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General procedures

Chemicals were purchased from commercial suppliers (Sigma Aldrich, Acros Organics, TCI,
Alfa Aesar, VWR) and used without further purification. If not otherwise specified,
reactions were performed under argon atmosphere, in the dark and in dry solvents.
Microwave reactions were conducted in a Biotage Initiator EXP EU microwave system
using sealed microwave vials. Control of the reaction progress was monitored by TLC
using silica 60 aluminium sheets with fluorescence indicator UV2s4 from Macherey-Nagel.
Detection was carried out with UV-light at wavelengths 254 nm and 366 nm. Crude
products were purified by column chromatography either manually with silica gel 60
from Macherey-Nagel or automated by flash chromatography with a PuriFlash XS 420

device and appropriate silica gel columns (30 um or 50 pm) from Interchim.

NMR spectroscopic analysis was carried out with a 500 MHz device from Bruker. Samples
were prepared using deuterated solvents by euriso-top. Spectra were analysed using
TopSpin™ software by Bruker. The chemical shift of 1H and 13C{1H} spectra was calibrated
with solvent signal of CDCI3 (& (ppm) = 7.26 for 1H and 77.16 for 13C{1H}) and DMSO-de (6
(ppm) = 2.50 for 1H and 39.52 for 13C{1H}). SiMe4 served as external standard for 1H and
13C{1H} spectra, while BF3-OEt2 was used for 11B{1H} spectra and CFCl3 was used for 1°F
spectra. High resolution mass spectra (HRMS) were obtained from a MALDI LTQ Orbitrap

XL instrument from ThermoScientific.
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Synthesis

Compound 1 & 2* and 6 - 92 were synthesized according to literature.

RHO-BPY-OH RHO-BPY-PNA

Scheme S1. Synthetic route of the formation of RHO-BPY-OH and RHO-BPY-PNA.

a) Dess-Martin-periodinane, DCM, 1.5 h, 0 °C -> rt, 82%; b) Zn, propargyl bromide,
DMF, 1 h, 0 °C, 89%; c) p-anisaldehyde, piperidine, 2 h, 60 °C, 50%; d) 4-
nitrophenyl isocyanate, TEA, toluene, 7 h, 50 °C, 78%; e) NBS, AIBN, CHCl3, 9 h, 70
°C, 56%; f) H20, 4 h, 90 °C, 80%; g) 8-Hydroxyjulolidine, p-TsOH, chloranil,
propionic acid, 16 h, 80 °C, 69%; h) Pd(PPhs)4, Cul, TEA, n-propanol, methanol, 2.5
h, 80 °C, 63%); i) Pd(PPhs)4, Cul, TEA, n-propanol, methanol, 3 h, 70 °C, 27%.
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8-(1-Hydroxybut-3-yn-1-yl)-1,3,5,7-tetramethyl-pyrromethene-fluoroborate (3)

C17H19BF2N20
MW =316.15 g/mol

A suspension of preactivated zinc chips (414 mg, 6.3 mmol, 5.0 eq.) in 5 ml DMF was
cooled to 0 °C. After addition of propargyl bromide (0.14 ml, 1.9 mmol, 1.5 eq.) the mixture
stirred for 1 h in the cold. 3 (350 mg, 1.3 mmol, 1.0 eq.) was added in 10 ml DMF and the
reaction continued stirring at 0 °C until completion followed by TLC. The reaction was
quenched with saturated NH4Cl solution and extracted three times with diethyl ether. The
organic layers were washed with H20 and brine and dried over MgSO4. The solvent was

removed in vacuo yielding 89% of 3 (357 mg, 1.1 mmol) as orange-green solid.

1H NMR (500 MHz, CDCls): 6=6.10 (s, 2H), 5.70 (dd, J: = 10.1 Hz, J2 = 3.8 Hz, 1H), 3.03 -
2.95 (m, 1H), 2.69 - 2.62 (m, 1H), 2.52 (s, 6H), 2.50 (s, 6H), 2.18 (t,/ = 2.7 Hz, 1H) ppm.
13C{1H} NMR (126 MHz, CDCls): 6= 155.9,143.5,130.9,123.3,79.8,71.9, 66.9, 29.7, 26.8,
14.6 ppm.

11B{1H} NMR (160 MHz, CDCI3): 6= 0.48 (t,/ = 32.4 Hz) ppm.

19F NMR (471 MHz, CDCl3): 6=-146.2 (q,/ = 33.1 Hz) ppm.

MALDI-HRMS: m/z calcd for Ci7H19BF2N20 [M-]*: 316.15530, found 316.15543 (Am =
0.00013).
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8-(1-Hydroxybut-3-yn-1-yl)-1,7-dimethyl-3,5-(bis(4-methoxystyryl))-

pyrromethene-fluoroborate (4)

MeQ OMe

C33H31BF2N203
MW = 552.42 g/mol

3 (210 mg, 0.7 mmol, 1.0 eq.) was dissolved in p-anisaldehyde (4.0 ml, 33 mmol, 50 eq.).
After addition of a few drops piperidine the reaction mixture was stirred for 2 h at 60 °C.
The crude mixture was loaded on a silica column and purified using cyclohexane/ ethyl
acetate (CH/EE (2/1): Rer= 0.36) as eluent. The product was obtained with 50% yield (184

mg, 0.3 mmol) as dark blue solid.

