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Tod A. Grusenmeyera 
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bUES, Inc., Dayton, Ohio 45432, United States 

Four core and six distyryl-extended methylated-meso-phenyl-BODIPY dyes with varying iodine 

content were synthesized. The influence of iodine loading and substitution position on the 

photophysical properties of these chromophores was evaluated. Selective iodine insertion at 

the 2- and 6- positions of the methylated-meso-phenyl-BODIPY core, rather than maximum 

iodine content, resulted in the highest intersystem crossing efficiency. Iodination of the 

distyryl-extended BODIPY core afforded intersystem crossing quantum yields comparable to 

2,6-diiodo-BODIPY. Inclusion of an iodine at the para-meso-phenyl position generally enhanced 

non-radiative decay in the BODIPY excited-state, leading to lower fluorescence and intersystem 

crossing quantum yield values. Iodine substitution at the styryl-positions resulted in negligible 

changes to the excited-state dynamics. This study highlights: (1) the rate of radiative decay is 

similar in all ten derivatives (on the order of 1 x 108 s-1),  (2) iodination of the 2,6-positions 

results in the greatest enhancement of intersystem crossing efficiency, (3) care must be taken 

when modifying the para-meso-phenyl position as it could have detrimental effects on the 

excited-state dynamics, (4) the excited-state is negligibly affected by iodination of the styryl 

groups, potentially enabling orthogonal functionalization without modifying the molecular 

photophysics, (5) distyryl extension of the chromophore core diminishes rates of non-radiative 

decay and intersystem crossing, resulting in higher fluorescence quantum yields and lower 

intersystem crossing yields in the π−extended derivatives compared to the core BDP 

derivatives, and (6) DFT calculations provide insight into the electronic and structural factors 

regulating intersystem crossing and vibrational relaxation in these molecules. 

Boron-dipyrromethane (BODIPY or BDP) chromophores are extremely popular due to their 

photostability, high molar absorptivity, exemplary luminescence quantum yields, and excellent 

absorption and emission tunability in the visible and near-infrared (NIR) regimes.1–3 Increased 

interest in developing BODIPY-based photosensitizer and fluorescent probes has garnered 

multiple synthetic and application review articles in recent years.2,4–17 Much attention has been 

directed toward the synthesis of BODIPY chromophores with high intersystem crossing 

efficiencies for use in  a variety of applications, such as triplet-triplet annihilation up-conversion 

(TTA-UC)12,18–23, singlet oxygen formation for photodynamic therapy (PDT),4–6,10,11,15–17 and 

photocatalysts for H2 production and organic photoredox reactions.12,24–26 Modulation of the 

intersystem crossing efficiency has been demonstrated using a variety of synthetic strategies, 
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including the installation of heavy-atoms,10,27–29 the use of orthogonally oriented 

bisBODIPYs13,18,30–32 or fullerene conjugates,7,33–37 and the utilization of intramolecular 

photoinduced electron transfer inducing motifs.8,9,12 These synthetic approaches result in 

intersystem crossing efficiencies that are highly variable and depend on the location and chemical 

nature of the substituents.  

Two strategies are generally employed when constructing heavy-atom containing BODIPY 

chromophores for triplet-state sensitization: (1) incorporation of a transition metal complex in 

the para-meso-phenyl or 2,6- positions of the BODIPY core or  (2) direct substitution of halides 

onto the BODIPY core.  Bipyridines conjugated via an acetylene bridge at both the 2,6- and para-

meso-phenyl positions have been reported for triplet sensitization in cyclometalated Ru(II), Ir(II), 

and Re(I) adducts.14,20,38–42 Other chelating moieties to cyclometalated Ir(II) adducts, such as 

cynamide and acetylacetonate, have shown appreciably high triplet yields.43,44 More recently, 

Choung et al. reported a BODIPY chromophore with dual luminescence through modulation of 

an iridium ancillary ligand directly chelated to the pyridyl-substituent at the meso-position.45 

Reports of direct attachment of transition metals to the BODIPY core is mostly limited to Pt(II) 

analogues directly coupled at the meso-core or covalently bound to the 2,6-positions via 

acetylene bridges.19,21,22,25,46–48 Similar direct conjugation of Au(I) and Au(III) adducts has been 

reported with limited description of their intersystem crossing efficiencies.23,49,50 

Compared to metal containing derivatives, incorporation of iodine or bromine in BODIPY dyes 

provides an easily accessible, effective approach to achieve intersystem crossing efficiencies 

comparable to metalated dyes through the heavy-atom effect.  Halogenated BODIPYs require a 

one-step reaction from commercially available starting materials, whereas metalated dyes 

commonly require multi-step syntheses. Iodines are commonly chosen as the iodo-adducts 

consistently outperform brominated BODIPYs for 1O2 sensitization, because ISC/triplet formation 

is more efficient with the heavier halide.10,27 Furthermore, Ortiz et al. demonstrated that 

increasing iodine content from 2,6-diiodo-  to 2,3,5,6-tetraiodo- meso-phenyl-BODIPY modestly 

enhanced 1O2 quantum yield from 83% to 87%.28 Iodination beyond the dipyrrin core at the 

periphery aryls in aza-BODIPY has also been shown to produce higher triplet yields (86%) 

compared to iodination at the core 2,6-positions alone (68%).29 Although these previous reports 

on transition metal and halide substituted BODIPYs describe the presence of triplet excited-

states, complete excited-state characterization enabling a comparison of molecular structure 

with the radiative, non-radiative, and intersystem crossing rate constants is generally  

underreported.  

