where chromophores are connected
by molecular linkers, “through-bond” coupling is also possible, due to electronic w-conjugation
through conjugated linking moieties, which further modifies the ground-state electronic structure
of chromophores. 654

A variety of chromophores have been studied for such synthetic arrays, including

22,23,37,38,46,54 aceneS,32’35’36’39’41 rylenediimides,25*30'40 squaraines,34’42 and

porphyrins,
(mero)cyanines.***#4 Coupling strengths (calculated as a half of the energy between the maxima in
the absorption band) as large as 1488 cm™ have been obtained using cyanines.** In this study, we
employ a BODIPY derivative. BODIPYSs are characterized by intense absorbance around 500 nm
that can by significantly red-shifted by chemical means up to 700 nm, and feature relatively high
stability and facile synthesis.>>°” BODIPY derivatives have been explored in arrays for solar
energy conversion both as light-harvesting units and as redox-active components.>®>” Multiple
arrays containing BODIPYs have been studied, including strongly m-conjugated dyads,>-%* co-
facial dyads,*9°065%¢ directly-linked dyads,*’#8%7-%° and cyclic BODIPY arrays.”%"* Directly-
linked dyads have shown excitonic coupling as large as 1313 cm™ (2626 cm™ separation of
absorption-band maxima).®” Numerous photochemical processes have been reported for dyads
containing BODIPY, including symmetry-breaking photoinduced electron transfer*” 48 and singlet
fission.®

The complexity of the various coupling mechanisms, all of which can operate
simultaneously, means that optimization of chromophoric arrays must be approached empirically,
through a combination of organic synthesis, spectroscopic studies, and computational analysis. In
this contribution, we apply this approach to a series of dyads with a range of conjugated and non-

conjugated chemical linkers that provide a range of co-facial and non-co-facial arrangements.
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For our BODIPY dyads, we find that maximizing the strength of the through-space
interaction, by reducing the separation between the chromophores, comes at the cost of weakening
the through-bond interaction, due to increased geometrical strain. The greatest observed coupling
strength, which is manifested by observed splitting of the absorption band of 2644 cm™, was found
in dyads linked by diethynylmaleimide for which the excitonic coupling is predominantly through
space. All the arrays are photostable and have excited-state lifetimes in the nanosecond range,
giving them the potential to serve as energy or charge donors in bioinspired molecular systems for

solar energy conversion.
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A Co-facial dyads with conjugated linker

MeOOC

MeOQOC
cis-p-2BDP-F

MeQOC
p-2BDP-M

B. Co-facial dyad with non-conjugated linker

B-2BDP-X

COOMe

C. Non-cofacial dyads with conjugated linker

trans--2BDP-F

Chart 1. BODIPY dyads studied in this paper.

Results

Molecular Design. Chart 1 shows the series of dyads that we studied. In each dyad, the
BODIPY subunits are connected through the gsite (the 2-position of BODIPY), aligning the linker

along the So — S transition dipole moment (see Chart 2).”® The first set of compounds comprises
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dyads where a conjugated cis enediyne linker is connected to the S-position, resulting in a slipped
co-facial geometry of the BODIPY subunits. We anticipate that cis-enediyne linker provides at the
same time co-facial arrangement of chromophores as well as through-bond r-conjugation. Three
different enediyne linkers are investigated: diethynylmaleimide (B-2BDP-M), 1,2-
diethynylphenyl (B-2BDP-B), and 2,3-diethynylmaleate (B-2BDP-F). We found that B-2BDP-F
was synthesized in its trans isomeric form, which does not have a co-facial alignment of the
BODIPY subunits. However, irradiation of trans-B-2BDP-F at the maximum of its absorption
band (595 nm) resulted in a rapid change of the absorption band into two new peaks with maxima
at 520 and 567 nm (see Figure S1).*” The spectrum reached a photostationary state after
approximately 5 min. We attribute these changes to trans-cis photoisomerization into a form with
slipped co-facial alignment of the chromophores. The resulting cis-B-2BDP-F is stable and does
not show any noticeable changes in absorption when stored in the dark for weeks.

The trans-B-2BDP-F form provides a sample where the BODIPY subunits are joined with
a conjugated linker but are spatially separated and should not exhibit any through-space
interaction. As a second molecule of this type, we synthesized dyads with a butadiyne linker (8-
2BDP-H). We also synthesized dyads where the BODIPY subunits are arranged in a slipped co-
facial geometry but are linked by non-conjugated diethynylxanthene (B-2BDP-X). Finally, we

examined B-BDP-Ph as a benchmark monomer (see Chart 2).

COOMe

/N — S -
<_> ‘>,N\B,N§< S¢S,
FF
B-BDP-Ph

Chart 2. Structure of benchmark monomer 3-BDP-Ph. The orientation of the So — Si transition

dipole moment is shown as a red arrow.
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Table 1 summarizes the systems that were synthesized for this study.

Table 1. Summary of BODIPY dyads studied, the linker molecule connecting the BODIPY
molecules, the nature of the linking molecule (conjugated or non-conjugated), and the arrangement
of the BODIPY units (slipped co-facial or non-co-facial). The following letters were used for linker

designation: M — maleimide, B — o-phenylene, F — fumarate, X — xanthene, H - butadiyne

Dyad Linker Linker type Arrangement
B-2BDP-M maleimide conjugated co-facial
B-2BDP-B phenyl conjugated co-facial

cis-B-2BDP-F maleate conjugated co-facial
B-2BDP-X xanthene non-conjugated co-facial
trans-B-2BDP-F maleate conjugated non-co-facial
B-2BDP-H butadiyne conjugated non-co-facial
B-BDP-Ph (Benchmark
monomer)

Synthesis. The key building block for preparation of all dyads is B-BDP-EH, whose
synthesis is presented in Scheme 1. As a first step, iodination of B-BDP-17° with I,/HIO3 using a
published protocol®’” provided B-BDP-1 at 77% yield. Subsequent Sonogashira reaction with
TMS-protected acetylene provided B-BDP-TMS at 85% yield, which provides, upon deprotection,

B-BDP-EH at 83% yield.
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COOMe

I, HIO,
77%]| CH,Cl/EIOHM,0 (1:2:1)
50 °C, 1hr

COOMe

BDP-1
=-TMS
Pd(PPh),Cl,, Cul

85%| THF/EtgN (1:1)
50 °C, 24h

COOMe

p-BDP-TMS

KoCOjg
83%| THF/MeOH
RT, 1h

COOMe

p-BDP-EH

Scheme 1. Synthesis of B-BDP-EH.