1H NMR (500 MHz, CDCl3): 6= 7.62 - 7.54 (m, 6H), 7.21 (d, / = 16.1 Hz, 2H), 6.94 - 6.90
(m, 4H), 6.71 (s, 2H), 5.73 (dd, J: = 10.0 Hz, J2 = 4.3 Hz, 1H), 3.85 (s, 6H), 3.05 - 2.98 (m,
1H), 2.72 - 2.65 (m, 1H), 2.55 (s, 6H), 2.18 (t,/ = 2.5 Hz, 1H) ppm.

13C{1H} NMR (126 MHz, CDCl3): 5= 160.7, 153.0, 139.5, 136.4, 133.0, 129.7, 129.3,119.7,
117.3,114.4,80.2,71.9, 67.1,55.5, 29.9, 27.1 ppm.

11B{1H} NMR (160 MHz, CDCl3): 5= 0.94 (t, ] = 34.2 Hz) ppm.

19F NMR (471 MHz, CDCl3): 5= -138.0 (q, ] = 28.7 Hz) ppm.

MALDI-HRMS: m/z calcd for C33H31BF2N203 [M-]*: 552.23903, found 552.23817 (Am =
0.00086).
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8-(1-(0CO-PNA)-but-3-yn-1-yl)-1,7-dimethyl-3,5-(bis(4-methoxystyryl))-

pyrromethene-fluoroborate (5)

MeO OMe

C40H35BF2N406
MW =716.54 g/mol

To a solution of 4 (75 mg, 136 umol, 1.0 eq.) in 4 mL toluene in a microwave vial, 4-
nitrophenyl isocyanate (89 mg, 543 umol, 4.0 eq.) and triethylamine (7.5 pl, 54.3 pmol,
0.4 eq.) were added. The reaction was performed in the microwave for 7 h at 50 °C. The
crude mixture was diluted with ethyl acetate and then washed twice with NH4Cl solution
and once with brine. The organic layers were dried over MgS04 and concentrated in
vacuo. The residue was purified by column chromatography using cyclohexane/ ethyl
acetate (CH/EE (2/1): Rr= 0.27) as eluent to obtain 5 in 78% yield (76 mg, 106 umol) as
blue solid.

1H NMR (500 MHz, CDCl3): 5= 8.19 (d, J = 9.2 Hz, 2H), 7.62 - 7.53 (m, 8H), 7.20 (d, ] =
16.3 Hz, 1H), 6.98 - 6.88 (m, 6H), 6.77 (d, ] = 11.4 Hz, 2H), 3.85 (s, 6H), 3.20 - 3.13 (m, 1H),
2.93 - 2.87 (m, 1H), 2.74 (s, 3H), 2.58 (s, 3H), 2.11 (t, ] = 2.6 Hz, 1H) ppm.

13C{1H} NMR (126 MHz, CDCl3): 5= 152.5, 151.8, 143.6, 143.3,137.8, 136.2, 134.2, 129.5,
129.3,126.5,125.3,118.4, 114.5, 113.5, 78.2, 72.2, 68.8, 55.5, 29.8, 25.5, 18.8, 18.3 ppm.
11B{1H} NMR (160 MHz, CDCl3): 5= 0.94 (t, ] = 33.8 Hz) ppm.

19F NMR (471 MHz, CDCl3): 5=-137.9 (q, / = 30.8 Hz) ppm.
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MALDI-HRMS: m/z calcd for CaoH3sBF2N4Og [M:]*: 716.26122, found 716.26093 (Am =
0.00029).

Rho-BPY-OH

MeO OMe

Ce5Hs59BF2N406
MW =1040.99 g/mol

Compound 9 (35 mg, 61 umol, 1.0 eq.) and 4 (41 mg, 74 umol, 1.2 eq.) were solved in a
mixture of 2 ml n-propanol, 2 ml methanol and 0.1 ml triethylamine in a microwave vial.
After addition of Pd(PPhs)4 (5.7 mg, 4.9 umol, 0.08 eq.) and Cul (1.9 mg, 9.8 umol, 0.16
eq.) the reaction was heated in the microwave for 2.5 h at 80 °C. The crude reaction
mixture was purified by column chromatography using DCM/ methanol (DCM/MeOH
(9/1): R¢=0.55) as eluent to obtain RHO-BPY-OH in 63% yield (40 mg, 39 umol) as purple
solid.

