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We report the design of easily accessible, photocleavable meso-methy l BODIPY monomers suitably func-

tionalised for incorporation into macromolecules. Firstly a BODIPY-d io l as a novel AA-type bifunctional 

monomer is reported. Secondly, from the same c o m m o n BODIPY precursor, a clickable, azide funct iona-

lised AB-type hetero-bifunctional monomer was prepared. Photochemical studies of model compounds 

conf irmed the ability of these compounds to undergo photocleavage in green light U > 500 nm). Their 

usefulness for photocl ippable macromolecular systems is then demonstrated: firstly by incorporating the 

diols into polyurethane hydrogels shown to undergo photocleavage and hence dissolution under visible 

light irradiation and secondly, the preparation of water-soluble macromolecular photocages able to 

photorelease small molecules. Thus the results presented herein describe a proof-of-pr inciple for 

BODIPY-based photoresponsive materials, for example, for use as degradable polymers, sacrificial 

materials for lithography or for the delivery of caged pharmaceuticals. 

Introduction 
Selective and efficient covalent bond-breaking reactions, 
recently coined "c l ip" chemistry by Shieh and Johnson, 2 has 
become an extremely valuable tool for the present and the 
future of materials chemistry. Photoclip reactions, using light 
as the energy source to cleave bonds, are highly attractive as 
they enable unparalleled control in a spatial and temporal 
sense. Light is a non-invasive external trigger which offers 
qualitative and quantitative control, and even allows for differ­
entiation between responsive entities based on different 
wavelengths. 3 ' 4 Applications of such photocleavable polymers 
range from sequence controlled polymer synthesis 5 or surface 
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reconfiguration 6 through to sacrificial materials such as posi­
tive resist photolithography 7 ' 8 and degradable polymers for 
controlled release and drug d e l i v e r y . 4 ' 9 1 2 

A significant class of photoclip compounds include those 
classically termed "photocages", defined as materials that 
release a molecule upon irradiation due to cleavage of a 
specific b o n d . 1 3 ' 1 4 Examples of commonly investigated photo­
cages include o-nitrobenzyl 1 5 ' 1 6 or c o u m a r i n y l 1 7 1 9 groups and 
metal-complexes such as r u t h e n i u m 8 ' 2 0 among o thers . 4 ' 1 3 ' 1 4 ' 2 1 

The vast majority of reported chromophores are predominantly 
receptive to light-absorption in the ultra-violet (UV) or near UV 
range and consequently suffer from a low material penetration 
depth, as well as photodamage when used in biological 
tissue. 4 Moving from the UV range towards visible (VIS) or 
near-infrared (NIR) wavelengths is therefore highly desirable. 2 2 

Different methods have been suggested to avoid UV and 
instead use red-shifted visible or NIR light, namely two-photon 
absorption (TPA), upconverting nanoparticle (UCNP)-assisted 
photochemistry or chemical modification of the chromophores 
to bathochromically shift the wavelength of light necessary for 
photoreactivity. 2 1 ' 2 2 Whereas TPA and UCNP-assisted photo­
chemistry either require highly sophisticated set-ups with 
high-intensity laser systems or the presence of additives, 
certain VIS or NIR-absorbing chromophores avoid such 
drawbacks. 2 2 

Boron-dipyrromethene (BODIPY) compounds, in particular 
meso-methyl BODIPY derivatives, (Fig. 1) as developed predo­
minantly by Weinstain, 1>23~25 w i n t e r 1 ' 2 5 ' 2 6 and K l a n , 1 ' 2 7 are 
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Fig. 1 General structure of meso-methyl boron-dipyrromethene 
(BODIPY) derivatives and their photorelease in methanol, adapted from 
literature.1 

standout photocages, 1 3 offering excellent molar absorption 
coefficients (e > 50 000 M _ 1 c m - 1 ) with absorptions in the 
visible to near-infrared region. They are widely regarded as bio­
logically benign and their photoreactivity can be precisely 
tuned by chemical design. 1 For example, via halogenation at 
position 2 and 6, the stability of the triplet state and hence the 
efficiency of the cleavage reaction can be enhanced while sub-
stituents at positions 3 and 5 can increase the conjugated 
system and red-shift the absorption wavelength. 1 ' 2 6 Owing to 
the broad adaptability of BODIPYs, they not only show con­
siderable promise in polymer and materials chemistry 2 8 but 
were also already employed as therapeutic agents. 2 9 

Nevertheless, studies into their use as macromolecular photo-
cages or indeed as photoclippable polymers are scarce. Only a 
few studies have been conducted investigating their use as 
polymerization in i t ia tors 3 0 ' 3 1 and even less regarding light-
induced debonding. 3 2 Herein, we report the synthesis of novel 
AA-type bifunctional and AB-type hetero-bifunctional BODIPY 
monomers and investigate their potential implementation into 
macromolecular systems. 