Table 2. Synthesis of BODIPY dyads.

Br— D Br

p-BDP-EH » Dyad + p-BDP-H
Conditions
Entry Br—C P bBr Conditions Dyad Yield #
1 g P Pdz(dba)s, P(o-tolyl)s | B-2BDP-M 45%
ﬁmcm toluene/EtsN (5:1) (21%) ®
B % 60 °C, 24 hr
1
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2 @:Bf Pdz(dba)s, P(o-tolyl); | B-2BDP-B 61%
B Toluene/EtsN (5:1)
2 60 °C, 24 hr
3 Br Pd2(dba)s, P(o-tolyl)s | trans-B- 61%
MGOOC\%\COOMB Toluene/EtsN (5:1) 2BDp[.3|:
Br 3 60 °C, 24 hr, dark
4 Br Br Pda(dba)s, P(o-tolyl)s | B-2BDP-X 75%
Toluene/EtsN (5:1)
t+-Bu t-Bu 60 °C, 18hr
a4

& Formation of varied (in most cases unquantified) amount of B-BDP-H was detected for each of
these reactions. ® Yield of B-BDP-H.
Dyads were prepared by the Sonogashira reaction of B-BDP-EH with corresponding dibromides
(Table 2). Initially, we applied the standard conditions for the Cu(l)-catalyzed Sonogashira
reaction (i.e. Pd(PPhs)2Cl,, Cul, THF/EtsN); however, under these conditions, dyads were obtained
in low yield and the symmetrical dyad B-2BDP-H was isolated as the main product. We therefore
employed Cu(l)-free conditions, developed previously for porphyrins,”® which provided the
desired dyads with satisfactory yield (some unquantified amount of B-2BDP-H was still isolated
in each reaction). Specifically, reaction of B-BDP-EH with dibromomaleimide 1 under copper-
free conditions [Pdz(dba)s, P(o-tolyl)s, toluene/EtsN (5:1), at 65 °C] provided B-2BDP-M at 45%
yield, while reaction with o-dibromobenzene 2 under the same conditions provided p-2BDP-B at
61% yield. Fumarate-linked dyad trans-B-2BDP-F was synthesized in reaction of B-BDP-EH with
trans-dibromofumarate 3,”%8 which provides trans-B-2BDP-F at 61% yield. In this case, both
reaction and purification were carried out in the dark to avoid possible trans-cis isomerization. -
2BDP-H was isolated as a side product in non-optimized attempted synthesis of B-2BDP-B.
Finally, B-2BDP-X was synthesized by Sonogashira reaction of B-BDP-EH with 1,8-
dibromoxanthene 4, at relatively high yield (75%).

The dyads were characterized by *H and *C NMR. Spectra are consistent with proposed

structures. Mass spectroscopy shows m/z consistent with the expected structures.
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Structure and optical properties. Figure 1 shows the optical absorption and emission
spectra of the dyads that are expected to have a slipped co-facial arrangement of the BODIPY units
(Spectra for the non-co-facial dyads are shown in Figure S2). Also shown are the three-
dimensional structures of these dyads, as determined using density-functional-theory (DFT)
calculations. The calculations confirm the expected slipped co-facial arrangement of the pigments.
The mutual orientation of BODIPY transition dipole moments in dyads also feature a displacement
from the parallel orientation, necessary for the H-coupling. This displacement, quantified as a
deviation from parallel orientation of transition dipole moments increases in order of B-2BDP-M
< B-2BDP-X < B-2BDP-B < cis-B-2BDP-F. The same trend is observed for the deviation from
parallel orientation of mean planes of BODIPY subunit (See Table S1). Overall, in 2BDP-M

BODIPY mean planes and transition dipole moments nearly perfectly parallel.

10
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Figure 1. Spectra and structures of selected dyads. (a,d,g,j) and benchmark monomer (m).
Absorption spectra (black), emission spectra (red), and calculated transitions (blue). (b,e,h,k) Side
views of structures optimized in toluene using DFT with the wb97xd functional. (c,f,i,l) Top views
of optimized structures. Results are shown for (a,b,c) B-2BDP-M, (d,e,f) f-2BDP-B, (g,h,i) cis-£-
2BDP-F, (j,k,I) g-2BDP-X and (m) for g-BDP-Ph. For emission spectra, samples were excited at

the maximum of absorption band centered at ~ 400 nm. For excitation spectra see Figure S3.
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The absorption spectra for each dyad show a significant red shift as well as either splitting
(for B-2BDP-M and cis-B-2BDP-F) or broadening of the absorption manifold localized in the
visible part of the spectra, compared to the spectra of the benchmark monomer (see Table 3). The
absorption spectra are essentially independent of solvent and concentration; observed features thus
arise from the intermolecular interpigment interactions rather than from aggregation or other
intermolecular interactions. Overall, the absorption features are consistent with significant ground-
state interaction between chromophores in co-facial dyads, which leads to the formation of a series
of new excited states do not present in the monomer.>® This conclusion is also supported be the
analysis of the molar extinction coefficients ¢ for dyads, which are not simply the sum of the ¢ of
monomer (Table 2). The strength of interpigment excitonic interaction is defined as a half of the
splitting energy between So — Si and Sp — S transitions, where S; and S; are excitonic states
formed upon excitonic coupling.>®! To quantify the strength of interpigment electronic interaction,
we deconvolved the absorption spectra into separate Gaussian peaks (see Figure S4 and Table S2).
Deconvolution reveals the presence of several absorption peaks in the main absorption manifold,
which can be ascribed to the electronic and vibrational transitions. Unambiguous identification of
0-0 vibrational bands for So — S1 and So — S» transitions is then difficult without further detailed
computational analysis of vibrational features. Therefore, for evaluation of relative strength of
interpigment electronic interaction we use the energy difference between the lowest- and highest-
energy bands as determined by this deconvolution. The results are summarized in Table 3. Giant
coupling is observed for several of the dyads, with the strongest coupling occurring for the co-
facial dyad linked by the conjugated maleimide moiety B-2BDP-M which is manifested by a

splitting of the visible absorption manifold by of 3,333 cm™.