1H NMR (500 MHz, DMSO-ds): 5= 7.98 - 7.94 (m, 2H), 7.59 - 7.52 (m, 8H), 7.50 - 7.44
(m, 2H), 7.08 - 7.03 (m, 5H), 6.29 (s, 2H), 3.82 (s, 6H), 3.19 - 3.12 (m, 1H), 3.04 - 3.01 (m,
4H), 2.83 - 2.79 (m, 1H), 2.66 - 2.61 (m, 6H), 1.99 - 1.93 (m, 4H), 1.82 - 1.77 (m, 4H) ppm.

S7



13C{1H} NMR (126 MHz, CDCl3): 6=160.6,152.2,140.2,132.3,132.2,129.2,128.7,117.2,
114.4,113.3,104.9, 55.6,45.9,37.2,32.9,32.1, 29.8, 27.6, 27.2, 22.8, 19.9 ppm.
MALDI-HRMS: m/z calcd for CesHs9BF2N4O6 [M+H]*: 1041.45685, found 1041.45801 (Am
=0.00116).

Rho-BPY-PNA

MeC OMe

C72He63BF2N609
MW =1205.11 g/mol

Compound 9 (36 mg, 63 umol, 1.0 eq.) and 5 (68 mg, 95 umol, 1.5 eq.) were solved in a
mixture of 4 ml n-propanol, 4 ml methanol and 0.2 ml triethylamine in a microwave vial.
After addition of Pd(PPhs)4 (7.3 mg, 6.3 umol, 0.1 eq.) and Cul (0.9 mg, 5.1 umol, 0.08 eq.)
the reaction was heated in the microwave for 3 h at 70 °C. The crude reaction mixture was
purified by column chromatography using DCM/ methanol/ triethylamine (100/ 3.5/ 1.5)
as eluent to obtain RHO-BPY-PNA in 27% yield (21 mg, 17 pmol) as purple solid.

1H NMR (500 MHz, CDCl3): 6= 8.05 - 8.02 (m, 2H), 7.73 - 7.70 (m, 2H), 7.59 - 7.56 (m,
2H), 7.36 - 7.29 (m, 8H), 6.93 - 6.89 (m, 5H), 6.65 - 6.60 (m, 2H), 6.27 (s, 1H), 6.23 (s, 1H),
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4.84 - 4.80 (m, 1H), 3.77 (s, 6H), 3.49 - 3.45 (m, 8H), 3.12 - 3.05 (m, 4H), 2.90 - 2.88 (m,
1H), 2.74 - 2.72 (m, 1H), 2.02 - 1.99 (m, 4H), 1,83 - 1.80 (m, 4H) ppm.

MALDI-HRMS: m/z calcd for C72He3BF2N60o [M+H]*: 1205.47904, found 1205.47905 (Am
= 0.00001).

Experimental details
Steady-state absorption experiments

The steady-state spectra of the samples were recorded with a spectrometer (Specord 600,
Analytic Jena, Germany) before and after each experiment to check for significant sample
degradation. For the illumination experiments we used a customized sample holder,
which was connected to a thermostat (SC 150, Thermo Fisher Scientific, USA).
[llumination was done with an LED (M565L3, Thorlabs, USA) at 565 nm and 660 nm. The
energies were set to 40 mW/ cm? at the sample position. The samples were placed in a
10x4 mm cuvette with a resulting optical pathlength of 10 mm and an orthogonal
illumination pathway of 4 mm. The samples were thermally equilibrated at 20 °C before
absorption spectra (with 30 seconds pre-irradiation time) were taken. After thermal
equilibration and a mixing period of 30 minutes with a magnetic stirrer, spectra were
taken in 30 s intervals over a time window of 6000 s resulting in 200 spectra. After
baseline correction, the differences were then calculated by subtracting the first (dark)

spectrum from the remaining spectra.

Steady-State fluorescence experiments

The fluorescence quantum yield ¢ was determined by using an integrative sphere (ILF-
835, Jasco, Germany), attached to a fluorescence spectrometer (FP-8500, Jasco, Germany).
Spectra were taken in the range from 250 nm to 900 nm with a spectral resolution of
2 nm. The PMT voltage was adjusted to 440 V to achieve the maximum fluorescence signal
without saturation of the detector. For reference and sample measurements, 4x10 mm
Quartz cuvettes were employed. To avoid reabsorption effects, the OD of the respective
rhodamine samples was adjusted to ~0.1 (10 mm optical path length). The solvent
(MeOH) was used as reference. The reference signal (mainly the stray light of the solvent
and the cuvette) was subtracted from the sample signal. The ¢ was determined by
calculating the ratio between the residual fluorescence and the excitation integrals.
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Processing and quantum yield calculation were performed with the Jasco software

package (Spectra Manager Suite).