Experimental 
Materials and methods 

Chemicals were commercially available and used as received 
unless otherwise stated. Boron trifluoride diethyletherate, 
2-chloro-2-oxoethyl acetate (acetoxyacetyl chloride), 3-ethyl-2,4-
dimethyl-lH-pyrrole (kryptopyrrole), l,4-diazabicyclo[2.2.2] 
octane (DABCO), Celite® (325 Mesh powder), anhydrous tetra-
hydrofuran (THF) and anhydrous dichloromethane (DCM) 
were purchased from Alfa Aesar, acetoxyacetyl chloride and 
kryptopyrrole from Acros Organics and Sigma Aldr ich , respect­
ively. Phenylacetic acid, (+)-sodium-L-ascorbate, dichlorotriphe-
nylphosphorane, 4-dimethylaminopyridine (DMAP), iV,iV-
dicyclohexylcarbodiimide (DCC), sodium azide, benzyl isocya-
nate, Jeffamine ED-2003 and poly(hexamethylene diisocyanate) 
were bought from Sigma Aldr ich and ethanol (EtOH), ethyl 
acetate (EtOAc), cone, hydrochloric acid, magnesium sulfate, 
methanol (MeOH), iV,iV-dimethylformamide (DMF), w-heptane, 
sodium hydrogen carbonate, tetrahydrofuran (THF) and 
toluene from VWR. Pentyne was purchased from TCI, 
W-bromosuccinimide (NBS) and propargylamine from 
Fluorochem, copper sulfate pentahydrate and sodium hydrox­
ide from J.T. Baker and trimethylamine and silica gel 60 
(0.015-0.040 mm) from Merck. D C M was bought from Chem-
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Lab and chloroform-d from Eurisotop. 4,4'-Diisocyanato 
dicyclohexylmethane ( H 1 2 - M D I , Desmodur® W / l ) was pro­
vided by Covestro and Jeffamine® M-1000 was provided by 
Huntsman. The poly(organo)phosphazene used was syn-
thesised in-house according to well established literature pro­
cedures 3 3 (see ESIf). Nuclear magnetic resonance (NMR) 
spectra were recorded on a Bruker Avance III 300 M H z spectro­
meter i n deuterated chloroform at 25 °C. IR (infra-red) spectra 
were measured with a PerkinElmer 100 Series FTIR spectro­
meter equipped with ATR using a scan number of 128. Size 
exclusion chromatography (SEC) in aqueous media was per­
formed on an Agilent Technologies 1260 Infinity II system 
equipped with a Shodex OHpak LB-802.5 (300 m m x 8 m m , 
6 um particle size) and a Shodex OHpak LB-804 (300 m m x 
8 m m , 10 um particle size) column. Samples were filtered 
through 0.2 um nylon syringe filters prior to injection, eluted 
with M i l l i - Q water with 0.1 M N a N O s and 0.025 wt% N a N 3 at a 
flow rate of 0.5 m l m i n - 1 and detected via a UV-vis detector 
(540 nm) from Agilent, a refractive index detector RI-501 from 
Shodex and a TREOS II light scattering detector from Wyatt 
technology. Results were analysed with ASTRA 7.3.2 from 
Wyatt. High-resolution mass spectra were recorded on an 
Agilent 6520 ESI-QTOF in positive mode with methanol with 
0.1% formic acid as the eluent. UV-vis and emission spectra 
were recorded on a SpectraMax® M2e Mult i -Mode Microplate 
Reader with applied wavelengths of 350-780 n m and on a 
Jobin Yvon Fluorolog 3 emission spectrometer, depending on 
wavelengths and experiment. Photorheology measurements 
were performed on a M C R 502 Anton Paar Rheometer. The 
samples were investigated by oscillatory rheology, with a plate-
plate geometry attached. The samples were kept at 25 °C by a 
temperature adjustable bottom plate. For measurements an 
8 m m stamp, which was developed and provided by Anton 
Paar G m b H , was installed. To initiate the decomposition the 
light was guided from the top through the rheometer stamp 
onto the sample. The parameters were set to 1% deformation, 
a frequency of 10 rad s - 1 and a gap size of 1.15 m m . As light 
source a Lumatec Superlite 400 portable light source with a set 
wavelength of 550 n m and 1.4 W was used. 

Absorption spectra were obtained on a UV-vis spectrometer 
with matched 1.0 cm quartz cuvettes. Molar absorption coeffi­
cients were determined from the absorption spectra (the 
average values were obtained from three independent 
measurements with solutions of different concentrations). The 
emission and excitation spectra were measured on an auto­
mated luminescence spectrometer in 1.0 cm quartz fluo­
rescence cuvettes at 22 ± 1 °C. The corresponding optical 
filters were used to avoid the second harmonic excitation/emis­
sion bands induced by the grating. The samples were prepared 
with absorbances of ~0.1 at the excitation wavelength. Each 
sample was measured five times, and the spectra were aver­
aged. Emission and excitation spectra are normalized. 
Fluorescence quantum yields were determined using an inte­
gration sphere as the absolute values. For each sample, the 
quantum yield was measured five times and then it was 
averaged. 
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Photochemistry. A methanol solution of the given com­
pound (5 or 6, 3 mL) i n a matched 1.0 cm quartz PTFE screw-
cap cuvette equipped with a stirring bar was stirred and irra­
diated with a light source of 32 InGaN LEDs at / l i r r = 505 n m 
with a total dissipation power of 3360 m W and an estimated 
power density of 420 m W c m - 2 as an upper l imit . The reaction 
progress was monitored at the given time intervals by UV-vis 
spectroscopy using a diode-array spectrophotometer. The 
chemical yields of the photorelease of benzylamine and pheny-
lacetic acid were determined in either aerated and degassed 
[purged with argon for 20 min) methanol solutions of 5 and 6 
[c = 1 x 10~ 3 M and c = 1.7 x i o ~ 3 M , respectively) upon exhaus­
tive irradiation using H P L C (C-18 column, M e O H / H 2 0 as an 
eluent, UV-detector wavelength = 260 n m ; ESI Fig. 26-28f). 
The quantum yields of the decomposition of 5 and 6 in both 
aerated and degassed methanolic solutions upon irradiation at 
/lirr = 505 n m (LEDs) were determined using a BODIPY meso-
carboxylic acid derivative as an actinometer dissolved in PBS (7 
= 0.1 M , p H = 7.4) according to the published procedure. 2 7 The 
measurements were repeated three times with three indepen­
dently prepared samples. 

Ultrafiltration was performed with Vivaspin® 20 centrifugal 
concentrators with a M W C O of 3 kDa and dialysis was carried 
out using Spectrum™ Spectra/Por™ RC membrane tubing, 
E t O H used as a solvent was recycled by distillation. 

Dry column vacuum chromatography was performed with 
silica gel 60 (0.015-0.040 mm) from Merck and EtOAc in 
heptane (0%-100%) as the mobile phase. The sample was 
absorbed on Celite® (325 mesh powder from alfa aesar) and 
30 m l fractions were collected with an increasing EtOAc 
content of 1 m l . T h i n layer chromatography was performed on 
pre-coated TLC sheets ALUGRAM® SIL G / U V 2 5 4 with 0.20 m m 
silica gel 60, purchased from Macherey-Nagel. 