12

Page 12 of 41



Page 13 of 41

Physical Chemistry Chemical Physics

energy difference AE. All data are taken in toluene.

Table 3. Optical-absorption properties of the synthesized dyads:

maximum absorption

wavelengths A,,, molar absorption coefficient at the maximum wavelength €,,,,,, transition

Compound

)-abs
[nm]

emax

[M2t.cm]

AE [cm™]

Co-facial arrangement, conjugated linker

B-2BDP-M | 526 41,000 3,333
576
611
B-2BDP-B 526 55,000 1,295
cis-B-BDP-F | 520 31,000 2,964
567
Co-facial arrangement, non-conjugated linker
B-2BDP-X | 509 75,000 2,334
Non-co-facial arrangement, conjugated linker
trans-p- 595 - 2,861
BDP-F
B-2BDP-H | 560 81,000 1,424
Benchmark monome
B-BDP-Ph 539 28,000 -

Significantly, this giant excitonic coupling is obtained while maintaining high fluorescence
quantum yield and nanosecond-scale fluorescence lifetimes in toulene, as summarized in Table 4
and Figure S5. For all dyads except the one with the xanthene linker (B-2BDP-X), the fluorescence
guantum yields are reduced by only 20% - 40% as compared to the benchmark monomer, and the

emission spectra resemble that of the benchmark monomer. This indicates that emission occurs

13
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from the lowest excitonic excited state (Si) with nanosecond lifetimes. This observation is
consistent with the previously reported femtosecond-range Sn — S internal conversion for
excitonically coupled dyads.®! Excitation spectra (Figure S2) are nearly identical with absorption
spectra for all dyads, except cis-B-2BDP-F. The interpretation of emission data for cis-B-2BDP-F
is more complex, due to the excited state cis-trans isomerization. However, near-identical
excitation (Figure S2f) and emission spectra and @, for cis-B-2BDP-F and trans-B-2BDP-F

(Figure S1c) suggest that emission occurs from the same excited state for both isomers.

Comparison of the radiative rate constants, k,., for dyads to that for monomer provides
further inside into the nature of the electronic states in dyads. According to the Strickler-Berg
equation, k, is proportional to the oscillator strength of the So — S1 absorption band.®? As shown
in Table 4, k, is greater for all arrays except B-2BDP-B than for benchmark monomer; for B-
2BDP-B, it is approximately two times smaller than for the monomer. This is consistent with the
relative intensities of the lowest-energy absorption bands obtained from deconvolution of the
visible absorption manifold (see Figure S4, Table S2).

Relatively high fluorescence quantum yields and excited-state lifetimes in the nanosecond
range are maintained for the co-facial dyads in polar environments, with a reduction of a factor of

approximately 2 for both @ and 7, in PhCN as compared to the values in toluene. For B-2BDP-

H, a more significant reduction is observed, by a factor of approximately 5, suggesting a
contribution of the charge-transfer state to the excited state in a polar environment.8384
Femtosecond transient absorption (TA) spectra together with the results of global analysis
and relevant time constants are presented in Figures S6-S8. TA measurements support the
interpretation of emission from the S state in these dyads. TA spectra are dominated by ground-
state bleaching and stimulated emission corresponding to the So — S transition. There is some
dynamics in fs and ps time range observed upon global analysis, which is most likely associated

with vibrational relaxation and solvent reorganization. At longer times, this bleach decays on time

14
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scales consistent with the values of 7, measured by time-resolved fluorescence. For -2BDP-M,
the bleaching signal also shows dynamics with time constants in the range of tens to hundreds of
picoseconds, accompanied by a bathochromic shift (Figure S6); these dynamics are most likely
caused by excited-state conformational changes that alter the interpigment electronic coupling.

Reduction of ®f and tr in PACN compared to toluene suggests the occurrence of (possibly
symmetry-breaking) electron transfer and charge separation in polar solvents. Formation of
charge-separated state would be manifested by evolving of new absorbing states in TA which can
be ascribed to cation-radical and/or anion-radical absorption. Analysis of the TA in polar and non-
polar solvents shows no formation of such states in polar solvents. Thus, evidence for a symmetry-
breaking charge separation has not been found in TA spectra for any of examined dyads in PhCN
(this observation does not rule out the formation of charge-separation state, since cation/anion-

radical can absorb outside the measured range).

Table 4. Optical-emission properties of the synthesized dyads: emission wavelength 4,,,,, emission
linewidth (full width at half maximum, FWHM), Stokes’ shift, fluorescence quantum yield &,
fluorescence lifetime ¢, radiative rate kr, and non-radiative knr rate constants. All data are taken in
toluene, except for the values for @ 7, k- and knr in benzonitrile (PhCN, indicated in parentheses).

Stokes’ shift was calculated as the difference between the longest-wavelength absorption peak as
determined by the deconvolution analysis and the emission maximum. (k,)™* was calculated using

formula: (kr)™* = t/®r. (knr)* was calculated using formula: (knr)™* = a/(@x — 1).

Compound | 4., | FWHM | Stokes D, 75 [ns] (ke)t (Knr)?
[nm] | [em?] | shift | (PhCN) | (PhCN) | [ns] [ns]
[cm] (PhCN) | (PhCN)

Co-facial arrangement, conjugated linke
B-2BDP-M 631 923 465 0.48 243 + 5.06 4.67
0.25 (6.48) (1.94)

15
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(0.23)
(149 +
0.25)
B-2BDP-B 579 1228 554 0.52 6.11 + 11.75 12.73
0.25 (10.73) (3.77)
026) | (279
0.25)
cis-B-BDP-F | 624 1680 1549 0.35 -
Co-facial arrangement, non-conjugated linker
B-2BDP-X | 592 2773 1695 0.25 2.65*
0.25
0.13) | [60%]
12.6 £
0.25
[40%]
(2.03 +
0.25
[79%]
153+
0.25
(21%])
Non-co-facial arrangement, conjugated linker
trans-B- 627 1089 858 0.35 1.03+ 2.94 1.58
BDP-F 0572 | (3.47) | (0.47)
(0.12) | (0.416 £
0.024)?
B-2BDP-H 606 1074 592 0.44 1.79 + 4.07 3.19
0.25 (4.05) (0.35)
(0.08) | (0.324+
0.023)?
Benchmark monomer
B-BDP-Ph 576 1533 1090 0.61 496 + 8.13 12.72
0.25
(0.34) (9.03) (4.65)
(3.07 =
0.25)

2The excited state lifetime was obtained from fs-TA spectra.

