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a b s t r a c t 

A BODIPY derivative (compound 2 ), substituted with 4-nitrophenyl at the meso position and its 3-pyrrole 

substituted derivative (compound 3 ) were synthesized and characterized. The structure of compound 3 

was elucidated by single crystal X-ray diffraction study. The Photophysical properties of compounds 2 

and 3 were studied in various solvents with different polarities. The expansion of the π-conjugation by 

introduction of the pyrrole ring to 3-position of the BODIPY core results in a considerable red shift in 

the absorption and emission bands. Also, photophysical properties of compounds 2 and 3 was affected 

by the solvent polarity. Compound 3 showed stronger fluorescence in non-polar solvents ( �F = 0.049 in 

Hexane). In order to establish the effect of the pyrrole attachment, the synthesized compounds 2 and 3 

were optimized at the level of computational chemistry, DFT/B3LYP/6–31 + G (d,p). The highest occupied 

molecular orbital energy (EHOMO), the lowest unoccupied molecular orbital (ELUMO), the energy gap 

( �E) parameters and contour diagrams obtained from the optimized structures were investigated. The 

nonlinear optical (NLO) and light emission (OLED) properties of the compounds were investigated com- 

putationally on the basis of polarizability parameters and Marcus theory, respectively. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) deriva- 

ives are an important class of fluorophores due to their many 

xcellent properties including high thermal and photochemical 

tabilities, good solubility, sharp absorption and emission bands 

n the visible region, high fluorescence quantum yields and molar 

bsorption coefficients and negligible triplet-state formation [1–4] . 

nother attractive feature of BODIPY derivatives is their tunable 

pectroscopic and photophysical properties [5–7] . Thanks to all 

utstanding properties of BODIPY derivatives, they have found 

pplications in a wide variety of research fields such as fluorescent 

ensors [ 2 , 3 , 8–14 ], biological labels [ 15 , 16 ] and probs [17–20] ,

unable laser dyes [21–23] , sensitizers for solar cells [ 24 , 25 ].

ecently, BODIPY derivatives have also been investigated as an 

cceptor unit for organic OLED applications [26–28] . For various 

pplications of BODIPY derivatives, their spectroscopic and pho- 

ophysical properties can be tuned by changing the substituents 

f different electron densities or by adjusting conjugation length, 

r via chemical modification at suitable positions of the BODIPY 
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ore [29–34] . The incorporation of new substituents at the 3- and 

-positions of BODIPY core has a large impact on the spectroscopic 

nd photophysical properties [ 1 , 2 ]. This approach has attracted 

reat interest especially in the design of new BODIPY-based flu- 

rescent labels and sensors for biological applications [ 2 , 35–37 ]. 

ODIPY derivatives can also serve as NLO materials by extending 

- conjugation and introducing appropriate electron donor or 

cceptor groups for forming Intramolecular Charge Transfer [38–

0] . The direct attachment of pyrrole at 3-position of the BODIPY 

ore has been proven cause to red shift in the absorption and 

mission maxima. 3-pyrrolyl BODIPY derivatives including various 

ubstituent except -NO 2 at the meso –aryl group were synthesized 

nd their spectroscopic properties were investigated [41–43] . 

aur et al. also showed that 3-pyrrolyl BODIPY derivatives can be 

unctionalized with various functional groups from the α-position 

f the added pyrrole ring and they can be used in the synthesis 

f new BODIPY derivatives [34] . Furthermore, pyrrole-containing 

ODIPY derivatives such as BODIPY 576/589 and BODIPY 650/665 

re commercially available as biological labels [44] . Consequently, 

yrrole-containing BODIPY derivatives can be suitable candidates 

or detection of biological species. In this context investigation of 

heir structures and photophysical properties will be helpful in 

esign of new BODIPY-based fluorescent labels and sensors for 

iological applications. 

https://doi.org/10.1016/j.molstruc.2021.132090
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.132090&domain=pdf
mailto:hilalkirpik@gmail.com
mailto:muhammetkose@ksu.edu.tr
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Fig. 1. Synthesis scheme of compounds 2 and 3 . 
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In the current work, we synthesized a new pyrrole substituted 

ODIPY derivative (compound 3 ) ( Fig. 1 ) and its molecular struc- 

ure was characterized X-ray diffraction studies. Moreover, the ab- 

orption and emission properties were investigated in different sol- 

ents. The effect of the pyrrole attachment to 3-position of one of 

he BODIPY core on the photophysical properties were examined. 

n order to establish the effect of the pyrrole attachment, HOMO- 

UMO calculations were performed. Finally, non-linear optic and 

LED properties of BODIPY derivatives compounds 2 and 3 were 

nvestigated. 

. Experimental 

.1. General 

Starting materials (triethylamine, 4-nitrobenzaldehyde, 2,3- 

ichloro-5,6-dicyano-1,4-benzoquinone, NaOH, Na 2 SO 4 ) were 

urchased from commercial sources and used as received. 

ichloromethane was distilled over CaH 2 . Freshly distilled pyrrole 

as used in the synthesis. FT-IR spectra were measured on a 

erkin Elmer Spectrum 100 FT-IR. The UV–Vis. absorption spectra 

ere taken on a Perkin Elmer Lambda 45 spectrophotometer. The 

hotoluminescence spectra of compounds were obtained on a 

erkin Elmer LS55 luminescence spectrometer. 