There has yet to be a definitive investigation on the impact of iodine loading and substitution 

position on the photophysical properties of the popular methylated, meso-phenyl substituted 

BODIPY subclass. These BODIPY derivatives possess relatively long fluorescence lifetimes (≥ 1 ns) 

and relatively high fluorescence quantum yields (≥ 0.40) due to steric hindrance at the meso-

position.51 Additionally, the resultant rate of radiative decay, which is on the order of 108 s-1, is 

slow enough for heavy-atom-induced intersystem crossing to influence the excited-state 
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dynamics. With this in mind, we investigated the impact of iodine loading and substitution 

position on the intersystem crossing efficiency in a library of four core and six distyryl-extended 

methylated-meso-phenyl-BODIPYs,24,34,52–55 including two previously unreported BODIPYs. Iodine 

loading and location were varied among the para-meso-phenyl position, the 2,6-positions, and 

the para-styryl-positions with the latter only being applicable to the distyryl-extended BODIPYs. 

All ten derivatives were characterized using a combination of steady-state and time-resolved 

spectroscopy. The fluorescence lifetime, fluorescence quantum yield, and intersystem crossing 

quantum yield for each molecule was determined, enabling the calculation of the radiative, non-

radiative, and intersystem crossing rate constants. DFT calculations were performed in order to 

provide insight into the electronic and structural factors governing the excited-state dynamics in 

these chromophores. This detailed study evaluating rate constants as a function of structural 

modification offers valuable information for the rational design of functional BODIPYs.  

Results and Discussion 

The molecular structures of the four core and six distyryl-extended methylated, meso-phenyl-

BODIPYs are presented in Figure 1. Molecular structure labeling follows an In-BDP-m 

nomenclature convention where the “n” subscript indicates the number of iodine atoms 

positioned on the methylated-meso-phenyl-BODIPY portion of the molecule, and the “m” 

numeral refers to the number of iodine atoms present on the styryl extensions. Detailed synthetic 

procedures, as well as the methodology used in the collection and calculation of all of the 

photophysical data, are outlined in the supporting information. Briefly, iodination of the core 

BDP and I-BDP parent dyes was afforded via stirring with N-iodosuccimide in methylene chloride 

at ambient temperature for BDP and iodic acid/I2 in ethanol at 70 °C for I-BDP (see SI). Distyryl-

BDPs were synthesized through Knoevenagel condensation with the appropriate aryl aldehydes 

in DMF/THF solvent. Knoevenagel distyryl-products from I3-BDP were attempted, but due to 

solubility issues, confirmation of structure and purity of target molecules I3-BDP-0 and I3-BDP-2 

(see SI) was not possible, and thus, those derivatives were not included in this study. All other 

BDP dyes were confirmed via 1H NMR and high resolution LDI-MS.  For ease of discussion, the 

chromophores have been organized into three groups: the core BDPs, the non-triplet yielding 

distyryl-BDPs, and triplet yielding distyryl-BDPs. Within these groups, the photophysical 

properties of the molecules are discussed in terms of increasing iodine content. Shifts in the 

ground-state absorption and steady-state luminescence spectra of the molecules are compared 

in units of eV to aid in the comparison of energy shifts across a broad wavelength range.  
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Figure 1. Molecular structures, along with normalized absorption and emission spectra in toluene 

at room temperature, of (top) core BDPs, (middle) non-triplet forming distyryl-BDPs, and 

(bottom) triplet forming distyryl-BDPs. Molecules are ordered within their respective group by 

increasing iodine content. *Denotes previously unreported derivative.    

Ground-State Absorption and Steady-State Fluorescence and Phosphorescence Spectra  

The normalized ground-state absorption and steady-state fluorescence spectra of all ten BDPs 

collected in toluene are shown in Figure 1, and 77 K phosphorescence spectra of the core BDP 

derivatives in 2:2:1:1 (v:v) ethyl iodide, diethyl ether, ethanol, toluene (EEET) glass are shown in 

Figure 2. Relevant ground-state absorbance and steady-state emission properties are listed in 

Table 1. Overlays of the excitation spectrum collected at the low energy shoulder or maximum 
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of the 0-1 transition in the fluorescence spectrum with the normalized ground-state absorption 

spectrum of each complex are provided in Figures S23-25. Superposition of the excitation spectra 

with the ground-state absorption spectra provides confidence that the observed luminescence 

results from the designated BODIPY derivative and not an impurity. The ground-state absorption 

spectra for all the compounds are highly structured, indicating π-π* character.56 The lowest 

energy ground-state absorption maximum for the parent core BODIPY (BDP) is observed at 2.47 

eV (503 nm). A single iodine atom in the para-position of the meso-phenyl group (I-BDP) induces 

a subtle bathochromic shift in the lowest energy ground-state absorption maximum to 2.46 eV 

(505 nm). Upon iodination at the 2,6-positions, the lowest energy ground-state absorption 

maximum of I2-BDP (2.31 eV, 537 nm) is red-shifted relative to BDP (2.47 eV, 503 nm) by 0.16 eV. 

A similar 0.16 eV shift is also observed when comparing the lowest energy ground-state 

absorption maximum of I3-BDP (2.30 eV, 539 nm) to I-BDP (2.46 eV, 505 nm). Again, a minimal 

0.01 eV bathochromic shift is observed in the lowest energy ground-state absorption maximum 

of I3-BDP (2.30 eV, 539 nm) when compared with I2-BDP (2.31 eV, 537 nm).  The ground-state 

molar absorptivity values (ελmax) obtained for the core BDP derivatives are similar and range from 

76,000-82,000 M-1 cm-1. These values are in agreement with previous literature 

reports.7,17,26,53,57,58  

Table 1. Ground-state absorbance and steady-state emission properties of BDP dyes studied. 