Dry solvents have been degassed by bubbl ing with N 2 and 
stored over molecular sieves (3 A). 18 MQ. ultra pure water 
(Mill i-Q water) was obtained from a Millipore® device with a 
Mi l l ipak express 40 filter (0.22 um pore size). Dichloromethane 
(DCM) was purified via a solvent purification column 
(MBRAUN SPS compact). Water-sensitive and highly reactive 
chemicals were stored under an inert atmosphere i n an argon 
filled glovebox (MBRAUN). 

Suitable single crystals for X-ray diffraction for 1 and 4 were 
obtained by evaporation of the solvent from their solutions in 
ra-heptane/ethyl acetate. Diffraction data were collected on a 
Bruker Smart Apex diffractometer operating with M o K a radi­
ation [X = 0.71073 A). The structures were solved by direct 
methods (SHELXL-2014/7) and refined by full-matrix least 
squares on F2 (SHELXL-2014/7). 3 4 The H atoms were calculated 
geometrically, and a r id ing model was applied i n the refine­
ment process. These data were deposited with C C D C with the 
following numbers: 2109136 and 2109137.f Crystal data are 
given in ESI Table l . f 

The conversion of the coupling reactions was determined 
by UV-vis spectroscopy and compound 6a as a reference. 
Briefly, the BODIPY concentration of the sample solution was 
determined via a suitable calibration curve and the corres­

ponding conversion and content on the polymer calculated 
from the respective weight percent. 

A l l BODIPY-compounds were stored i n the absence of light 
at room temperature. 

Synthetic procedures 

8-Acetoxymethyl-2,6-diethyl-l,3,5,7-tetramethyl pyrromethene 
fluoroborate, BODIPY, 1. The reaction was adapted from litera­
ture procedures 3 5 3 7 and carried out under argon atmosphere 
i n the dark. To 1.0 m l 3-ethyl-2,4-dimethyl-pyrrole (7.1 m m o l , 
2.2 eq.) in 40 m l dry D C M 0.36 m l acetoxyacetyl chloride 
(3.2 m m o l , 1 eq.) was added and the reaction stirred at room 
temperature over night. Triethylamine (2.7 m l , 19 m m o l , 6.0 
eq.) was added to the reaction mixture and stirred for 15 m i n 
after witch BF 3 -OEt 2 (3.7 m l , 29 m m o l , 9.0 eq.) was added 
slowly and stirred for another 60 m i n . A second portion of TEA 
(2.7 m l , 19 m m o l , 6.0 eq.) and BF 3 -OEt 2 (3.7 m l , 29 m m o l , 9.0 
eq.) were added and stirred for 15 m i n and 60 m i n , respect­
ively. The solvent was evaporated, the residue redissolved in 
EtOAc and the solution was washed with brine three times, the 
aqueous solutions were combined and again extracted with 
EtOAc. The organic fractions were combined, dried over 
M g S 0 4 and the solvent was evaporated. The crude product was 
further purified via dry column vacuum chromatography (0%-
100% EtOAc in w-heptane) to yield 1 (485 mg, 1.29 m m o l , yield 
40%) as shiny red crystals. 

1 H - N M R (300 M H z , C D C l 3 , S): 1.06 (t, 3 / H H = 7.5 H z , 6H), 
2.15 (s, 3H), 2.27 (s, 6H), 2.40 (q, 3 / H H = 7.5 H z , 4H), 2.52 (s, 
6H), 5.33 p p m (s, 2H); MS (ESI, positive mode) mlz calculated 
for C 2 0 H 2 8 B F 2 N 2 O 2 377.2211 [M + H ] + , found 377.2214. 

2,6-Diethyl-8-hydroxymethyl-l,3,5,7-tetramethyl pyrromethene 
fluoroborate, BODIPY-OH, 2. The reaction was adapted from lit­
erature 3 6 and carried out in the dark. 500 m g of BODIPY 1 
(1.33 m m o l , 1 eq.) was dissolved in 15 m l T H F and a mixture 
of 30 m l methanol and 13 m l 0.1 M aqueous N a O H 
(1.33 m m o l , 1 eq.) was added. The reaction was carried out for 
4 h i n the dark and the reaction mixture was subsequently con­
centrated under reduced pressure. The product mixture was 
diluted with EtOAc and washed with brine and 1 M H C l , 
which were combined and extracted once again with EtOAc. 
The combined organic phases were dried with M g S 0 4 and the 
solvent was evaporated under reduced pressure. The crude 
product was further purified via dry column vacuum chrom­
atography (0%-100% EtOAc in n-heptane) yielding 2 (355 mg, 
1.06 m m o l , yield 80%) as a bright red solid. 

1 H - N M R (300 M H z , C D C l 3 , 5): 1.06 (t, 3 / H H = 7.6 H z , 6H), 
2.40 (q, 3 / H H = 7.6 H z , 4H), 2.42 (s, 6H), 2.50 (s, 6H), 4.91 ppm 
(s, 2H); MS (ESI, positive mode) mlz calculated for 
C 1 8 H 2 6 B F 2 N 2 0 [M + H ] + 335.2106, found 335.2099. 

2,6-Diethyl-5,8-dihydroxymethyl-l,3,7-trimethyl pyrromethene 
fluoroborate, BODIPY-diol, 3. The reaction was adapted from lit­
erature 3 8 and carried out under argon in the dark. BODIPY-OH 
2 (70.0 mg, 0.209 m m o l , 1 eq.) and NBS (37.3 mg, 0.209 m m o l , 
1 eq.) were each dissolved in 1.5 m l dry D C M , mixed and 
allowed to react for 45 m i n . Afterwards, 1.5 m l deionised water 
i n 2 m l D M F was added and the reaction mixture was stirred 
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for another 4 h . The reaction mixture was concentrated by 
evaporation and the residue was dissolved in EtOAc. After 
washing with brine the aqueous phase was again extracted 
with EtOAc. The combined organic phases were dried over 
M g S 0 4 and the solvent was evaporated under reduced 
pressure. The crude product was further purified by dry 
column vacuum chromatography (0%-100% EtOAc in 
ra-heptane) to yield 3 (12.6 mg, 0.036 m m o l , yield 17.2%) as a 
shiny red solid. 