Two-photon excitation fluorescence experiments

For the two-photon excitation fluorescence (TPEF) measurements we used a tunable
Ti:Sa laser (Tsunami, Spectra-Physics, USA) with a pulse duration of 150 fs and a 80 MHz
repetition rate. The excitation was adjusted to an average energy of 500 mW. The pulses
were then tightly focused onto the sample compartment. The TPEF-signal was coupled
into a spectrograph (SpectraPro 300i, Acton Research Corp., USA), which is equipped with
a CCD-camera (EEV 400_1340F, Roper Scientific, USA). To obtain the two-photon
absorption spectrum we determined the two-photon absorption action cross sections in
the range of 770-870 nm. We used Rhodamin 6G as reference, using the following

equation®®

Ie(X) - c(R) -n(R)
Ie(R) - c(X) - n(X) (1)

dr(X) 02(X) = 02(R) - ¢r(R)

where o,= two-photon absorption cross section, ¢g=fluorescence quantum
yield, X=sample, R= reference, I= fluorescence intensity, c=concentration, n=refractive
index of the solvent. We furthermore assumed the one-photon fluorescence quantum
yield to be equal to the two-photon fluorescence quantum yield.*®* The values for the
reference compound were taken from Makarov et al.* The concentrations for the

rhodamine samples, as well as the Rhodamine 6G reference were adjusted to 100 uM.

Time-correlated single photon counting experiments

The fluorescence decay of the rhodamine antennas was determined by the time-
correlated single photon counting (TCSPC) technique. Our home-built TCSPC setup is
composed of a single-photon detection photomultiplier tube (PMA-C 182 M, PicoQuant,
Germany) and a PCle card (TimeHarp 260 PICO Single, PicoQuant) for sub-ns data
processing. Pulsed orthogonal excitation of the samples was achieved by a pulsed LED

(LDH-PC-510B, PicoQuant) with a FWHM < 110 ps. Deconvolution with the IRF and multi-
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exponential fitting of the temporal traces was performed with FluoFit Pro 4.6 (PicoQuant)

based on the following equation’

t

I(t) = f IRF(t’)ZAie_t;_iti dt’ (2)
-® i=1

The samples were measured in 4 x 10 mm quartz glass cuvettes with the same conditions

as given in the steady state fluorescence measurements.

Femtosecond UV /vis-pump-probe experiments

The time-resolved transient absorption measurements were performed using a home-
built pump-probe setup. A Ti:Sa chirped pulse regenerative amplifier (MXR-CPA-iSeries,
Clark-MXR Inc., USA) with a central output wavelength of 775 nm, a 1 kHz repetition rate,
and a pulse width of 150 fs was used as the fs-laser source. The fundamental was split for
pump and probe pulse generation. Pump pulses at a central wavelength of 560 nm and
660 nm were generated in a two-stage NOPA process and temporally compressed to a
FWHM of ~75-80 fs. In both cases, the excitation energy was set to 90 nJ/pulse at the
sample position. The supercontinuum for the probe pulses was generated by focusing the
fundamental in a constantly moving CaF2 window of 5 mm thickness, leading to stable
white light in the range of 375-700 nm. The white light was then split and guided through
the sample and the reference arm of the detection setup. Each arm makes use of a
spectrograph (Multimode, AMKO, Germany), which is equipped with two gratings (300
nm/ 500 nm blaze, 600/1200 grooves per mm), a photodiode array (S8865-64,
Hamamatsu Photonics, Japan) and a corresponding driver circuit (C9118, Hamamatsu
Photonics, Japan). The signals were digitized by a 16 bits data acquisition card (NI-PCI-
6110, National Instruments, USA). The pump and probe pulses were set to the magic angle
configuration at 54.7° to account for anisotropic effects. The sample-compartment was

constantly moved to minimize sample degradation.
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Kinetic analysis of the ultrafast spectroscopic data

The analysis of our experimental data was done by OPTIMUS.®? For the ultrafast TA
measurements, we used the lifetime distribution analysis (LDA). Within this method a
quasi-continuous sum of exponentials is used to allow a model independent analysis of
the data. The pre-exponential factors of a set amount of exponential functions, in this case
100, with fixed and equally distributed lifetimes were determined and plotted in a contour
representation (lifetime density map, LDM). For a further read on the methodology see

(www.optimusfit.org).

Supplementary spectroscopic data

Structures of tested rhodamine compounds

H

Rho1 N Rho2  ~.N
A= 542 NM A= 949 Nm
A= 573 NM o= 581 Nm
MeQOC MeQOC
Rho3 RHO
A= 519 nNm A= 572 M
hem= 555 nm hen= 602 Nnm

MeQOC

Figure S1. Chemical structures of Rho1-3 and RHO with their respective absorption and fluorescence maxima.
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Steady state absorption / fluorescence spectra of rhodamine compounds
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Figure S2. (a) Normalized absorption spectra of Rho1-3 and RHO and (b) their corresponding fluorescence spectra.

Table S1. Fluorescence quantum yields and molar extinction coefficients of Rho1-3 and RHO.

Rhol Rho2 Rho3 RHO
or 0.41 0.47 0.9 0.84
g / M1cm-t 86540 67190 69860 116780
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Determination of 2P action cross sections
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Figure S3. TPEF experiments of RHO. (a) Fluorescence response as a function of excitation wavelength. (b) Comparison
of calculated 2P action cross-sections. (c) Fluorescence response as a function of excitation power at a fixed wavelength
of 850 nm. Peak intensity of the fluorescence signal as a function of power on a (d) linear scale and (e) logarithmic scale.