   
ελmax 

(M cm)-1 λAbs, nm (eV) λFL, nm (eV)  
λPHOS, nm (eV) ΔEST (eV) 

C
o

re
 B

D
P
 

BDP 76 x 103 503 (2.47) 515 (2.41 ) 755 (1.64)A 0.77 

I-BDP 82 x 103 
 505 (2.46 ) 519 (2.39 ) 761 (1.63)A 0.76 

I2-BDP 82 x 103 537 (2.31 ) 555 (2.23 ) 756 (1.64)A 0.59 

I3-BDP 80 x 103 539 (2.30 ) 562 (2.21 ) 761 (1.63)A 0.58 

D
is

ty
ry

l-
B

D
P
 

N
o

 T
ri

p
le

t  

BDP-0 115 x 10
3
 628 (1.97 ) 643 (1.93 ) NAB NAB 

I-BDP-0 93 x 103 631 (1.97 ) 644 (1.93 ) NAB NAB 

BDP-2 122 x 103 639 (1.94 ) 650 (1.91 ) NAB NAB 

I-BDP-2 101 x 103 641 (1.93 ) 652 (1.90 ) NAB NAB 

D
is

ty
ry

l-
B

D
P
 

Tr
ip

le
t  I2-BDP-0 92 x 103 644 (1.93 ) 663 (1.87 ) 

NAB NAB 

I2-BDP-2 113 x 103 652 (1.90 ) 672 (1.85 ) 
NAB NAB 

All data collected in room temperature toluene unless otherwise noted. Legend: ελmax = molar absorptivity at 

maximum absorption; λAbs = peak absorption wavelength; λFL = peak fluorescence wavelength and energy; λPHOS = 

peak phosphorescence wavelength and energy; ΔEST = singlet-triplet energy gap; NA = unable to acquire specified 

Page 5 of 23 Physical Chemistry Chemical Physics



data. AData collected in 2:2:1:1 (v:v) ethyl iodide, diethyl ether, ethanol, toluene (EEET) glass at 77 K. BUnable to 

observe phosphorescence from any distyryl-extended derivative in EEET glass at 77 K. We attempted to locate signal 

on both Vis and NIR PMTs using steady-state and gated acquisition modes. 

Expansion of the dipyrrin core with styryl moieties at the 3- and 5- methylene positions results in 

a bathochromic shift of the lowest energy ground-state absorption maxima into the 1.97-1.89 eV 

(mid-600 nm) range. For the π-extended distyryl-BDP series, bathochromic shifts induced by 

iodine substitution are modest when compared with the non-extended, core BDP chromophores. 

The lowest energy ground-state absorption maximum for the parent π-extended distyryl-BDP 

(BDP-0) occurs at 1.97 eV (628 nm). Installation of an iodine atom in the para-position of the 

meso-phenyl group has a minimal impact on the lowest energy ground-state absorption 

maximum of I-BDP-0 (1.97 eV, 631 nm). Distyryl-BDPs with iodination at the para-styryl periphery 

versus those without (BDP-2 versus BDP-0 and I-BDP-2 versus I-BDP-0) exhibit an approximately 

0.04 eV (~ 10 nm) bathochromic shift in their lowest energy ground-state absorption maxima. 

The inclusion of an iodine atom in the para-position of the meso-phenyl group once again results 

in a slight bathochromic shift in the longest wavelength ground-state absorption maximum of I-

BDP-2 (1.93 eV, 641 nm) relative to BDP-2 (1.94 eV, 639 nm). The observed shifts in longest 

wavelength ground-state absorption maxima of the π-extended distyryl-BDP derivatives are also 

less dramatic than the core BDP derivatives upon incorporation of iodine atoms in the 2,6-

positions. A minimal 0.04 eV bathochromic shift is observed upon iodination at the 2,6-positions 

of the π-extended distyryl-BDP derivatives (I2-BDP-0 versus BDP-0 and I2-BDP-2 versus BDP-2). 

Compared to the core BDPs, a notable increase in ελmax is observed upon π-extension in all 

derivatives. Additionally, there is some variability in the calculated molar absorptivity values of 

the iodine containing π-extended distyryl-BDP derivatives. For example, BDP-0 and I2-BDP-0 

exhibit ελmax values of 115,000 and 92,000 M-1 cm-1, while the molar absorptivities of BDP-2 and 

I2-BDP-2 are 122,000 and 113,000 M-1 cm-1, respectively. The enhancement in the molar 

absorptivity values upon π-extension of the BDP core has been broadly observed in the 

literature.24,34,52–55 A roughly 20% variability in the molar absorptivity values of the iodine 

substituted derivatives is also in agreement with previous literature reports.10,27–29,51 The 

observed trends in the lowest energy ground-state absorption maximum and molar absorptivity 

values are also supported by singlet-state energies and oscillator strength values obtained from 

DFT calculations (Table S11).  

The fluorescence spectra of all ten molecules possess vibronic structure in room temperature 

toluene solution. This structure is subtle in the core BDP derivatives, appearing as a shoulder on 

the red edge of the 0-0 transition. The vibronic structure is more pronounced in the fluorescence 

spectra of the distyryl-extended BODIPYs; the 0-1 transition is resolved in all of the π-extended 

derivatives. Small Stokes shifts are also observed in all ten derivatives. This combination of 

structured fluorescence spectra and small Stokes shifts is reflective of the π-π* nature of the 

fluorescence.  The observed trends in the fluorescence maxima are similar to those observed for 

the ground-state absorption maxima. Inclusion of an iodine atom in the para-position of the 

meso-phenyl group results in minimal bathochromic shifts in the fluorescence maxima of I-BDP 
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(2.39 eV, 519 nm) when compared to the unsubstituted BDP (2.41 eV, 515 nm) and in I3-BDP 