1 H - N M R (300 M H z , C D C l 3 , S): 1.08 (t, 3 / H H = 7.5 H z , 3H), 
1.12 (t, 3 / H H = 7.5 H z , 3H), 2.43 (q, 3 / H H = 7.5 H z , 2H), 2.47 (s, 
6H), 2.50 (q, 3 / H H = 7.5 H z , 2H), 2.54 (s, 3H), 4.73 (s, 2H), 
4.96 p p m (s, 2H); 1 3 C - N M R (HSQC, 75 M H z , C D C l 3 , 8): 12.6, 
13.0, 14.5, 15.6, 17.1, 54.9, 56.1 ppm; M S (ESI, positive mode] 
mlz calculated for C 1 8 H 2 5 B F 2 N 2 0 2 N a 373.1875 [M + N a f , 
found 373.1877. 

5-Azidomethyl-2,6-diethyl-8-hydroxymethyl-l,3,7-trimethyl pyr-
romethene fluoroborate, BODIPY-azide, 4. The reaction was 
adapted from literature 3 8 and carried out under argon in the 
dark. BODIPY-OH 2 (100 mg, 0.299 m m o l , 1 eq.) was dissolved 
in 3 m l dry D C M and NBS (53 mg, 0.298 m m o l , 1 eq.) in 1 m l 
dry D M F was added. The reaction mixture was stirred for 1 h at 
room temperature i n the dark after which 150 m g N a N 3 , sus­
pended in 3 m l dry D M F , were added. The reaction was 
allowed to continue for 2 h in the dark and was subsequently 
taken up in 30 m l EtOAc and washed with brine. The organic 
phase was dried over M g S 0 4 , the solvent was evaporated under 
reduced pressure and the crude product was further purified 
by dry column vacuum chromatography (0%-100% EtOAc in 
n-heptane) yielding 4 as red solid (33 mg, 0.088 m m o l , yield 
29%). 

1 H - N M R (300 M H z , C D C l 3 , 8): 1.07 (t, 3 / H H = 7.5 H z , 3H), 
1.13 (t, 3 / H H = 7.5 H z , 3H), 2.44 (q, 3 / H H = 7.5 H z , 2H), 2.47 (s, 
6H), 2.48 (q, 3 / H H = 7.6 H z , 2H), 4.55 (s, 2H), 4.97 p p m (s, 
2H); 1 3 C - N M R ( H S Q C , 75 M H z , C D C l 3 , 8): 12.0, 12.5, 14.02, 
14.5, 16.8, 44.8, 55.9 ppm; M S (ESI, positive mode) mlz calcu­
lated for C l s H 2 4 B F 2 N 5 O N a 398.1940 [M + N a f , found 
398.1936. 

5,8-Bis(((benzylcarbamoyl)oxy)methyl)-2,6-diethyl-l,3,7-trimethyl 
pyrromethene fluoroborate, BODIPY-diol-model, 5. The whole 
reaction was carried out under argon in the dark. BODIPY-diol 
3 (50.0 mg, 0.143 m m o l , 1 eq.) was dissolved i n 3 m l dry 
toluene, benzyl isocyanate (36.0 mg, 0.270 m m o l , 1.9 eq.) was 
added along with DABCO (~0.5 mg, ~4 umol) and the whole 
reaction was stirred for 24 h . The reaction was diluted with 
EtOAc and washed with brine. After the aqueous phase was 
again extracted with additional EtOAc the combined organic 
phases were dried over M g S 0 4 , filtered and the solvent was 
completely evaporated. The crude product was further purified 
by dry column vacuum chromatography (0%-100% EtOAc in 
ra-heptane) to yield 5 (18 mg, 0.029 m m o l , yield 20.3%) as a 
shiny red solid. 

1 H - N M R (300 M H z , C D C l 3 , 8): 1.04 p p m (t, 3 / H H = 7.6 H z , 
6H), 2.31 (s, 3H), 2.35 (s, 3H), 2.37-2.51 (m, 4H), 2.64 (s, 3H), 
4.40 (s, 4H), 5.38 (s, 4H), 7.28 ppm (m, 10H); 1 3 C - N M R (HSQC, 
75 M H z , CDC1 3 , 5): 12.1, 13.4, 14.8, 17.1, 45.3, 57.9, 127.7 ppm. 
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5-((4-Propyl-liJ-l,2,3-triazol-l-yl)methyl)-8-(phenylacetox-
ymethyl)-2,6-diethyl-l,3,7-trimethyl pyrromethene fluorobo­
rate, BODIPY-azide-model, 6. The synthesis of compound 6 
was performed in a two step procedure: (i) CuAAC with 
pentyne and (ii) esterification with phenylacetic acid of the 
meso-OH with D C C . The intermediate compound, 6a, l inked to 
the pentyne, was used as a calibration standard for the quanti­
fication of BODIPY within the polymer. The final combined 
synthesis resulted i n the model compound 6. 

6a: The whole reaction was carried out under argon i n the 
dark. BODIPY-azide 4 (40.5 mg, 0.108 m m o l , 1 eq.) was dis­
solved i n 2-3 m l D C M and a mixture of copper sulfate pentahy-
drate (37.5 mg, 0.150 m m o l , 1.5 eq.) and (+)-sodium-L-ascor-
bate (59.4 mg, 0.300 m m o l , 3 eq.) i n 2-3 m l M i l l i - Q water was 
added. After addition of pentyne (213 ul , 2.15 m m o l , 20 eq.) 
the reaction was stirred overnight, subsequently diluted with 
30 m l D C M , washed with brine and the combined aqueous 
phases were re-extracted with D C M . The combined organic 
phases were dried over M g S 0 4 and the solvent was evaporated. 
The intermediate product was purified by dry column vacuum 
chromatography (0%-100% EtOAc in n-heptane) to yield 6a as 
a shiny red solid (46.4 mg, 0.105 m m o l , yield 97%). 