The B-2BDP-X dyad is the sole exception to the observation of long-lived emission from
the S; state. The fluorescence spectrum of this dyad is much broader than that of the other dyads,

and the fluorescence quantum yield is significantly lower than that of the benchmark monomer.

16
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Moreover, a biexponential decay is observed for this dyad, with short and long lifetimes (2.65 ns
and 12.6 ns in toluene). Moreover, B-2BDP-X feature a substantially larger Stokes’ shift and
FWHM of emission spectrum, compared to other dyads and monomer. Together, these
observations suggest excimer formation,*® with the biexponential decay corresponding to emission

from both the (shorter-lived) excitonic state and the (longer-lived) excimer.

Computed Electronic Structure. The spectroscopic data indicate significant excitonic
coupling in the dyads, tougher with a long-lived excited state that should enable efficient energy
transfer or charge extraction. The data also indicate a significant difference in the coupling strength
across the various dyads. To validate the interpretation of the spectroscopic data in terms of strong
interpigment electronic coupling, we calculate electronic structure and optical transition energies
for the dyads with slipped co-facial arrangement of the BODIPY units.

The electronic structure of the dyads is calculated using the recently developed density
functional theory framework of screened range separated hybrid functional with polarizable
continuum model (SRSH-PCM).&>8 n this framework, the frontier orbital energies are consistent
with the ionization potential (IP) and electron affinity (EA) of the molecular system in the

condensed phase.

17
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Table 5. Calculated molecular-orbital energies and corresponding orbital electron densities (isodensity surfaces) for co-facial dyads in toluene,
calculated using the SRSH-PCM method, with geometries optimized using the wh97xd functional. Also given are the difference in energy levels
within each of the bands, A(HOMO) and A(LUMO). All energies are in eV. Calculated ionization potential and electron affinity for the monomer are

6.30 eV and 2.51 eV, respectively.

Page 18 of 41

Dyad HOMO-1 HOMO A(HOMO) LUMO LUMO+1 A(LUMO)
Conjugated linkers

B-2BDP-M 0.38 0.27
(conjugated

linker)

B-2BDP-B 0.19 0.08
cis-p- 0.27 0.11
2BDP-F

Non-conjugated linker

B-2BDP-X i 0.25 0.16

18
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Calculated molecular-orbital (MO) energies are given in Table 5; all values are calculated
for dyads in toluene. For comparison, Table S2 lists the calculated values when the PCM model is
invoked without the polarization-consistent screening framework and Table S3 lists MO calculated
using the ob97xd functional with CPCM solvatation model. In both latter cases, the MO energies
remain similar to their gas-phase values, deviating from the values in solvent. The calculations
show mixing of HOMO and LUMO characteristic for monomers and formation of new sets of
orbitals delocalized over both BODIY subunits (“bonding” and “antibonding”). These new MOs
correspond to HOMO-1 and HOMO (in case of monomer HOMO mixing) and LUMO and
LUMO+1 of dyads. The energy difference within the corresponding MOs (AHOMO and ALUMO,
Table 5) reflect the strength of the ground-state electronic interactions; lack of ground-state
interaction would be manifested as two degenerate HOMOs and LUMOs each localized on the
individual BODIPY units.*®535 We note that AHOMO and ALUMO are similar when calculated
using either the RSH-PCM or the SRSH-PCM model.

Also shown in Table 5 are plots of the electron distribution for the various calculated
molecular orbitals. In all cases, electrons are delocalized across both coupling BODIPY subunits,
again characteristic of strong ground-state interactions between the individual chromophores.
Overall, then, the calculations support the interpretation of the data in terms of the formation of a
new excited states due to strong inter-pigment coupling.

The order of the calculated AHOMO and ALUMO is consistent with the order of the strength of
electronic interactions AE obtained from the absorption spectra (Table 1), providing qualitative
agreement between the model and experiment. To provide further insight into the absorption
properties of the dyads, we also calculate their optical transition energies. The results are given in
Table 6 and plotted in Figure 1. Calculations confirmed the formation of sets of new, closely
positioned excited states not observed for the monomer. We used AE (the difference between S;

and S; calculated energies) as a measure of the strength of electronic interactions (Table 6). The

19
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ordering of the calculated AE is the same as for the calculated molecular-orbital energies (AHOMO
and ALUMO, Table 5) and for the experimentally measured values (see Table 3), indicating that

the calculations capture the key mechanisms responsible for the modification of energy levels.

Table 6. Energies of the S, - S; and S, — S, transitions (Es1 and Esy, respectively) and
corresponding oscillator strengths (f), calculated for co-facial dyads in toluene using the SRSH-
PCM method. Structures were optimized at the wbh97xd level. Also shown is the calculated

difference in energy levels AE = Eg; — Es,.

Compound Es1 (eV) f Es2 (eV) f AE (cm™)
Conjugated linkers
B-2BDP-M 1.98 (626 nm) 0.038 2.32 (534 nm) 0.0066 2,709
HOMO — LUMO HOMO — LUMO+1
B-2BDP-B 2.40 (517 nm) 0.034 2.53 (490 nm) 0.18 997
HOMO — LUMO HOMO-1 - LUMO
HOMO — LUMO+1
cis-B-2BDP-F 2.31 (537 nm) 0.63 2.55 (486 nm) 0.42 1,932
HOMO — LUMO HOMO — LUMO+1
Non-conjugated linker
B-2BDP-X 2.21 (561 nm) 0.01 2.40 (517 nm) 0.056 1,531
HOMO — LUMO HOMO-1 — LUMO
HOMO — LUMO+1

Discussion: Mechanism of Excitonic Coupling

Experiments and calculations indicate significant variations in excitonic coupling strength
among the various BODIPY dyads considered. Absorption spectra, MO calculations, and TD-DFT
all indicate that the strength of the inter-BODIPY electronic interactions decreases in order B-
2BDP-M > cis-B-2BDP-F > B-2BDP-X > B-2BDP-B.