(2.21 eV, 562 nm) when compared to I2-BDP (2.23 eV, 555 nm). Iodination of the BDP core results 

in a larger 0.18 eV bathochromic shift in the fluorescence maxima of I3-BDP (2.21 eV, 562 nm) 

and I2-BDP (2.23 eV, 555 nm). The addition of the distyryl moieties shifts the fluorescence maxima 

into the 1.93-1.84 eV (640-675 nm) range. Inclusion of an iodine at the para-meso-phenyl 

position has minimal effects on the fluorescence maxima with I-BDP-0 and I-BDP-2 both 

experiencing a  ≤ 0.01 eV (≤ 2 nm) difference in their fluorescence maxima relative to BDP-0 and 

BDP-2, respectively. Iodination at the 2,6- and para-styryl positions in the π-extended distyryl-

BDP derivatives resulted in modest bathochromic shifts (0.02-0.06 eV) in the fluorescence 

maxima compared to 2,6-iodination of the core BDPs (0.18 eV). 2,6-iodination of the π-extended 

distyryl-BDP derivatives leads to greater bathochromic shifts in fluorescence maxima compared 

to para-styryl iodination. Correspondingly, the lowest energy fluorescence maximum is observed 

for I2-BDP-2 with 2,6- and para-stryryl substitution (1.85 eV, 672 nm). 

Steady-state phosphorescence spectra of the four core BDP derivatives, BDP, I-BDP, I2-BDP, and 

I3-BDP, were collected in 2:2:1:1 (v:v) ethyl iodide, diethyl ether, ethanol, toluene (EEET) glass at 

77 K. The use of iodine containing solvents in low temperature glasses is known to facilitate 

phosphorescence via an external heavy atom effect.59,60 All four low temperature 

phosphorescence spectra possess vibronic structure, leading to the conclusion that the 

phosphorescence is also π-π* in nature in the core BDP derivatives. The phosphorescence 

maxima of the core BDP derivatives fall between 755 nm and 761 nm. This represents a < 0.01 

eV energy difference in the triplet excited-state energies of these chromophores. This similarity 

in triplet excited-state energies amongst the core BDP derivatives leads to an interesting trend in 

the singlet-triplet energy gaps (ΔEST) of BDP, I-BDP, I2-BDP, and I3-BDP; the non-2,6-diiodo 

substituted derivatives, BDP and I-BDP, possess significantly larger singlet-triplet energy gaps 

than the 2,6-diiodo substituted derivatives, I2-BDP and I3-BDP. We also attempted to collect the 

77 K phosphorescence spectra of the distyryl-extended derivatives. Unfortunately, no 

discernable phosphorescence was detected for any of these derivatives despite attempts to 

locate signal on both our VIS and NIR PMTs while using steady-state and time-gated acquisition 

modes.  
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Figure 2. Phosphorescence spectra of (top) non-2,6-iodinated chromophores, BDP and I-BDP, 

and (bottom) 2,6-iodinated chromophores, I2-BDP and I3-BDP. The data was collected in 2:2:1:1 

(v:v) ethyl iodide, diethyl ether, ethanol, toluene (EEET) glass at 77 K.  

Excited-State Dynamics 

To investigate the impact of iodo-position and loading upon the excited-state dynamics, 

fluorescence lifetime (τs), fluorescence quantum yield (ɸF), and intersystem crossing quantum 

yield (ɸT) experiments were conducted on all 10 compounds in toluene solution. Representative 

fluorescence lifetime decays for BDP and I2-BDP as well as photosensitized singlet oxygen 

phosphorescence spectra from absorbance matched samples of I2-BDP, I3-BDP, I2-BDP-0, and I2-

BDP-2 are shown in Figure 3. Relevant fluorescence lifetime decay curves (Figures S26-S28), 

fluorescence quantum yield spectra (Figures S29-S31), and singlet oxygen phosphorescence 

quantum yield spectra (Figures S32-S34) are provided in the supporting information. The 

collection of this data allowed for the determination of the radiative decay rate constant (kr), the 

non-radiative decay rate constant (knr), and the intersystem crossing rate constant (kISC). Results 
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of these experiments and the calculated rate constants are summarized in Table 2. The system 

of equations used to determine these rate constants are shown in Equations S2-S4. 

Table 2. Summary of BDP photophysical properties in this study. 

   τs 
(ns) φ

F
 φ

T kr (s-1) knr (s-1) kISC 
(s-1) 

C
o

re
 B

D
P

 BDP 3.80 ± 0.20 0.45 ± 0.02 -
a
 1.2E+08 1.5E+08 -

a
 

I-BDP 3.20 ± 0.10 0.44 ± 0.03 -
a
 1.4E+08 1.8E+08 -

a
 

I2-BDP 0.24 ± 0.05 0.03 ± 0.01 0.84 ± 0.04 1.3E+08 5.4E+08 3.5E+09 

I3-BDP 0.21 ± 0.03 0.03 ± 0.01 0.81 ± 0.07 1.4E+08 7.6E+08 3.9E+09 

D
is

ty
ry

l-
B

D
P

 

N
o

 T
ri

p
le

t BDP-0 5.80 ± 0.80 0.84 ± 0.05 -
a
 1.4E+08 2.8E+07 -

a
 

I-BDP-0 5.80 ± 1.30 0.71 ± 0.08 -
a
 1.2E+08 5.0E+07 -

a
 

BDP-2 5.50 ± 1.30 0.81 ± 0.01 -
a
 1.5E+08 3.5E+07 -

a
 

I-BDP-2 5.60 ± 1.40 0.73 ± 0.06 -
a
 1.3E+08 4.8E+07 -

a
 

D
is

ty
ry

l-
B

D
P

 

Tr
ip

le
t I2-BDP-0 1.70 ± 0.10 0.23 ± 0.01 0.76 ± 0.04 1.3E+08 5.9E+06 4.5E+08 

I2-BDP-2 1.70 ± 0.10 0.22 ± 0.01 0.78 ± 0.03 1.3E+08 -b 4.6E+08 

 
All data collected in room temperature toluene. Legend: τS = fluorescence lifetime measured from time-correlated 

single-photon counting; φF = fluorescence quantum yield; φT = intersystem crossing quantum yield; kr = radiative 

decay rate constant; knr = non-radiative decay rate constant; kISC= intersystem crossing rate constant. aNot able to 

be measured/calculated. bNot able to be calculated because ФF + ФT = 1. Molecules are ordered within respective 

groups by increasing iodine content.  