6: To synthesise the final model compound 6, 6a (41.2 m g 
0.0929 m m o l , 1 eq.) was dissolved i n 20 m l dry D C M and DCC 
(38.3 mg, 0.185 m m o l , 2 eq.), D M A P (1.1 mg, 9.0 umol , 0.1 eq.) 
and phenylacetic acid (18.9 mg, 0.139 m m o l , 1.5 eq.) in 3 m l 
dry D C M were added. The reaction was stirred under argon in 
the dark and its progression checked via T L C . After completion 
(~22 h), the solvent was evaporated and the product purified 
by dry column vacuum chromatography (0%-100% EtOAc in 
ra-heptane) yielding 6 (2.6 mg, 4.6 umol , yield 4%) as a red 
solid. 

6a: 1 H - N M R (300 M H z , C D C l 3 , 5): 0.76 (t, 3 / H H = 7.5 H z , 3H), 
0.91 (t, 3 / H H = 7.3 H z , 3H), 1.09 (t, 3 / H H = 7.6 H z , 3H), 1.64 (q, 
3 / H H = 7.5 H z , 2H), 2.42 (s, 3H), 2.43-2.48 (m, 4H), 2.49 (s, 3H), 
2.58 (s, 3H), 2.6 (t, 3 / H H = 7.7 H z , 2H), 4.98 (s, 2H), 5.76 (s, 2H), 
7.53 p p m (s, 1H); 1 3 C - N M R (HSQC, 75 M H z , C D C l 3 , 8): 12.5, 
13.0, 14.0, 16.8, 22.7, 27.8, 30.1, 44.5, 56.2, 121.5 ppm. 

6: 1 H - N M R (300 M H z , C D C l 3 , 8): 0.74 (t, 3 / H H = 7.5 H z , 3H), 
0.93 (t, 3 / H H = 7.5 H z , 3H), 1.07 (t, 3 / H H = 7.7 H z , 3H), 1.59-1.71 
(m, 2H), 2.09 (s, 3H), 2.16 (s, 3H), 2.34-2.49 (m, 4H), 2.59 (s, 
3H), 2.64 (t, 3 / H H = 7.6 H z , 2H), 3.70 (s, 2H), 5.34 (s, 2H), 5.76 
(s, 2H), 7.23-7.35 (m, 5H), 7.54 p p m (s, 1H); 1 3 C - N M R (HSQC, 
75 M H z , CDC1 3 , 5): 12.0, 14.0, 16.8, 22.2, 27.8, 41.2, 44.8, 58.0, 
121.0, 127.3, 128.9 p p m . 

5-Azidomethyl-8-(phenylacetoxymethyl)-2,6-diethyl-l,3,7-tri-
methyl pyrromethene fluoroborate, caged linker BODIPY-
azide, 7. The esterification of the BODIPY-azide 4 with pheny­
lacetic acid was performed under argon i n the dark, analo­
gously to the second step in the synthesis of the model com­
pound 6: BODIPY-azide 4 (27.7 mg, 0.0738 m m o l , 1 eq.) was 
dissolved in 20 m l dry D C M . D C C (30.4 mg, 0.147 m m o l , 2 
eq.), D M A P (1.0 mg, 8.2 umol , ~0.1 eq.) and phenylacetic acid 
(15.0 mg, 0.139 m m o l , 1.5 eq.) were dissolved in 3 m l dry 
D C M , added to the reaction mixture and stirred over night. 
The progress of the reaction was checked by T L C . After 18 h 
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the reaction was terminated and the solvent was evaporated. 
The crude product was purified by dry column vacuum chrom­
atography (0%-100% EtOAc i n ra-heptane) yielding 7 as a red 
solid (25.1 mg, 0.051 m m o l , yield 69%). 

1 H - N M R (300 M H z , C D C l 3 , S): 1.05 (t, 3 / H H = 7.6 H z , 3H), 
1.10 (t, 3 / H H = 7.6 H z , 3H), 2.13 (s, 6H), 2.39 (q, 3 / H H = 7.5 H z , 
2H), 2.45 (q, 3 / H H = 7.5 H z , 2H), 2.57 (s, 3H), 3.71 (s, 2H), 4.56 
(s, 2H), 5.33 (s, 2H), 7.27-7.36 p p m (m, 5H); 1 3 C - N M R (HSQC, 
75 M H z , CDC1 3 , 8): 12.6, 13.9, 15.0, 16.6, 40.9, 45.1, 58.2, 
127.2, 128.7 ppm. 

Jeffamine - BODIPY-diol hydrogel. The whole reaction was 
carried out under argon i n the dark. BODIPY-diol 3 (0.20 mg, 
0.57 umol , 1 eq.) was dissolved in ~0.3 m l dry toluene and 
reacted with H 1 2 - M D I (13.19 mg, 50.26 umol, 88 eq.) and 
DABCO (1.00 mg, 8.20 umol , 16 eq.) over night at room temp­
erature. Jeffamine ED-2003 (156.4 mg, 81.68 umol , 58.29 eq.) 
and poly(hexamethylene diisocyanate) (10.62 m g 22.19 umol , 
58.29 eq.) were added to the reaction mixture and stirred vigor­
ously to achieve a homogeneous distribution of reactants 
before gelation. After gelation the resulting slightly pink 
coloured soft and flexible gel was washed with acetone and 
deionised H 2 0 and stored in deionised H 2 0 in the dark. 

BODIPY-azide decorated poly(organo)phosphazene. The 
reaction was performed analogous to the synthesis of com­
pound 6a. BODIPY-azide 4 (33.4 mg, 0.0890 m m o l , 1 eq.) and 
polyQeffamine M-1000 - propargylamine)phosphazene 
(97.7 mg, 0.0878 m m o l , 1 eq.) were dissolved i n ~5 m l D C M 
and copper sulfate pentahydrate (33.3 mg, 0.134 m m o l , 1.5 
eq.) and (+)-sodium-L-ascorbate (52.9 mg, 0.267 m m o l , 3 eq.) 
in ~5 m l M i l l i - Q water were added. The reaction was stirred at 
room temperature in the dark for 3 days. The reaction solution 
was diluted with 30 m l D C M and washed with brine. The 
aqueous phase was re-extracted with D C M and the combined 
organic phases were dried over M g S 0 4 , filtered and the solvent 
evaporated. The crude product was purified by ultrafiltration 
with Vivaspin 20 ultrafiltration tubes (MWCO = 3 kDa, 5000 g) 
with ethanol : water (1:1) and subsequently dialysed (MWCO = 
6-8 kDa) against ethanol. The solvent was evaporated, the 
product isolated as a red solid and the BODIPY content deter­
mined by UV-vis spectroscopy using compound 6a as refer­
ence. Conversion = 31%. BODIPY content = 9.6 wt%. 