RHO shows an almost perfect quadratic dependency on excitation power.

Fluorescence lifetime of rhodamine compounds

S T
s 1.0} ‘ 1., .=266ns Tt l=2.25ns'
g 08 SNt =4.46ns 155 =498 ns
806t
4 1
204} I\
2 02} . ~ 1
E o . | ‘\R“‘———
S 0 5 10 15 20
=4

decay/ ns

Figure S4. Time-traces of the TCSPC measurements. The IRF (grey dots) sets the lower limit of the temporal
resolution. With a lifetime of almost 5 ns, RHO shows the slowest decay of the excited state.
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Ultrafast TA measurements
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Figure S5. Ultrafast TA measurement of RHO (a) with an excitation at 565 nm and BPY (c) with an excitation at 660 nm
and their corresponding LDMs (b) and (d). The LDM of RHO (b) shows a very slow excited state decay, which is in line
with the lifetime found in the TCSPC measurement.
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Figure S6. Ultrafast TA measurement of RHO-BPY-OH with an excitation of 660 nm (a). ESA1 and ESA2 originate mainly
from the BPY excitation, as can be seen in Fig. S5c. In contrast to the excitation of RHO-BPY-OH with 565 nm pulses, an
excitation energy transfer (EET) is not observable, which can also be deduced from the missing time component in the
LDM (b). A small fraction of RHO might have been excited due to a slight spectral overlap of the RHO absorption and the
excitation pulses, leading to the weak GSB2 signal. The transients shown in (c) and (d) underline that the excitation of
RHO-BPY-OH with 660 nm pulses leads to a locally excited state of the BPY moiety.
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Theoretical investigation of RHO-BPY-OH

Electronic structure calculations

All ground state structures have been optimized using DFT with the B3LYP functional and
6-31G* basis as included in the GAUSSIAN 16 program package.® Solvent effects of
methanol were included using the polarizable continuum model (PCM).1011 Geometry
optimizations using other functionals (e. g¢ BHandHLYP, CAM-B3LYP or wB97xD)
partially yielded implausible geometries for the rhodamine species where the carboxylate
anion would form a lactone type ring with the m-system of the rhodamine (see also the
discussion below). This would then lead to a loss of the planarity of the -system, which
made the B3LYP/6-31G* combination the overall best method for the geometry

optimization. The obtained minimum structures were confirmed using the Hessian.

Rhodamine fragment BODIPY fragment

Ao ,I N "
§ P
s

Figure $8: The rhodamine species optimized with the BHandHLYP functional and the 6-31G* basis where the
carboxylate anion forms a lactone type ring with the m-system of the rhodamine.

The excited state analysis for the RHO-BPY-OH system as well as the model system (M)
Rho1-BPY1-OH were performed using TD-DFT with multiple different functional and
basis set combinations (see Tab. S2 and S3). Overall CAM-B3LYP, wB97XD, BHandHLYP
as well as M06-2X showed a correct state ordering in which the BODIPY centered state is
the S1 state, the rhodamine centered state is the Sz state followed by another rhodamine

centered state as well as consistent energies for these states. The other tested methods
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(B3LYP, PBEO and MO05) either yielded an incorrect state ordering or strongly deviating
states energies. CAM-B3LYP was chosen for the analysis due to overall reasonable
performance as well as availability in the other relevant program packages (DALTON and
Q-CHEM). The basis set size seems to have only a small impact on the energies, making 6-
31G* feasible for the analysis. Quadratic response calculations have been performed using

the DALTON program package.12

Table S2. Benchmark of the RHO-BPY-OH dyad including the three excited states of interest, namely the lowest excited
state located on the BPY fragment and the two excited states located on the RHO fragment that correspond to the desired
orbital transitions, one of which is the two-photon active state. Listed are the excitation energy in eV and nm and the
respective oscillator strength (f).

RHO-BPY-OH
MeO OMe
. . BPY- | Energy | Energy RHO- | Energy | Energy RHO- Energy | Energy