The excited-state dynamics of the core BODIPY dyes are greatly influenced by the number and 

position of the iodine substituents. BDP and I-BDP have nearly identical fluorescence quantum 

yields (0.44 and 0.45, respectively) and do not appear to form triplet excited-states upon 

excitation). The fluorescence lifetime of I-BDP (3.20 ns) is quantitatively shorter than BDP (3.80 

ns). Iodination at the para-meso-phenyl position of I-BDP resulted in a roughly 20% percent 

increase in the both the radiative and non-radiative decay rate constants relative to BDP. 

Installation of iodine atoms in the 2- and 6- positions dramatically affects the excited-state 

dynamics of the core BDPs. The fluorescence quantum yields of the 2,6-substituted derivatives, 

I3-BDP (0.03) and I2-BDP (0.03), are more than an order of magnitude lower than those of the 

non-2,6-substituted derivatives, I-BDP (0.45) and BDP (0.44).  The fluorescence lifetime values 

collected for I3-BDP (0.21 ns) and I2-BDP (0.24 ns) are also an order of magnitude shorter than 

those observed for I-BDP (3.20 ns) and BDP (3.80 ns). Significant photosensitized singlet oxygen 

phosphorescence is observed in solutions of I3-BDP and I2-BDP, yielding intersystem crossing 

quantum yield values of 0.81 and 0.84, respectively. Inclusion of iodine atoms at the 2- and 6- 

positions greatly enhances the rate of intersystem crossing; in fact, this happens to such an extent 
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that intersystem crossing becomes the dominant kinetic pathway with kISC (~4 x 109 s-1) being 

almost an order of magnitude larger than both kr (~1 x 108 s-1)  and knr (~5 x 108 s-1). Iodination at 

the para-meso-phenyl position again appears to enhance non-radiative decay from the singlet 

excited-state as knr of I3-BDP (7.6 x 108 s-1) is appreciably higher than I2-BDP (5.4 x 108 s-1). The 

additional para-meso-phenyl iodine beyond the 2,6-positions does not enhance the rate of 

intersystem crossing. This effect is likely due to a near perpendicular orientation of the meso-

phenyl substituent to the dipyrrin core fixed between the spatially adjacent 1,7-methylenes as 

shown in previously reported crystal structures.47,61
 This orthogonal orientation of the meso-

phenyl substituent prohibits iodine from accessing the π orbitals of the BDP core, preventing an 

enhancement in the rate of intersystem crossing, while enabling and enhancing non-radiative 

modes of decay from the excited-state as evidenced by increased knr. Furthermore, this 

orientation helps to rationalize the negligible effect of the para-meso-phenyl iodine on the 

ground-state absorption and fluorescence maxima of these molecules.  

 

Figure 3. (Top) Fluorescence lifetime decays for BDP and I2-BDP collected in aerated toluene. 

Representative fits are provided for each decay curve. (Bottom) Photosensitized singlet oxygen 

phosphorescence spectra collected from absorbance matched solutions of I2-BDP, I3-BDP, I2-
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BDP-0, and I2-BDP-2 in aerated toluene. The photosensitized singlet oxygen phosphorescence of 

the BDP derivatives is presented relative to a standard solution containing phenazine.  

The four distyryl-BDP chromophores lacking iodine substitution in the 2- and 6- positions undergo 

no detectable intersystem crossing. The fluorescence quantum yields obtained for all of these 

distyryl-BDP derivatives (> 0.70) are greater than those obtained for the core BDPs (0.44 and 

0.45) without iodine atoms in the 2- and 6- positions. The lifetime values obtained for the non-

2,6-iodinated distyryl-BDPs agree within error (~5.50 ns) and are all appreciably longer than the 

lifetime values obtained for the non-2,6-iodinated core BDPs (3.20-3.80 ns). A rate constant 

analysis of these four, non-triplet forming distyryl-extended derivatives yields some interesting 

observations. The radiative decay rate constant for all of the derivatives is approximately 1.4 x 

108 s-1. This value is nearly identical to the radiative decay rate constants obtained for the non-

extended BDP chromophores. The non-radiative decay rate constants obtained for the non-

triplet forming distyryl-extended BDP derivatives range from 2.8 x 107 to 5.0 x 107 s-1. These rates 

of non-radiative decay are at least a factor of two slower than those obtained for the non-

extended BDP complexes; these smaller knr values result in the observed fluorescence quantum 

yield enhancement.  The additional iodine atom in the para-meso-phenyl position results in a 

slight increase in the non-radiative decay rate constant and has no appreciable effect on the rate 

of intersystem crossing. This mirrors the effect of iodine substitution in the para-meso-phenyl 

position of the core BDP chromophores.  

In contrast, both distyryl-BDP chromophores with iodine substitution in the 2- and 6- positions 

undergo appreciable intersystem crossing. I2-BDP-0 and I2-BDP-2 possess similar fluorescence 

quantum yields (~0.22), fluorescence lifetimes (1.70 ns), and high intersystem crossing quantum 

yields (~0.77). Radiative decay rate constants calculated for I2-BDP-0 and I2-BDP-2 are identical – 

1.3 x 108 s-1. This kr value is in agreement with the four core and four non-triplet forming distyryl-

extended BDP derivatives. These derivatives appear to exhibit the lowest rates of knr in the series. 