However, the absorption and emission spectra of the arrays also significantly deviate from
those predicted by Kasha’s excitonic coupling model.?%! For example, optimized geometries for

B-2BDP-M and B-2BDP-X show mutual orientation of transition dipole moments very close to
20
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that required for H-coupling (Figure 1, Table S1); according to Kasha’s model, this geometry
should result in a blue shift of absorption and significant reduction of k,. This indicates that the
long-range dipole-dipole interactions considered in Kasha’s model are dominated by short-range
excitonic coupling due to strong ground-state inter-BODIPY interactions (through-space coupling)
as well as w-conjugation provided by the conjugated linker (through-bond coupling). The similar
conclusion was previously drawn for directly-linked BODIPY dyads.>®

To distinguish between the through-space and through-bond coupling mechanisms, we
perform calculations on hypothetical “disconnected” analogues of the dyads, where the ethynyl-
substituted BODIY subunits are fixed in the same relative orientation and geometry as in covalent
dyads, but the central part of the linker is removed and substituted by hydrogen (Tables S3-S4).
Figure S9 illustrates the chemical structure of these fictional dyads. With the linker removed, there
should be no through-bond coupling in these disconnected dyads; comparing the calculated
coupling strengths, expressed by AHOMO and ALUMO in the connected and disconnected dyads
thus gives insight into the relative contributions of through-space and through-bond coupling to
the total coupling strength.

Results are tabulated in Figure 7. For the maleimide- and phenyl-linked dyads, B-2BDP-
M and B-2BDP-B, removing the linker has nearly no effect on the energy separations, indicating
that coupling is dominated by the through-space mechanism. By contrast, removing the linker
substantially reduces the energy separation for the maleate- and xanthene-linked dyads, B-2BDP-
F and B-2BDP-X, but with significant separation remaining in the disconnected dyads; this
indicates contributions from both through-space and through-bound coupling.
Table 7. Calculated difference between energy levels within the MOs AHOMO and ALUMO,
and calculated difference between peaks in the optical absorption spectrum, AE, for co-facial
dyads in toluene. Values are calculated using the real structure of the dyads (Real) and using
fictional “disconnected” structures where the linker was removed (Dis). Also shown are the

computed center-to-center (R.¢) and edge-to-edge (Rgg) distances are given. R is defined as
the shortest carbon to carbon distance across the two units.
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Dyad AHOMO ALUMO AE Ree | Rge
(eV) (eV) (cm?! A | A)
Real Dis Real Dis Real Dis

Conjugated linkers
B-2BDP-M | 0.38 0.38 0.27 0.27 2,709 2,500 | 4.00 | 3.54

B-2BDP-B 0.19 0.17 0.08 0.06 997 887 | 5.70 | 4.08
cis-B- 0.27 0.04 0.11 0.04 1,932 806 | 5.06 | 3.88
2BDP-F

Non-conjugated linker
B-2BDP-X | 0.25 0.13 0.16 0.16 1,531 887 | 8.10 | 4.40

Analysis of electronic and structural factors provides a rationale for these findings (see
Table 7 and Figure 1). For B-2BDP-M, the relatively short center-to-center distance and slipped-
co-facial arrangement results in strong through-space electronic interaction. On the other hand,
significant twisting of the BODIPY plane versus the enediyne linker plane (~ 48°) prevents
substantial through-bond =-conjugation, despite the conjugated linker. Similar twisting of
BODIPY versus the 1,2-diethynylbenzen linker prevents n-conjugation in 3-2BDP-B; in this case,
a larger inter-BODIPY distance results in a weaker through-space coupling. For cis-B-2BDP-F,
the edge-to-edge and center-to-center distances are even larger and the BODIPY subunits have a
large lateral displacement relative to one another, leading to weak through-space interactions. On
the other hand, the dihedral angle between the BODIPY plane and C=C bond of the linker is
relatively small (~30°), enabling through-bond r-conjugation. B-2BDP-X exhibits significant
through-bond coupling, even in the absence of a n-conjugated linker. The xanthene linker can be
considered formally as a homoconjugated moiety, since one sp® carbon intervenes conjugated

aromatic rings.®” Excitonic delocalization mediated by a saturated bridge has also been reported.8®
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%1 In addition, the dihedral angle between xanthene and the BODIPY planes is relatively small
(~25°), facilitating through-bond coupling.

Overall, for the BODIPY dyads studied, there is a tradeoff between maximizing through-
space coupling, by minimizing inter-pigment separation, and maximizing through-bond coupling,
by minimizing distortion of the bond angle in the linking moiety. The largest coupling strength is
obtained by almost entirely sacrificing through-bond coupling in order to bring the BODIPY units
as close as possible to one another. Future work will be dedicated to further increasing coupling
strength by developing molecular arrays with linking units that allow both small interpigment

distances and strong through-bond rt-conjugation.

Conclusions.

Arranging BODIPY into arrays with strong interpigment interactions leads to
chromophores with giant excitonic coupling and broad absorbance. Comparing BODIPY dyads
with different linking units allowed us to determine the mechanisms responsible for the
interactions and the design rules to engineer giant excitonic interaction between the BODIPY
subunits. Dyads with slipped co-facial alignment of the BODIPY subunits exhibited strong
coupling and significant fluorescence in both polar and non-polar solvents. Both through-bond and
through-space interactions can contribute to excitonic coupling; however, the largest coupling was
observed in the cases when through-space interactions were minor. This arose because maximizing
through-space interactions requires minimizing interpigment distance, which in turn reduced
through-bond w-conjugation due to inferred geometrical strain.

We also observed that a non-conjugated xanthene linker can lead to significant through-
bond coupling, confirming earlier findings.8°%% In this case, interpretation of the optical spectra
is complicated by possible excimer formation. Interpretation of the data is complicated in the case

of diethynylmaleate-linked dyads by cis-trans photoisomerization, which also complicates its
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potential applications. By contrast, other dyads, notably those with maleimide linkers, exhibited
giant coupling, broad absorption, photostability, and relatively long excited-state lifetime in non-
polar and moderately polar environments, making them promising materials for solar energy

conversion and other photonic applications.

Experimental Section.

Photophysical measurements. Absorption spectra were taken at room tempertature. Static
emission spectra were taken in air-equilibrated solvent at room temperature in dilluted solution,
with absorbance below 0.1. Quantum yields were determined in air-equilibrated solvents using
Rhodamine 6G in air-equilibrated MeOH (®f = 0.88) or tetraphenylporphyrin in air-equilibrated
toluene (d¢ = 0.070)% as a standard.