Functional Basis set state [eV] [nm] f state [eV] [nm] f s%zft-e [eV] [nm] f
CAM-B3LYP 6-31G* 1 2.1413 | 579.02 | 1.1307 2 2.8624 | 433.14 | 1.0555 4 3.5065 | 353.58 0.0788
BHandHLYP 6-31G* 1 2.1612 | 573.68 | 1.1829 2 2.9565 | 419.36 | 1.1180 4 3.6239 | 342.13 0
B3LYP 6-31G* 1 1.9720 | 628.72 | 1.0632 5 2.6313 | 471.19 | 0.8654 7 2.8039 | 442.19 0.1095
wB97XD 6-31G* 1 2.1635 | 573.08 | 1.1340 2 2.8810 | 430.35 | 1.0591 3 3.5034 | 353.90 0.7288
PBEO 6-31G* 1 2.0136 | 615.73 | 1.0918 4 2.6828 | 462.15 | 0.9242 7 29691 | 417.58 0.1614
MO05 6-31G* 1 1.9975 | 620.69 | 1.0826 3 2.7246 | 455.05 | 09113 7 2.9942 | 414.08 0.1472
MO06-2X 6-31G* 1 2.1301 | 582.07 | 1.1143 2 2.8059 | 441.88 | 1.0790 5 3.5372 | 350.51 0.0523
CAM-B3LYP svp 1 2.1396 | 579.47 | 1.1421 2 2.8436 | 436.01 | 1.0542 4 3.4921 | 355.04 0.0628
CAM-B3LYP def2-tzvp 1 2.0917 | 592.74 | 1.1157 2 2.7916 | 444.14 | 1.0600 4 3.5209 | 352.14 0.0035
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Table S3. Benchmark of the model system (M) Rho1-BPY1-OH including the three excited states of interest, namely the
lowest excited state located on the BPY1 fragment and the two excited states located on the Rhol fragment that
correspond to the desired orbital transitions, one of which is the two-photon active state. Listed are the excitation
energy in eV and nm and the respective oscillator strength (f).

Model System (Rho1-BPY1-0H)

Functonal | Bassset | YL | Enerey | Enerey || Rhol. | bnerey | Enerey | R%‘p: Enerey | Erergy |
CAM-B3LYP | 6-31G* 1 2.8611 | 433.35 | 0.5711 2 3.0616 | 404.97 | 0.9615 3 3.5648 | 347.80 | 0.3422
BHandHLYP | 6-31G* 1 29266 | 423.64 | 0.6078 2 3.1652 | 391.71 | 1.0261 3 3.8876 | 318.92 | 0.3615
B3LYP 6-31G* 3 2.8779 | 430.82 | 0.4587 2 2.7661 | 448.22 | 0.7293 5 29022 | 427.21 | 0.1448
wB97XD 6-31G* 1 2.8606 | 433.42 | 0.5798 2 3.0846 | 401.95 | 0.9651 3 3.5658 | 347.70 | 0.3409
PBEO 6-31G* 3 2.8988 | 427.70 | 0.5527 1 2.8291 | 438.24 | 0.7852 4 3.0844 | 401.97 | 0.1679
MO05 6-31G* 1 2.8479 | 435.35 | 0.5210 2 2.8934 | 428.51 | 0.8394 4 3.1059 | 399.19 | 0.0958
MO06-2X 6-31G* 1 2.8460 | 435.65 | 0.5575 2 2.9919 | 414.41 | 0.9921 3 3.5798 | 346.34 | 0.3477
CAM-B3LYP | svp 1 2.8609 | 433.38 | 0.5892 2 3.0408 | 407.74 | 0.9620 3 3.5491 | 349.34 | 0.3301
CAM-B3LYP def2-tzvp 1 2.7917 | 444.12 | 0.5782 2 2.9865 | 415.15 | 0.9872 3 3.7140 | 333.83 | 0.3200
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Excited state analysis of BODIPY derivatives
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Figure S9: Relevant frontier molecular orbital transition, excitation energies and two-photon absorption cross-sections
for the first excited electronic state in case of the unsubstituted BODIPY(BPY1) and the redshifted BODIPY(BPY)

compound with ortho-methoxyphenyl substituents at CAM-B3LYP/6-31G* level in methanol.

Excited state analysis of Rhodamine derivatives

Rhodamine 1 (Rho1)

LUMO f"ﬁ‘ a-s

Rhodamine 2 (Rho2)

&...4
A:’,ajﬁg 3
T A

Rhodamine 3 (Rho3)

g b
)
" ——

RHO

gl aygs
4, 9andpa®.
i (e

HOMO c‘f?\st _‘_

S1
3.04 eV
25GM
.9 a-
HOMO -1 "?"‘%‘ s
!, Sz
3.56 eV
126 GM

Agbf?sl. |

3.01eV
28 GM H
I
, ),
& f, . !
] ,
3.54 eV
150 GM

i Qs ‘
29.:.99
o » —
S1
3.11leV
22 GM
be ,  , uh
Dp o a®
Ty Y
J S
3.58 eV
57 GM

S1
2.86 eV
24 GM

Sz
3.48 eV
194 GM

Figure S10: Relevant frontier molecular orbital transitions, excitation energies and two-photon absorption cross-
sections of the first two excited electronic states of the four Rhodamine compounds with different substitution pattern
Rho1, Rho2, Rho3, and RHO at CAM-B3LYP/6-31G* level in methanol.
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Excited state analysis of RHO-BPY-OH
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Figure S11: Relevant frontier molecular orbital transitions, excitation energies and two-photon absorption cross-
sections of the first four excited electronic states of RHO-BPY-OH in comparison to the respective properties of the
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individual fragments BPY and RHO at CAM-B3LYP/6-31G* level in methanol.