However, the calculation of the exact non-radiative decay rate constants for I2-BDP-0 and I2-BDP-

2 is complicated by the fact that radiative decay and intersystem crossing are efficient in these 

chromophores. No knr value is reported in Table 2 for I2-BDP-0 as the sum of the fluorescence 

quantum yield and intersystem crossing quantum yield is 1. For I2-BDP-2, the sum of the 

fluorescence quantum yield and intersystem crossing quantum yield is 0.99, resulting in a 

calculated value of knr of 5.9 x 106 s-1. The kinetic rates of intersystem crossing for I2-BDP-0 and 

I2-BDP-2 are also nearly identical with values of 4.5 x 108 and 4.6 x 108 s-1, respectively. These kISC 

values are notably an order of magnitude slower than in the triplet forming core BDPs, I2-BDP 

and I3-BDP. Intersystem crossing remains the dominant pathway due to the aforementioned 

diminished non-radiative decay in the distyryl-extended BDP derivatives. Nearly identical 

photophysical properties observed between I2-BDP-0 and I2-BDP-2 indicate iodination at the 

extended styryl-positions results in negligible effects upon the excited-state dynamics. This result 

is consistent with similar calculated rate constants for BDP-0 and I-BDP-0 when compared against 

BDP-2 and I-BDP-2, respectively. The negligible effect of iodination at the para-styryl position of 
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these extended BDP dyes suggests that orthogonal functionalization may be achieved without 

drastically changing the excited-state dynamics of the chromophore. 

Electronic and Structural Factors Governing Intersystem Crossing and Vibrational Relaxation 

DFT and TD-DFT calculations were performed on all ten derivatives in order to supplement our 

experimental data and to aid a discussion on the electronic and structural factors governing the 

rates of intersystem crossing in these chromophores. The calculated frontier molecular orbitals 

(HOMO, LUMO, SOMO1, and SOMO2) for I2-BDP and I2-BDP-0 are shown in Table 3. Depictions of 

the frontier orbitals for the remaining derivatives are provided in Tables S1-S10. The calculated 

singlet-state energies, oscillator strengths, triplet-state energies, and singlet-triplet gaps are 

given in Table S11. The spin density plots for I2-BDP and I2-BDP-0 are shown in Table S12.  The 

calculated spin density residing on the individual iodine atoms in the triplet-state is tabulated in 

Table S13. Ground-state, singlet-state, and triplet-state geometry data are cataloged in Tables 

S14-S15. 

The adiabatic energy difference (ΔEST) between the singlet excited-state (S1) and the triplet 

excited-state (T1) and spin density contributions from heavy atoms in the S1 and T1 excited-states 

can influence the rate of intersystem crossing (kISC in Table 2). Relative geometric distortions in 

the S1 and T1 excited-states can also play an important role in determining the rate of intersystem 

crossing (kISC in Table 2) as well as the rate of vibrational relaxation between the S1 excited-state 

and the ground-sate of the molecule (knr in Table 2).62–65 El-Sayed spin-orbit coupling (SOC) is not 

considered as a possible intersystem crossing pathway in these chromophores, as the S1 and T1 

states in these molecules are both π-π* in character. The π-π* nature of these orbitals is 

supported by the presence of structured fluorescence and 77 K phosphorescence spectra (Figure 

2) as well as DFT calculations. 

Table 3. HOMO, LUMO, and SOMO molecular orbitals obtained from DFT calculations for (top) 

I2-BDP and (bottom) I2-BDP-0. 

 HOMO LUMO 

Ground-State 

  
S1 Optimized 
State 

 
 

 SOMO1 SOMO2 
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T1 Optimized 
State 

  
 

 

 

 HOMO LUMO 

Ground-State 

  
S1 Optimized State 

  

 SOMO1 SOMO2 

T1 Optimized State 

  
 

The magnitude of the adiabatic energy difference directly influences the rate of intersystem 

crossing with smaller values of ΔEST generally resulting in faster rates of intersystem crossing. The 

adiabatic energy difference between the S1 and T1 excited-states was obtained either 

spectroscopically or from DFT calculations. A comparison of the fluorescence and 

phosphorescence maxima of the four core BDP derivatives showed that the non-2,6-diiodo 

substituted derivatives, BDP and I-BDP, possess 0.18 eV larger singlet-triplet energy gaps than 

the 2,6-diiodo substituted derivatives, I2-BDP and I3-BDP. These experimental observations agree 

with the calculated singlet-triplet energy gaps of the four core BDP derivatives, which predict that 

the non-2,6-diiodo substituted derivatives possess 0.12 – 0.13 eV larger singlet-triplet energy 

gaps than the 2,6-diiodo substituted derivatives. Unfortunately, we were unable to obtain 

phosphorescence spectra for any of the distyryl-extended derivatives, prohibiting the 

spectroscopic determination of the T1 energy. However, analysis of the calculated singlet-triplet 
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energy gaps of the distyryl-extended derivatives shows that the non-2,6-diiodo substituted 

derivatives, BDP-0, I-BDP-0, BDP-2, and I-BDP-2, possess nearly identical energy gaps, which are 

all at least 0.09 eV larger than the singlet-triplet energy gaps of the 2,6-diiodo substituted 

derivatives, I2-BDP-0 and I2-BDP-2. The smaller adiabatic energy differences between the singlet 

and triplet excited-states of the 2,6-diiodo derivatives relative to the non-2,6-diiodo derivatives 

suggests that the rate of intersystem crossing will be faster in the 2,6-diiodo derivatives, in 

agreement with our experimental results. 