Transient absorption (TA) measurements are performed using a Helios spectrometer
(Ultrafast Systems). Pump and probe laser pulses are derived from a regeneratively amplified
Ti:Sapphire oscillator (Spectra Physics Tsunami/SpitfirePro) operating at 2 kHz. The pump pulse
is passed to an optical parametric amplifier (OPA; Light Conversion TOPAS/NIRuVis) which is
then selected to a have a wavelength corresponding to the specified absorption band of the array.
The samples are prepared by dissolving the dyads in toluene or PhCN such that the absorption
bands being monitored have an optical density (OD) between 0.3 and 0.6. The prepared samples
are placed in a 2mm quartz cuvette which is housed in a thermoelectric temperature-controlled
sample holder and all measurements are performed at 20°C. The sample is continuously stirred
over the duration of the measurements to eliminate any thermal artifacts from the pump laser pulse.
Pump laser pulse energies are set between 0.8 and 1.0uJ for all TA measurements. Analysis and
fitting of the TA measurements is done using SurfaceXplorer (Ultrafast Systems); errors in the
reported lifetimes correspond to errors obtained from the fits of the TA kinetics. The temporal

resolution of instrument is 150 fs.
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Time resolved photoluminescence (PL) measurements are performed by time-correlated
single-photon counting (TCSPC). The samples are excited using a 510 nm pulsed diode laser
(PicoQuant PDL 800-D) with a pulse width of approximately 150 nm. Individual photons are
detected by an avalanche photodiode (MPD PDM Series) and the timing of the detected photon,
referenced to the corresponding excitation pulse, are synchronized using timing electronics
(PicoQuant PicoHarp 300). A histogram of the counts is then compiled over time and a least-
squares fitting routine is performed to determine the lifetimes. Errors in the reported lifetimes
correspond to the instrument response function (IRF).

Computation. Screened range separated hybrid (SRSH) functional based on the LRC-
WPBEh functional in combination with polarizable continuum model (PCM) was employed to
determine orbital energies and excitation energies in toluene medium. For comparison, B3LYP,
wB97X-D, and the corresponding unscreened functional energies all within PCM are provided as
well. In establishing the SRSH framework, a generalized Kohn-Sham formulation is invoked,
where the functional is expressed as follows:

Exc®*H = aEr® + (1-0)Eprx>” + (0+B)ErxR + (1-a-B)Eprx + Ebre .

Here, the subscripts X and C stand for exchange and correlation, the subscripts F and DF represent
exact and the chosen semilocal exchange functional. The SR and LR labels stand for short-range
and long-range terms, respectively. In SRSH-PCM calculations, the LR weight is reset to the scalar
dielectric constant of the solvent, @ + = 1/¢, where « is fixed at a default value (as widely used,
a = 0.2). The range-separation parameter is tuned by relating the HOMO energies of the neutral
and of the anion to the corresponding ionization potential, where the range separation tuning is
performed in the gas phase without PCM. Absorption energies are calculated using the ground
state optimized geometry in toluene, which is obtained by using the dispersion corrected wB97X-
D functional, invoking solvent effect by the PCM approach. All the calculations (unless noted

otherwise) are performed in Q-Chem 4.4 using 6-31++G(d,p) basis set.
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Synthesis and characterization. *H NMR spectra (400 MHz) and *C NMR (100 MHz)
spectra were collected at room temperature in CDCls. Chemical shifts (3) were calibrated using
residual solvent peaks (proton signals: 7.26 ppm for chloroform, 2.50 for DMSO, *3C signals: 77.0
for chloroform, 39.5 ppm for DMSO). All solvents and commercialy available reagents were used
as received.
General Procedure for Palladium Catalyzed Cross-Coupling Reactions. For all Sonogashira
coupling reactions, all solvents and reagents except catalyst and highly volatile liquids (such as
trimethylsilylacetylene or phenylacetylene) were placed into a dried Schlenk flask then degassed
by three cycles of freeze-pump-thaw. While under positive pressure of N2, catalyst was added to
the flask, and subjected to a fourth and final cycle of freeze-pump-thaw. If necessary, volatile
liquids were added in during the final cycle. The exterior of flask was then cleaned of any ice that
formed during degassing and placed in an oil bath at the designated temperature.
The known compound BDP-1 was prepared following the reported procedure.’®

S-BDP-1. Samples of BDP-1 (60 mg, 0.157 mmol) and I> (19.9 mg, 0.078 mmol) were
dissolved in CH2Cl> (13 mL) and ethanol (26 mL). In a separate flask, iodic acid (HIOs, 13.8 mg,
0.078 mmol) was dissolved in water (13 mL). The solution of iodic acid was slowly transferred to
the second flask containing the BDP-1/l> mixture. The resulting mixture was heated at 50 °C for
one hour. The reaction was monitored via TLC and starting BDP-1 was consumed in ~ 1h. The
mixture was diluted with CH2Cl», washed (water and brine), dried (Na2SO4), and concentrated.
Column chromatography [silica, hexanes/CH.Cl; (1:1), second band (pink)] provided an orange-
red solid (51.3 mg, 77% yield.) *H NMR (400 MHz, CDCls): & 1.36 (s, 6H), 2.57 (s, 3H), 2.64 (s,
3H), 3.98 (s, 3H), 6.05 (s, 1H), 7.39 (d, J = 7.3 Hz, 2H), 8.20 (d, J = 7.3 Hz, 2H); *C{'H} NMR
(125 MHz, CDCl3): 6 14.8, 14.9, 16.0, 16.9, 46.9, 52.6, 112.7, 128.4, 130.6, 131.2, 131.5, 139.7,
140.1, 143.1, 144.9, 154.7, 155.2, 158.4, 166.5; HRMS (APCI-TOF) m/z Calcd for [M+H]*