Synthesis of phenylaceticacid-BODIPY-azide decorated poly 
(organo)phosphazene. The phenylacetic acid coupled BODIPY-
azide 7 (21.8 mg, 0.0442 m m o l , 0.75 eq.) and polyQeffamine 
M-1000 - propargylamine)phosphazene (64.7 mg, 
0.0581 m m o l , 1 eq.) were reacted as described above for 
BODIPY-azide 4. Briefly, the starting materials were dissolved 
in D C M and mixed with copper sulfate pentahydrate 
(21.97 mg, 0.0880 m m o l , 1.5 eq.) and (+)-sodium-L-ascorbate 
(34.87 mg, 0.1760 m m o l , 3 eq.) in M i l l i - Q water. After diluting 
with D C M , the solution was washed with brine and re-
extracted with D C M . The combined organic phases were dried 
over M g S 0 4 , filtered and the solvent was evaporated. The 
product was first purified by ultrafiltration with Vivaspin 20 
ultrafiltration tubes (MWCO = 3 kDa, 5000 g) with ethanol : 
water (1:1) and subsequently dialysed (MWCO = 6-8 kDa) 
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against ethanol. After evaporation of the solvent the polymer 
was isolated as a red solid. The BODIPY content was deter­
mined by UV-vis spectroscopy with compound 6a as reference. 
Conversion = 33%, BODIPY content = 9.9 wt%. 

Results 
For the preparation of photoresponsive macromolecular 
systems based on boron dipyrromethene (BODIPY), we 
designed a readily accessible, modifiable and stable BODIPY 
platform. For this reason, compound 1 was chosen because it 
is relatively easily synthetically accessible, 3 5 3 7 offers multiple 
options for modification of the framework 1 ' 3 8 and enables the 
release of caged compounds upon irradiation with green-
l i g h t . 2 3 " 2 5 After the reported synthesis of the BODIPY frame­
work 1, hydrolysis of the ester in the meso-position resulted in 
the common precursor 2, which could be used for subsequent 
synthesis of both the AA-type bifunctional and AB-type hetero-
bifunctional BODIPY monomers, as summarised in Scheme 1. 
Bui lding on the method by Ulr ich et al.,38 mowo-bromination 
i n position 3 was performed, followed by substitution with a 
suitable nucleophile, H 2 0 or N a N 3 , to give compounds 3 and 
4, respectively. The prepared monomers 3 and 4 were exten­
sively characterised by NMR-spectroscopy ( 1 H and HSQC), 
UV-Vis spectroscopy and MS, as well as FTIR-spectroscopy in 
the case of compound 4. In addition, the molecular structures 
of 1 and 4 were determined by single-crystal X-ray diffraction 
(Scheme 1). A clear and characteristic shift in the 1 H - N M R 
signal can be observed upon substitution at position 3 from 
2.52 ppm in compound 2 to 4.71 and 4.55 p p m for 3 and 4, 
respectively (Fig. 3, complete spectra i n ESI Fig. 2, 3 and 5f). 
The peak at ~4.9 p p m , corresponding to the methylene group 
at the meso-position, shifts slightly downfield for compound 3, 
and somewhat more for 4. A splitting of the triplet and quartet 
of the ethyl-moiety was also observed due to the lost symmetry 
for both the AA-type and AB-type monomers 3 and 4 (ESI Fig. 3 
and 5f). Chemical functionalization of this position does not 
appear to considerably change the electronic structure of the 
BODIPY core as al l UV-vis spectra of the monomers are very 
similar with only slight shifts in the absorbance wavelengths 
[cf. ESI Fig. 19-22f). Both compounds 3 and 4 were further 
investigated by ESI-MS i n positive mode indicating a quite 
labile molecule with multiple fragmentations despite the soft 
ionisation method. Nevertheless, the molecular ion peak or its 
sodium adducts are observable for each monomer (ESI Fig. 17 
and 18f). For compound 4, a sharp and characteristic peak for 
the azide group at 2100 c m - 1 can be found in the FTIR-spec-
trum (ESI Fig. 37f). 

To obtain photophysical and photochemical data of the 
BODIPY chromophores, small-molecular models were then 
synthesised. For the bifunctional diol 3, isocyanate chemistry 
w i l l later be used for the synthesis of hydrogels {vide infra). 
Therefore, the small-molecule model 5 was synthesised by 
reaction of both alcohol moieties i n 3 with an excess of benzyl 
isocyanate (Scheme 1). The successful synthesis of the model 
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Scheme 1 Synthesis pathway towards bifunctional and hetero-bifunctional BODIPY monomers 3 and 4 and the synthesis of their respective small-
molecular model compounds 5-7. (i) NaOH, DCM/MeOH, H 20; (ii) NBS, DCM; (iii) H 20/DCM; (iv) NaN3, DCM/DMF; (v) benzyl isocyanate, toluene; 
(vi) phenylacetic acid, DCC, DMAP, DCM; (vii) pentyne, CuS0 4-5H 20, (+R-Na ascorbate, DCM/H 20. 

compound 5 was confirmed by N M R and UV-Vis spectroscopy 
[ESI Fig. 7, 8 and 23f) and its photophysical properties were 
investigated (Fig. 2a, ESI Fig. 25af). 

To mimic the subsequent polymer-bound heterobifunc-
tional compound 4, model compound 6 was synthesised with 
a cleavable ester group i n the meso-position. To this end a 
copper-catalysed azide-alkyne cycloaddition (CuAAC) with 
pentyne was performed alongside a standard coupling reaction 
at the meso-alcohol with phenylacetic acid to act as a leaving 
group. The model compound 6 was characterized by N M R and 
FTIR-spectroscopy (ESI Fig. 9-12, 24 and 38f) and thoroughly 
photophysically investigated (Fig. 2b, ESI Fig. 25bf). 