As explained in the main text, the S1 state (localized on the BPY fragment) and the Sz and
S4 states (both localized on the RHO fragment) play a key role in the dynamics. For
completeness, we also comment here on the S3 state, that is included for RHO-BPY-OH in
Figure S11. This state is localized on the BPY moiety and does not exhibit any significant
contribution of rhodamine centered orbital transitions; therefore, this state is not
involved in the initial internal conversion (IC) step on the RHO moiety, and it is also not

involved in the ensuing excitation energy transfer (EET). Therefore, the S3 state can be

assumed to be irrelevant for the observed dynamics.
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Excited state analysis of Rho1-BPY1-OH
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Figure S12: Relevant frontier molecular orbital transitions, excitation energies and two-photon absorption cross-
sections of the first four excited electronic states of the model dyad (M) Rho1-BPY1-OH in comparison to the respective
properties of the individual fragments BPY1 and Rhol at CAM-B3LYP/6-31G* level in methanol. For simplicity, the

states are marked as Sn (rather than S,EM) ) in the figure. On the left-hand side, CAM-B3LYP calculations for two reference
geometries are compared: First, the ground state geometry optimized with CAM-B3LYP using the constraint shown in
Figure S14, and second, the reference geometry optimized with B3LYP; in this geometry, lactone formation is inhibited.
As can be inferred from the figure, the excitation energies are reasonably similar for these geometries, with deviations
up to 0.2 eV.

For the model system Rho1-BPY1-0OH, two ground-state reference geometries are shown
in Figure S12, i.e., the B3LYP optimized geometry (as in the case of the RHO-BPY-OH
system) and a constrained CAM-B3LYP optimized geometry. The latter geometry is
required in order to carry out the vibrational analysis for the quantum dynamical
calculations addressed below. The CAM-B3LYP reference geometry is illustrated in Figure
S14, where it is shown that the constraint impedes formation of a lactone type structure
(see also Figure S8). As can be inferred from Figure S12, good agreement is obtained for
CAM-B3LYP excitation energies based on the B3LYP optimized geometry and the
constrained CAM-B3LYP optimized geometry for the model system Rho1-BPY1-OH.
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The BPY centered Ss state of the RHO-BPY-OH system that was briefly discussed above,
corresponds to the BPY1 centered SiM)state in the model system Rho1-BPY1-OH (Figure

S12). Again, this state is not going to play an active role since it is not involved in the IC

and EET steps of the process.

An explicit comparison between the excited states of RHO-BPY-OH and the model system
Rho1-BPY1-OH is shown in Figure S13. From this it becomes obvious that the orbital
transitions for the two systems are in general very similar; the main difference being a
stronger energetic shift of the BPY/BPY1 centered states which leads to a switch of the

S3/S4 state sequence in the model system. Thus, the BPY centered state S3 is equivalent to

the SiM) state while the RHO centered state S4 is equivalent to the SgM)state.
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Figure S13: Comparison between the electronic structure and excited state composition of RHO-BPY-OH and the

model system Rho1-BPY1-OH (a). A diagrammatic representation correlating the respective states is shown in (b).

As mentioned above and confirmed by Figure S8 an unconstrained optimization with
functionals like CAM-B3LYP or BHandHLYP yields a lactone type structure. For the
quantum dynamical analysis, the optimized ground state geometry as well as the excited

state gradients need to be calculated with the same method. For this reason all results
S22
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connected to the quantum dynamical analysis are obtained using a constrained, planar
CAM-B3LYP ground state geometry. The constraint includes three frozen atoms that
connect the ortho-carboxyphenyl with the xanthene fragment of Rho1 so that the dihedral
angle between these two moieties is set to 90° and the formation of a lactone type five-

membered ring is not possible (Figure S14).

Figure S14: Illustration of the constraint that is used for the CAM-B3LYP ground state optimization of Rho1-BPY1-OH
showing the three atoms that are frozen to prevent the formation of a lactone type structure. This imposes a 90° dihedral
angle between the xanthene fragment of the rhodamine and its ortho-carboxyphenyl substituent.

This structure contains N = 267 normal modes including one imaginary mode caused by
the constraint on the carboxylate group. The imaginary mode is excluded from the

quantum dynamical analysis.
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Electronic coupling via ideal dipole approximation and transition density cubes

When calculating an electronic coupling between a donor and acceptor fragment with no
orbital overlap as a Coulombic interaction the ideal dipole approximation (IDA) can be
used. In this case, the Coulombic interaction is calculated based on the interaction
between the transition dipole vector of the donor fragment and the transition dipole
vector of the acceptor fragment and reads

ﬁD ﬁA _ 3(ﬁDRDA)(ﬁARDA)
RIS;A RBA

(3)

Vpa =

Here [ip and ji4 denote the transition dipoles of the donor and the acceptor and ﬁDA and
Rp4 are the vector and distance between the centers of mass of the donor and acceptor

fragment.