Ca1H20BF2IN202, 509.0707; Found 509.0688.
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P-BDP-TMS. Following the general procedure for Sonogashira reaction, a solution of g-
BDP-1 (30 mg, 0.059 mmol), trimethylsilylacetylene (23.2 mg, 0.236 mmol), Pd(PPh3).Cl. (6.2
mg, 0.009 mmol), and Cul (1.7 mg, 0.009 mmol) in THF/EtsN (10 mL) was heated at 50 °C for
24 hours, protected from light. After 24 hours, the reaction mixture was diluted with ethyl acetate,
washed (water and brine), dried (Na:SQO4), and concentrated. Column chromatography [silica,
hexanes/ethyl acetate (3:1), second band (orange)] provided an orange-red solid (41.9 mg, 85%
yield.) *H NMR (400 MHz, CDCls): § 0.20 (s, 9H), 1.37 (s, 3H), 1.41 (s, 3H), 2.57 (s, 3H), 2.63
(s, 3H), 3.98 (s, 3H), 6.03 (s, 1H), 7.38 (d, J = 8.3 Hz, 2H), 8.19 (d, J = 8.3 Hz, 2H); 3C{*H} NMR
(125 MHz, CDCl3): 6 0.45, 13.6, 13.8, 15.0, 15.1, 52.7, 97.6, 101.6, 122.7, 128.6, 129.8, 130.8,
131.3, 132.3, 139.8, 140.9, 143.4, 144.7, 157.7, 158.5, 166.7; HRMS (APCI-TOF) m/z Calcd for
[M+H]" C26H20BF2N20,Si, 479.2137; Found 479.2133.

B-BDP-EH. A sample of g-BDP-TMS (41.9 mg, 0.088 mmol) and potassium carbonate
(13.3 mg, 0.096 mmol) in THF/MeOH ((1:1), (10 mL)) was stirred at room temperature for one
hour. The reaction mixture was diluted in CH.Cl, washed (water and brine), dried (Na2SOs), and
concentrated. Column chromatography [silica, hexanes/CH.Cl, (1:1), third band (orange)]
provided a red solid (29.6 mg, 83% yield). *H NMR (500 MHz, CDCls): & 1.37 (s, 3H), 1.42 (s,
3H), 2.57 (s, 3H), 2.63 (s, 3H), 3.29 (s, 1H), 3.97 (s, 3H), 6.04 (s, 1H), 7.39 (d, J = 7.9 Hz, 2H),
8.19 (d, J = 7.9 Hz, 2H); BC{*H} NMR (125 MHz, CDCls): & 13.2, 13.4, 14.7, 14.9, 29.7, 52.5,
76.2, 83.7, 114.3, 122.6, 128.3, 129.4, 130.5, 131.1, 132.1, 139.4, 140.8, 143.4, 144.8, 157.1,
158.7, 166.4; HRMS (APCI-TOF) m/z Calcd for [M+H]" C23H21BF2N20,, 407.1741; Found
407.1736.

PF-BDP-Ph. Following the general procedure for Sonogashira reaction, a solution of -
BDP-1 (16.0 mg, 0.031 mmol), phenylacetylene (12.9 mg, 0.126 mmol), Pd(PPh3)4 (5.5 mg, 0.005
mmol), and Cul (0.90 mg, 0.005 mmol) in THF/EtsN (1:1) (6 mL) was stirred at 50 °C for 24 hours

protected from light. The reaction mixture was diluted with ethyl acetate, washed (water and
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brine), dried (Na2S0s4), and concentrated. Column chromatography [silica, CH2Cl/hexanes (1:1),
second band (pink, orange fluorescence)] provided a pink film (11.6 mg, 76% vyield.) *H NMR
(400 MHz, CDCls): & 1.37 (s, 3H), 1.48 (s, 3H), 2.58 (s, 3H), 2.70 (s, 3H), 3.97 (s, 3H), 6.03 (s,
1H), 7.29 — 7.31 (m, 2H), 7.41 (d, J = 8.5 Hz, 2H), 7.43 — 7.45 (m, 2H), 8.20 (d, J = 8.0 Hz, 2H);
BC{'H} NMR (125 MHz, CDCls): § 13.2, 13.5, 14.6, 14.7, 29.6, 52.4, 81.6, 96.0, 115.4, 122.3,
123.3, 127.9, 128.2, 129.7, 130.4, 130.9, 131.2, 131.8, 139.4, 140.4, 142.3, 144.2, 157.0, 158.0,
166.3; HRMS (MALDI-FTICR) m/z Calcd for [M]* C29H25BF2N20-, 482.1977; Found 482.1972.

S-2BDP-M. Following the general procedure for Sonogashira reaction, a solution of S-
BDP-EH (16.5 mg, 0.041 mmol), N-methyl-2,3-dibromomalemide 1 (5.42 mg, 0.020 mmol),
Pdz(dba)2 (5.58 mg, 0.006 mmol) and P(o-tol)z (5.56 mg, 0.018) in toluene/EtsN (5:1, 6 mL) was
stirred at 60 °C for 24 hours protected from light. The mixture was diluted in ethyl acetate, washed
(water and brine), dried (Na2SOs) and concentrated. Column chromatography [silica,
hexanes/CH2Cl./ethyl acetate (3:10:1), third band (purple, dark red fluorescence)] provided a blue-
purple solid. There is a pink impurity that does not initially appear on TLC but appears to coelute
with the product. Wash with methanol and filer to obtain pure product (8.5 mg, 45% yield.) *H
NMR (400 MHz, CDCls): 6 1.42 (s, 6H), 1.51 (s, 6H), 2.63 (s, 3H), 2.61 (s, 6H), 2.68 (s, 6H), 3.06
(s, 3H), 4.02 (s, 6H), 6.13 (s, 2H), 7.42 (d, J = 7.5 Hz, 4H), 8.24 (d, J = 7.5 Hz, 4H); 3C{"H} NMR
(125 MHz, CDCls): 6 13.3, 14.8, 52.5, 88.7, 103.2, 113.8, 123.5, 124.5, 128.2, 129.7, 130.7, 131.3,
133.0, 138.9, 141.0, 142.6, 143.2, 145.9, 157.1, 160.5, 166.3, 167.6; HRMS (ESI-FTICR) m/z
Calcd for [M+H]" Cs1Ha3B2F4NsOs, 920.3425; Found 920.3429.