Compound 5 in methanol shows an absorption band at 
^max = 541 n m with a shoulder at ~500 n m , typical for BODIPY 
chromophores, and an emission band at i m a x = 559 n m (the 
quantum yield of fluorescence <PF is 0.47; Table 1, ESI 
Fig. 23f). The absorption and emission properties of 6 are very 
similar to those of 5 (Table 1, ESI Fig. 24f). 

BODIPY 5 bears two carbamate substituents, one directly 
photocleavable from the meso-methyl p o s i t i o n , 1 ' 1 3 ' 2 3 ' 3 9 and the 
second one at the 3-methyl position. Upon photolysis, the first 
anticipated step is the release of benzylcarbamate from the 
meso-methyl group, which slowly decarboxylates in d a r k 4 0 4 2 to 
give the final benzylamine. The side-product of this transform­
ation is a meso-methoxymethyl BODIPY derivative, formed by 
photosolvolysis of 5 with methanol, which is also photochemi-

cally active as it is composed of the same BODIPY chromo-
phore. 1 Upon exhaustive irradiation of 5 i n an aerated metha­
nol solution at 505 n m , the chemical yield (HPLC) of the 
released final leaving group benzylamine was found to be very 
high (100%). Interestingly, prolonged irradiation of a degassed 
solution of 5 gave more than one equivalent of benzylamine 
(124%). We conclude that the second carbamate group at posi­
tion 3 was also released, most probably i n a subsequent step, 
that is photodegradation of the meso-methylmethoxy BODIPY 
side-product. Indeed, the absorption spectra of irradiated 
samples in Fig. 2a demonstrate that the BODIPY chromophore 
is substantially consumed during the photolysis, further 
enhancing the degradation process. Relatively smaller release 
chemical yields of benzylamine in the presence of oxygen 
must be related to an alternative secondary degradation oxi­
dative pathway, such as the oxidation of benzylamine by 
singlet oxygen 4 3 generated by the triplet sensitization of an 
excited BODIPY chromophore. 1 The degradation quantum 
yields <£r in degassed solutions were found to be larger than 
those in aerated solutions by a factor of 2, which means that 
oxygen quenches the productive triplet excited state of 
BODIPY. Their magnitudes match those found for analogous 
meso-methyl BODIPY protected carboxylates. 

The photolysis of 6, which does not possess a good leaving 
group at position 3, under the same conditions (Fig. 2b) pro­
vided only 65 and 68% maximum chemical yields of the phe-
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Fig. 2 Evolution of UV-vis spectra during the photoreaction of 
BODIPY-model compounds 5 (a) and 6 (b) in aerated methanol solutions 
(5.3 x 1CT5 M and 4 x 1CT5 M, respectively) upon 505 nm LED irradiation 
for the indicated time. 

nylacetate leaving group from its meso-methyl position in 
aerated and degassed solutions, respectively (Table 1). The 
chemical yield of ~70% can thus be an upper l imit of the car-
boxylate leaving group release from the meso-position of such 
pentaalkyl BODIPY derivatives. In addition, the stability of the 
two model compounds in the dark was tested i n methanol as a 
model protic solvent and showed completely stable chromo-
phores within at least 24 h (ESI Fig. 31f). 

Subsequently, the synthesised BODIPY monomers were 
incorporated into macro molecular materials. The AA-type 
monomer 3 was employed as a photocleavable linker in hydro-

Paper 

5.0 4\9 4\8 4\7 4\6 4.5 

8/ppm 

Fig. 3 ^-NMR spectra in CDCl 3 of the hydrolysed BODIPY compound 
2 (blue), the BODIPY-diol compound 3 (red) and the BODIPY-azide 
compound 4 (black) showing the proton signals arising upon the substi­
tution at position 3 at 4.71 ppm and 4.55 ppm for the diol and the azide, 
respectively. 

gels. The monomer was first reacted with H 1 2 - M D I i n excess to 
prepare a diisocyanate BODIPY compound in situ. Afterwards, 
Jeffamine ED-2003, a hydrophilic diamine spacer, and poly 
(hexamethylene diisocyanate) as a crosslinker were added, and 
the mixture stirred vigorously unti l formation of the gel 
(Fig. 5a and b). The spacer was chosen to ensure a certain dis­
tance between the separate BODIPY molecules to reduce any 
quenching effects between chromophores. As can be seen in 
Fig. 5c, a light purple colored hydrogel was obtained, glowing 
bright green upon irradiation with 365 n m light. When sub­
jected to prolonged irradiation at 365 n m for 72 h , the gel dis­
solved completely due to photocleavage of the BODIPY l in­
kages. In contrast, a control gel without any BODIPY monomer 
(see ESIf for details) remained intact upon irradiation for the 
same timeframe (see Fig. 5c and d). The kinetics of the degra­
dation process was followed by fluorescence spectroscopy and 
photorheology. The hydrogel was directly irradiated in the fluo­
rescence spectrometer using the excitation light of the instru­
ment at wavelengths of 365 and 510 n m . At regular time inter-

Table 1 Photophysical and photochemical properties of BODIPY derivatives 5 and 6 a 

Absorption" Emission6 Photoreactionc 

Compd. ^ / n m e / M ^ c m " 1 ^ZJnm ®t Yield d/% 0/ 

5 541 35 700 559 0.47 ± 0.03 100 ± 10^ 1.0 x 10~ 4 / 

124 ± 12g 1.8 x l 0 ~ 4 s " 
6 538 42100 559 0.68 ± 0.05 65 ± 3^ 4.6 x 10~ 5 / 

68 ± 4g 7.8 x 10~5 g 

" Absorption, b emission (<P{ = fluorescence quantum yield in methanol), and c photochemical properties (d chemical yields of release and e degra­
dation quantum yields <Pr in-^aerated and g degassed methanol solutions; H-^ = 505 nm). 