A more accurate way to compute the Coulombic interaction is using the transition density

cube method (TDC). In general, the transition density of a molecule N is defined as

l(\all (Fn) = leg (Fn) lPlze(Fn) (4)

where ‘}’Ng is the electronic ground state of the molecule, ¥y the excited state and 7, are

the respective electron coordinates, with N = A (n = a) referring to the acceptor fragment

and N =D (n = d) to the donor fragment. In this case the coupling reads!3-1>

Vpn = f f ) e 5 ) i, 5)

with the electron coordinates 7,; and 7,. The transition density can then be defined on a

three-dimensional grid where the elements 8, 8, and 8, are the step size in the respective
Cartesian coordinate axis. The grid is chosen according to the extent of the molecule in
the direction of the respective axis plus an additional step §,, 6, and §, to account for edge
effects. In this specific case 84 elements in x direction, 63 elements in y direction and 52

elements in z direction with an equidistant spacing of §, = §,, = §, = 0.3 A are taken into

account, which gives a total of 275184 cubes.
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The Coulombic coupling calculation based on the transition density formalism by

McWeeny!4 can be adapted for the transition density cubes!>
z p5 () pg' ;
Veour = 47_[607,” ( )

Here, p§'(i) and pg!(j) are the TDC elements i and j for the donor and the acceptor moiety

and r;; is the respective distance. The transition dipoles can be recovered from the TDC as

the first moment of the transition densities.

TDCs have been calculated using the Q-CHEM program package.1® Electronic couplings
have been calculated using Eq. (6) with an in-house program written in C++. For the model
system (M) Rho1l-BPY1-OH using the CAM-B3LYP functional and 6-31G* basis set a
Coulombic EET coupling of 0.00091 Hartree (0.024 eV) was obtained. The respective
electronic coupling obtained by the ideal dipole approximation was 0.00041 Hartree

(0.011 eV) for comparison.

Initial condition for quantum dynamical simulations

The initial condition for the quantum dynamical calculation is chosen according to the
excitation scheme as depicted in Figure 3b of the main text. As the initial excitation to
the two-photon active Ss state (in case of RHO-BPY-OH) and the S¥ state (in case of the
model system Rho1-BPY1-OH) likely undergoes ultrafast IC to the Sz/S% state within the
RHO/Rho1 fragment, the latter is chosen as initial condition for the quantum dynamics.
Due to the natural localization of the respective excited states, this means that all density
is located on the Rho1l fragment in the beginning. This locally excited state can be
identified with a “diabatic” donor state LEP which subsequently undergoes EET to a

localized acceptor state LEA.

Linear Vibronic Coupling (LVC) model

The excited state potentials are constructed within a shifted harmonic oscillator model,

i.e. the Linear Vibronic Coupling (LVC) model. Thus, the diagonal excited state potentials
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of all states along the mass- and frequency weighted normal coordinate g: can be

expressed as

1 2
Ve (q) = Ewi(qi - qffé‘)) + AE

(7)

1
= za)iqiz + Kl.(a)qi +d; + AE

where w; is the normal mode frequency, qi(,%‘) the shifted minimum of the excited state

potential and AE the vertical energy offset. The vibronic couplings Ki(a) = —wl-qi('%‘) can be

computed by projecting the cartesian gradient of the respective state of interest onto the

molecular normal modes

(@ _ (M)

8

: @ ) (8)
Spectral densities
The collection of vibronic couplings «i(® defines state specific spectral densities.?

N

_r ()2
Je@) =5 ) K (0 - wp) (9)
i=1

These are subsequently convoluted with a Lorentzian broadening with A = A * 0.2 where
A is the root mean square of the frequency differences. In order to calculate the spectral
densities of the individual fragments all degrees of freedom of the respective other

fragment were frozen in the normal mode calculation.
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Figure S15: Spectral density J and absolute values of the vibronic couplings Ki(a)between the normal modes located on
the acceptor BPY1 fragment and the LEA state (corresponding to the adiabatic SM state) and LEP state (corresponding
to the adiabatic S} state), whose orbital transitions are naturally located on the BPY1 and Rho1 fragment.
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Figure S16: Spectral density J and absolute values of the vibronic couplings Ki(“)between the normal modes located on
the donor Rho1l fragment and the LEA state (corresponding to the adiabatic SM state) and LEP state (corresponding to
the adiabatic S}'state), whose orbital transitions are naturally located on the BPY1 and Rho1 fragment.
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The imaginary mode due to the ground-state constraint on the CAM-B3LYP calculations,
as discussed above, is not included in the spectral density. Also, this mode is not taken

into account for any quantum dynamical simulations.

Additionally, the time dependent expectation value of the position operator § is depicted
in Figure S17 for the first 500 fs alongside the diabatic population and coherence as well
as the absolute values of the vibronic couplings between the normal modes located on
BPY1 with the LEA state and the normal modes located on Rhol with the LEP state
(without the imaginary mode). All modes show a more or less pronounced oscillatory
behavior and while the oscillation of the high frequency modes is starting almost directly
the low frequency modes show a slight delay. In summary, all modes contribute to the

observed energy transfer.
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Figure S17: Vibrational map showing the vibronic couplings k;  corresponding to the acceptor (red) and donor state
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RHO-BPY-OH
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