P-2BDP-B. Following the general procedure for Sonogashira reaction, a mixture of g-
BDP-EH (15.0 mg, 0.037 mmol), 1,2-dibromobenzene 2 (4.36 mg, 0.018 mmol), Pd>(dba)s (5.1
mg, 0.006 mmol) and P(o-tol)s (5.1 mg, 0.017 mmol) in toluene/EtsN (5:1) (6 mL) was stirred at
60 °C for 24 hours protected from light. The mixture was diluted with ethyl acetate, washed (water

and brine), dried (Na2SO4) and concentrated. Gravity column chromatography [silica, CH2Cl>,
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second band (pink, orange fluorescence)] provided a red film (10.0 mg, 61% yield.) *H NMR (400
MHz, (CD3)2CO): & 1.43(s, 6H), 1.45 (s, 6H), 2.57 (s, 12H), 4.00 (s, 6H), 6.28 (s, 2H), 7.37 (ddd,
J=1.3,3.3,5.8 Hz, 2H), 7.55 (ddd, J = 1.3, 3.4, 5.7 Hz, 2H), 7.61 (dd, J = 1.3, 8.4 Hz, 4H), 8.22
(dd, J = 1.3, 8.4 Hz, 4H); 3C{*H} NMR (125 MHz, CDCls): & 13.4, 13.6, 14.7, 14.9, 52.4, 85.9,
94.9, 115.4, 122.4, 125.5, 127.8, 128.3, 129.7, 130.5, 131.0, 131.8, 132.1, 139.5, 140.6, 142.3,
1445, 157.1, 158.3, 166.4. HRMS (ESI-FTICR) m/z Calcd for [M+Na]"™ Cs2H4B2F4N4Os,
909.3393; Found 909.3397.

S-2BDP-H was isolated as a side product in non-optimized synthesis of B-2BDP-B.
Following the general procedure for Sonogashira reaction, a mixture of §-BDP-EH (30 mg, 0.0739
mmol), 1,2-dibromobenzene 2 (8.7 mg, 0.0369 mmol), Pd(PPh3).Cl, (15.5 mg, 0.0222 mmol), Cul
(4.22 mg, 0.0222 mmol), and triethylamine (7.47 mg, 0.0739 mmol) in THF (10 mL) was stirred
at 50 °C for 24 hours protected from light. The mixture was diluted in ethyl acetate, washed (water
and brine), dried (Na2S0Oa4) and concentrated. Gravity column chromatography [silica, CH2Cl, first
band (purple, red fluorescence)] provided a purple film (22.8 mg, 76% yield.). *H NMR (500 MHz,
CDCl3): § 1.37 (s, 6H), 1.42 (s, 6H), 2.57 (s, 6H), 2.65 (s, 6H), 3.98 (s, 6H), 6.06 (s, 2H), 7.38 (d,
J=8.1 Hz, 4H), 8.19 (d, J = 8.1 Hz, 4H); 3C{*H} NMR (125 MHz, CDCls): § 13.4, 13.8, 14.8,
14.9, 52.6, 75.5, 80.3, 114.1, 122.9, 128.3, 129.4, 13.6, 131.2, 132.5, 139.3, 140.8, 143.7, 145.2,
158.1, 159.3, 166.5. HRMS (ESI-FTICR) m/z Calcd for [M+H]" CassH40B2F4N4O4, 811.3259;
Found 811.3239.

trans-B-2BDP-F. Samples of B-BDP-EH (15.0 mg, 0.037 mmol), dimethyl trans-2,3-
bromobutenedioate 3 (5.57 mg, 0.018 mmol), Pd(PPh3)2Cl> (2.54 mg, 0.003 mmol) and P(o-tol)s
(2.53 mg, 0.008 mmol) in toluene/EtsN (5:1, 6 mL) were heated to 60°C for 20 hours protected
from light. The mixture was diluted in ethyl acetate, washed (water and brine), dried (Na2SO4) and
concentrated. Column chromatography [silica, CH2Cl2, protected from light, fourth band (purple)]

provided a purple-blue solid (10.7 mg, 61% vyield.) *tH NMR (400 MHz, CDCls): § 1.39 (s, 6H),
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1.47 (s, 6H), 2.59 (s, 6H), 2.67 (s, 6H), 3.79 (s, 6H), 3.98 (s, 6H), 6.07 (s, 2H), 7.31 (dd, J = 4.0,
8.1 Hz, 4H), 8.20 (dd, J = 4.0, 8.5 Hz, 4H); HRMS (ESI-FTICR) m/z Calcd for [M+H]*
Cs2H46B2F4N4O2, 953.3527; Found 953.3531.

cis-B-2BDP-F. A solution of trans-B-2BDP-F in toluene with an absorbance of ~1.0 was
irradiated in the 3 mL quartz cuvette in the fluorimeter measuring chamber with monochromatic
light with A = 594 nm (xenon lamp, slit width 10 nm) in 10 second intervals. The solution was
stirred continuously. The absorbance spectrum was recorded after each interval. The sample was
irradiated until the photostationary state was achieved (~3 minutes).

F-2BDP-X. Following the general procedure for Sonogashira reaction, a mixture of p-
BDP-EH (15.0 mg, 0.037 mmol), 4,5-dibromo-2,7-bis(1,1-dimethylethyl)-9,9-dimethyl-9H-
xanthene 4 (8.87 mg, 0.018 mmol), Pd>(dba)z (2.54 mg, 0.003 mmol) and P(o-tol)s (2.53 mg, 0.008
mmol) in toluene/EtsN (5:1) (6 mL) was heated to 60 °C for 23 hours protected from light. The
reaction mixture was diluted with ethyl acetate, washed (water and brine), dried (Na2SOs), and
concentrated. Gravity column chromatography [silica, CH2Cl,, third band (pink-purple, pink
fluorescence)] provided a dark pink film (15.6 mg, 75 % yield.) *H NMR (400 MHz, (CDCls): &
1.29 (s, 18H), 1.33 (s, 6H), 1.47 (s, 6H), 1.62 (s, 6H), 2.41 (s, 6H), 2.49 (s, 6H), 3.98 (s, 6H), 5.88
(s, 2H), 7.30 (d, J = 2.6 Hz, 2H), 7.34 (d, J = 2.5 Hz, 2H), 7.39 (d, J = 8.4 Hz, 4H), 8.17 (d, J =
8.5 Hz, 4H); *°C{"H} NMR (126 MHz, CDCls): 5 13.2, 13.4, 14.5, 14.6, 31.4, 32.5, 34.4, 34.6,
52.4,85.6,92.3,111.2, 116.0, 121.5, 123.2, 128.3, 128.4, 129.4, 130.5, 130.8, 131.8, 139.8, 141.0,
142.8, 143.2, 145.4, 148.3, 156.4, 157.6, 166.7; HRMS (MALDI-FTICR) m/z Calcd for [M]*

CeoHssB2F4N40s5, 1130.5327; Found 1130.5296.
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