This journal is © The Royal Society of Chemistry 2021 Polym. Chem., 2021,12, 6927-6936 | 6933 



View Article Online 

Paper Polymer Chemistry 

a) 

b ) 

2.5x10s 

2 . 0 X 1 0 6 

1.5x106 

-I.Ox-IO6 

5.0x10s 

0.0 

1 0 0 0 0 

IF t=0h 

\ 
t=2h 

^ ! 5 5 ! ^ a ^ ^ A / nm> 

a. 
"5 

1000 ,1 

1 0 0 

10 J 

550 600 650 700 

G'dark 

100 2 0 0 300 

Time /min 
Lowess smoothed G' Lowess smoothed G" 

Fig. 4 Kinetic studies of the photodegradation of the BODIPY-diol con­
taining hydrogel. (a) Decrease of the fluorescence intensity upon 
irradiation of the BODIPY-hydrogel at 510 nm for 2 h. (b) Photorheology 
measurements of the BODIPY-hydrogel and the stability of the gel in the 
dark. Light on after 2 min. 

vals, fluorescence spectra were recorded. A decrease in fluo­
rescence intensity can be observed after 2 h , by 9% ((a)365 n m , 
ESI Fig. 32f) and by 23% (@510 n m , Fig. 4a). Notably, the 
kinetics of the degradation process at the different wave­
lengths are in accordance with the respective molar absorption 
coefficient of the BODIPY monomer. Additionally, the fluo­
rescence upon irradiation at 510 n m was plotted against time 
[ESI Fig. 33f) showing a exponential fit {R2 = 0.99844) of the 
degradation process, slowing down over time, as already estab­
lished for the model compound (ESI Fig. 29f). For photorheol­
ogy, the hydrogel was irradiated at 550 n m as determined by 
instrument set-up. Measurements of the hydrogel showed a 
clear decrease i n the storage modulus G' and the loss modulus 
G" after approximately 135 m i n irradiation at 550 n m upon 
which the gel was considerably degraded (Fig. 4b). These 
measurements clearly show that a degradation of the gel upon 
irradiation is possible with green-light. A control measurement 
of the BODIPY-hydrogel in the dark showed no decrease in 
modulus over the same time period. 

The AB-type BODIPY monomer 4 was employed as a photo-
labile linker for potential degradable polymeric photocages. As 
a first proof of principle compound 4 was coupled to a water-
soluble poly(organo)phosphazene bottlebrush polymer 
bearing propargylamine groups (approx. one alkyne per repeat 
unit) accessible for the CuAAC cycloaddition (Fig. 6a). The 
photostability of the polymer carrier was tested via aqueous 
SEC measurements before and after irradiation of the sample 
solution at 550 n m over night (ESI Fig. 36f). Successful 
loading onto the polymer was demonstrated by aqueous SEC 
(ESI Fig. 36f). The efficiency of the coupling reaction was 
determined to be 31% by UV-Vis spectroscopy. Following these 

Fig. 5 Schematic representation and photograph of the synthesised BODIPY-hydrogels. (a) Constituents of the synthesised BODIPY-hydrogel and 
their cartoon representation, (b) Cartoon representation of a BODIPY-hydrogel. (c) Photograph of the fluorescent BODIPY-hydrogel and the dis­
solution of the gel after prolonged irradiation U e x c = 365 nm). (d) Photograph of a control sample (polyurethane hydrogel without incorporated 
BODIPY). No fluorescence and dissolution after prolonged irradiation can be observed. 
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Fig. 6 Loading of the BODIPY 4 or 7 onto the poly(organo)phospha-
zene. (a) Scheme of the reaction of BODIPY 4 or 7 with poly(organo) 
phosphazene. (b) SEC-traces of the UV-vis (540 nm) and the refractive 
index detectors, showing an overlap of the signals and indicating a suc­
cessful loading of the BODIPY compound 7 onto the poly(organo)phos-
phazene carrier, (i) CuS0 4-5H 20, (+)-i_-Na ascorbate, DCM/H 20. 
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Fig. 7 Photoreaction of the BODIPY decorated poly(organo)phospha-
zene. (a) Cartoon visualising the light-stimulus controlled release of 
conjugated phenylacetic acid form the BODIPY decorated polymer 
carrier, (b) Kinetic study of the photodegradation of the BODIPY deco­
rated poly(organo)phosphazene in MeOH upon 505 nm LED irradiation 
for the indicated time. 
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init ial results the BODIPY-azide 7 decorated with coupled phe­
nylacetic acid was added to the polymer. As depicted in 
Fig. 6b, a clear overlap of the refractive index (RI) and UV 
detector traces indicates a successful loading of the BODIPY 
onto the poly(organo)phosphazene. The incorporation of the 
BODIPY moiety was again determined by UV-Vis spectroscopy 
and was comparable to the previous experiment at 33% with a 
BODIPY content of around 10 wt%. Unfortunately, the solubi­
lity of the polymer was l imited after loading with the BODIPY 
compound possibly due to cross-linking by jt-jt-stacking inter­
actions. However, after acidification of the solution (resulting 
concentration: 0.6 M H C l ) the polymer becomes completely 
soluble. Continuous irradiation of the poly(organo)phospha-
zene at 505 n m leads to a decrease of the absorbance (Fig. 7), 
mirroring the behavior of the small-molecular model com­
pound 6, indicating a stimulus controlled release of the conju­
gated phenylacetic acid. As for the model compound, a 
slowing down of the degradation process can be observed, 
fitted exponentially (ESI Fig. 30 and 34f). 

Conclusions 
We described the synthesis of novel bifunctional AA- and het-
erobifunctional AB-type BODIPY monomers via an easily acces­
sible common precursor. Suitable small-molecular model com­
pounds were established and thoroughly characterised, 
showing their capability to undergo photocleavage i n response 
to irradiation in the visible-light region. The BODIPY mono­
mers were incorporated into macromolecular systems, namely 
hydrogels and a bottle-brush polyphosphazene, and demon­
strated to undergo selective covalent-bond cleavage in 
response to green light. Although the response kinetics of 
both BODIPY monomers is relatively slow, rate enhancement 
is feasible i n future work with relatively minor adjustments to 
the BODIPY framework. 1 Thus the herein presented results 
offer a proof-of-principle for the design of photo-clippable 
meso-methyl BODIPY monomers in macromolecular systems 
and a solid foundation for future visible-light cleavable 
materials. 
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