The results of the DFT calculations also provide insight into the extent of heavy atom induced 

spin-orbit coupling in a particular BDP derivative through analysis of the relative amount of spin 

density located on the iodine atoms in the S1 and T1 states. A population analysis of the HOMO 

and LUMO of the ground and optimized S1 states of all four 2,6-diiodo substituted derivatives, I2-

BDP, I3-BDP, I2-BDP-0 and I2-BDP-2, have < 5% electron density on the iodine atoms. The T1 states 

of these molecules all have some calculated spin density on the iodine atoms in the 2- and 6- 

positions, while the magnitude of spin density on the iodine atom depends on the derivative. The 

relative amount of triplet spin density located on the iodine atoms is greater in the two core 

substituted derivatives, I2-BDP and I3-BDP, than in the distyryl-extended derivatives, I2-BDP-0 and 

I2-BDP-2. This observation suggests that the magnitude of heavy atom induced spin-orbit 

coupling is greater in the core BDP derivatives than in the distyryl-extended BDP derivatives. 

These observations provide a second explanation for the higher rates of intersystem crossing in 

the core BDP derivatives compared to the distyryl-extended BDP derivatives. Furthermore, the 

presence of appreciable spin density on the iodine atoms in the core and distyryl-extended 2,6-

diiodo derivatives provides an additional explanation for the observation of intersystem crossing 

in the 2,6-diiodo derivatives and not in the non-2,6-diiodo derivatives.  

Excited-state geometry changes can lead to strong coupling of the singlet and triplet excited-

state potential energy surfaces and enhance the rate of intersystem crossing. An analysis of the 

changes in planarity of BDP as well as changes in the dihedral angle between the plane of the 

styryl units and the plane of the BDP core (distyryl angle) and/or the dihedral angle between the 

plane of the meso-phenyl substituent and the plane of the BDP core (meso-phenyl angle) of I2-

BDP, I3-BDP, I2-BDP-0 and I2-BDP-2 serves as a partial demonstration of the excited-state 

geometry changes in these chromophores (Table S14). There is significant puckering of the BDP 

backbone in the S1 excited-states of I2-BDP and I3-BDP. The meso-carbon deflects 13.7o out of 

plane in I2-BDP and 8.7o out of plane in I3-BDP (Table S15). The geometry at the meso-carbon is 

drastically different in the S1 excited-state than in the T1 excited-state. In both I2-BDP and I3-BDP, 

the BDP core is planar in the T1 excited-state (0o deflection, Table S15). The meso-phenyl angles 

in the geometry optimized singlet excited-states of I2-BDP and I3-BDP are 61.5o and 67.4o, 

respectively. In the geometry optimized triplet excited-states of the core BDP derivatives, the 

phenyl substituent is more rotated out of the plane of the BDP core, resulting in meso-phenyl 

angles of 79.8o in I2-BDP and 90.0o in I3-BDP. There is also puckering of the BDP backbone in the 

S1 excited-states of I2-BDP-0 and I2-BDP-2. The meso-carbon deflects 10.2o out of plane in I2-BDP-

0 and 10.1o out of plane in I2-BDP-2 (Table S15). The geometry changes at the meso-carbon are 
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more subtle in the T1 excited-states of the distyryl-extended derivatives with the meso-carbon 

deflected 8.5o and 8.8o out of plane in I2-BDP-0 and I2-BDP-2, respectively. The meso-phenyl angle 

in the geometry optimized singlet excited-state of I2-BDP-0 is calculated to be 73.1o and that of 

I2-BDP-2 is calculated to be 74.1o. The phenyl substituent also rotates out of the plane of the BDP 

core in the geometry optimized triplet excited-states of the distyryl-extended BDPs. The 

calculated meso-phenyl angle in the triplet excited-state of I2-BDP-0 is 79.8o and 79.9o in I2-BDP-

2.  A slight twist in the distyryl angle is expected when transitioning from the geometry optimized 

singlet excited-state to the geometry optimized triplet excited-state of the distyryl-extended BDP 

derivatives. The distyryl angle of I2-BDP-0 is calculated to be 10.8o in the geometry optimized 

singlet excited-state and 9.5o in the geometry optimized triplet excited-. The distyryl angle of I2-

BDP-2 is calculated to be 11.2o in the geometry optimized singlet excited-state 9.7o in the 

geometry optimized triplet excited-state. This analysis demonstrates that the expected geometry 

changes between the S1 and T1 excited-states are attenuated in the distyryl-extended BDP 

derivatives relative to the core BDP derivatives. This diminished nuclear displacement suggests 

that the S1 and T1 potential energy surfaces are more nested in the distyryl-extended BDP 

derivatives than in the core BDP derivatives. In this regard, the distyryl-extended BDP derivatives 

tend towards the weak vibrational coupling limit, while the core BDP derivatives tend towards 

the strong vibrational coupling limit. These excited-state geometry changes provide a potential 

third reason for the enhanced rates of intersystem crossing in the core BDP derivatives compared 

to the distyryl-extended BDP derivatives.  

Similarly, substantial twisting of the meso-phenyl group and dislocation of the BDP backbone in 

the singlet excited-state relative to the ground-state can also enhance the rate of vibrational 

relaxation (knr in Table 2) in these chromophores. It has recently been shown that the S1 to 

ground-state vibrational relaxation mechanism proceeds through a distorted intermediate 

structure in which the core BDP plane and the meso-phenyl substituent are twisted.64 This 

internal conversion pathway has been shown to be inhibited through rigidification of the BDP 

core via π-expansion in distyryl-extended derivatives.65 These observations are consistent with 

our experimental results and are corroborated by the DFT calculations. The meso-phenyl angles 

in the geometry optimized singlet excited-states of I2-BDP and I3-BDP are 61.5o and 67.4o, 

respectively, which are substantially twisted versus the meso-phenyl angles in the ground-state 

at 81.1o and 87.0o, respectively (Table S14). The meso-carbon deflects 13.7o out of plane in I2-

BDP and 8.7o out of plane in I3-BDP (Table S15), while becoming more planar in the ground-state 

with a meso-carbon angle of 1.6o in both I2-BDP and in I3-BDP. For the distyryl derivatives, the 

meso-phenyl angle in the geometry optimized singlet excited-state of I2-BDP-0 is 73.1o and that 

of I2-BDP-2 is 74.1o. The magnitude of the twist in the meso-phenyl angle is diminished in the 

distyryl-extended BDPs compared to the core BDPs with a meso-phenyl angle in the geometry 

optimized ground-state of 79.1o for I2-BDP-0 and 78.9o for I2-BDP-2 (Table S14). There is also less 

distortion at the meso-carbon between S1 and ground-state of the distyryl-extended BDPs than 

in the core BDPs. The meso-carbon deflects 10.2o out of plane in I2-BDP-0 and 10.1o out of plane 

in I2-BDP-2. The BDP core becomes more planar in the ground-state with a meso-carbon angle of 
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2.8o in both I2-BDP-0 and 6.9o in I2-BDP-2 (Table S15). Again, the expected geometry changes 

between the S1 and ground-states are attenuated in the distyryl-extended BDP derivatives 

relative to the core BDP derivatives. The reduced nuclear displacement suggests that the S1 and 

ground-state potential energy surfaces are also more nested in the distyryl-extended BDP 

derivatives than in the core BDP derivatives. This detailed discussion only focuses on a 

comparison of the 2,6-diiodo derivatives. The same trend of less nuclear displacement in the 

meso-phenyl angle and meso-carbon is also observed when comparing the geometry optimized 

S1 excited-state and ground-state of BDP-0, I-BDP-0, BDP-2, and I-BDP-2 with BDP and I-BDP. 

With all of the distyryl-extended BDP derivatives tending towards the weak vibrational coupling 

limit relative to the core BDP derivatives, slower rates of vibrational relaxation (knr in Table 2) 

from S1 to the ground-state are expected for the distyryl-extended BDP derivatives.  

Photostability 

The photostability of BDP, I2-BDP, BDP-0, and I2-BDP-0 was evaluated using mounted LEDs as 

described in the supporting information. Briefly, solutions of the BDP dyes were prepared in 

toluene with absorbance values of 0.5-0.6 at the LED output wavelength. The power output of 

each LED was adjusted in order to achieve an irradiance of 3.98 mW/cm2. A picture of the 

photoirradiation set-up is provided in Figure S35. The absorption spectra of BDP, I2-BDP, BDP-0, 

and I2-BDP-0 as a function of irradiation time are shown in Figure S36. The absorption spectra of 

the chromophores were unchanged over the course of a six hour photoirradiation. The data 

suggest that the chromophores do not possess a high quantum yield photodecomposition 

pathway and that the 2,6-iodinated chromophores, I2-BDP and I2-BDP-0, are stable in the 

presence of the singlet oxygen generated during the photoirradiation. 

Conclusions 

Among this series of four core and six distyryl-extended BODIPY dyes, iodine loading, substitution 

position, and π-extension were shown to exert significant influence on the photophysical 

properties of these molecules, teaching valuable lessons regarding future chromophore design. 

Varying the iodine content in these ten BDP derivatives modulated the non-radiative and 

intersystem crossing rate constants, while the radiative rate constant was not significantly 

influenced. Notably, only the BODIPY chromophores with iodine atoms in the 2- and 6- positions 

undergo appreciable intersystem crossing to form triplet excited-states. The rate of intersystem 

crossing is found to be approximately an order of magnitude faster in the 2,6-iodinated core BDPs 

than in the 2,6-iodinated distyryl-extended BDPs. DFT calculations and 77K phosphorescence 

experiments reveal smaller adiabatic energy differences between the S1 and T1 excited-states of 

the 2,6-diiodo substituted derivatives as well as significant spin density on the iodine atoms in 

the T1 states of the 2,6-diiodo species. The amount of spin density on the 2,6-iodine atoms is 

appreciably lower in the distyryl-extended BDP derivatives than in the core BDP derivatives. DFT 

calculations also reveal more significant geometric distortion between the S1 and T1 states of the 

core BDP derivatives than the distyryl-extended BDP derivatives. This combination of electronic 

and structural factors explains the observation of intersystem crossing in the 2,6-diiodo 
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derivatives as well as the discrepancy in the rate of intersystem crossing between the 2,6-

iodinated core BDPs and the 2,6-iodinated distyryl-extended BDPs. Further increasing iodine 

content beyond the 2,6-positions does not appreciably increase intersystem crossing quantum 

yields. Inclusion of iodine in the para-meso-phenyl position slightly increases the rate of non-

radiative decay, while iodination at the para-styryl position generally has negligible effects on the 

observed rate constants. This observation indicates that functionalization in the para-styryl 

position (i.e. covalent polymer/substrate tethering) may be achievable without significantly 

impacting the excited-state dynamics for a given application (i.e. TTA and 1O2 sensitization for 

PDT using triplet forming distyryl-BDPs). Additionally, distyryl extension at the 3,5-methylene 

positions not only induces significant bathochromic shifts in the lowest energy ground-state 

absorption maximum and the fluorescence maximum of the BDP chromophores but also 

drastically decreases non-radiative decay rates. DFT calculations reveal that distyryl extension 

decreases non-radiative decay rates through the rigidification of the BODIPY core structure. 

Ultimately, this work demonstrates that increasing iodine content within a particular 

chromophore does not necessarily enhance intersystem crossing efficiency and provides insight 

into the competitive rate constants that define the excited-state dynamics and guide future 

chromophore design. 
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