.2. Determination of the fluorescence quantum yield 

Fluorescence quantum yield ( �F ) of compound 3 were deter- 

ined employing the comparative method according to followed 

quation where r and s refer to reference and sample, respectively 

45] . m is gradient of the plots of integrated fluorescence intensi- 

ies against absorbances and n is the refractive index of solvent. 

s = �r ( m s / m r ) ( n s / n r ) 
2 

hodamine B was used as a reference ( �F = 0.68 in EtOH) 

46] . Absorption and emission spectra of reference and sample 

ere measured three different concentrations with absorbance val- 

es < 0.1 under identical conditions. The reference and the sample 

ere excited at the same wavelength. 
2 
.3. Synthesis of the meso–(4-nitrophenyl)dipyrromethane ( 1 ) 

The meso –(4-Nitrophenyl) dipyrromethane (compound 1 ) was 

ynthesized according to the reported method [47] . Pyrrole (25 mL, 

5 eqv.) and 4-nitrobenzaldehyde (2.18 g, 1 eqv.) were stirred un- 

er N 2 atmosphere at room temperature for 5 min. To the reac- 

ion mixture, one drop trifluoroacetic acid was added and then the 

eaction mixture was stirred further 5 min under the same condi- 

ions. The reaction mixture was treated with 0.1 M NaOH and then 

xtracted by ethyl acetate. The combined organic layer was washed 

ith water and dried over Na 2 SO 4 . The solvent was removed on a 

otary evaporator to give an orange coloured oil. The crude product 

as crystallised in ethyl acetate-hexanes and then re-crystallised 

rom EtOH to give target compound 1 as yellow-green crystals. 

1 : C 15 H 13 N 3 O 2 MW: 267.29 g/mol, Yield: 40% (1.540 g), Mp: 

54–158 °C FT-IR (ATR, cm 

−1 ): 3393, 3357, 1590, 1510, 1344, 1250, 

113, 1092, 1028, 803, 777, 740, 725 cm 

−1 . 1 H NMR (400 MHz, 

DCl 3 ) δ = 8.18 (d, 2H, CH phenyl ), 8.00 (bs, 2H, -NH), 7.39 (d, 2H,

H phenyl ), 6.77 (s, 2H, -CH pyrrole ), 6.21 (s, 2H, -CH pyrrole ), 5.90 (s,

H, -CH pyrrole ), 5.60 (s, 1H, -CH meso ). 
13 C NMR (100 MHz, CDCl 3 ):

= 14 9.6 8, 146.93, 130.82, 129.25, 123.81, 117.98, 108.82, 107.84, 

3.82 ppm. 

.4. Synthesis of the 4,4-difluoro-8-(4-nitrophenyl) −4-bora-3a,4a- 

iaza-s-indacene ( 2 ) 

Compound 2 was synthesized using adapted literature meth- 

ds [ 4 8 , 4 9 ]. Compound 1 (0.50 mmol, 0.134 g) was dissolved

n dry CH 2 Cl 2 (50 mL) and then 2,3-dichloro-5,6-dicyano-1,4- 

enzoquinone (0.75 mmol, 0.170 g, 10 mL dry CH 2 Cl 2 ) was added 

ropwise. The reaction mixture was stirred under N 2 atmosphere 

or 30 min at room temperature. To the reaction mixture, triethy- 

amine (2.8 mL) and BF 3 ·OEt 2 (3.1 mL) were added and then the 

eaction mixture was further stirred for 2 h under N 2 atmosphere 

t room temperature. Then the reaction mixture was washed with 

ater and brine. The combined organic layer dried over Na 2 SO 4 

nd concentrated under reduced pressure. The crude product was 

urified by silica-gel column chromatography using DCM/petrol 

2:1) as eluent to obtain compound 2 as a red solid. 
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Table 1 

X-ray crystallographic data and refinement details for 3. 

Identification code 3 

Empirical formula C 19 H 13 N 4 O 2 BF 2 
Formula weight 378.14 

Temperature/K 293(2) 

Crystal system Triclinic 

Space group P-1 

a/ ̊A 7.7490(7) 

b/ ̊A 9.5207(7) 

c/ ̊A 12.9045(10) 

α/ ° 75.236(7) 

β/ ° 83.162(7) 

γ / ° 70.346(7) 

Volume/ ̊A 3 866.39(13) 

Z 2 

Crystal size/mm 

3 0.15 × 0.1 × 0.08 

Radiation MoK α ( λ = 0.71073) 

2 
 range for data collection/ ° 7.106 to 57.764 

Index ranges −10 ≤ h ≤ 9, -12 ≤ k ≤ 12, -15 ≤ l ≤ 17 

Reflections collected 6621 

Independent reflections 3901 [R int = 0.0239, R sigma = 0.0534] 

Data/restraints/parameters 3901/0/253 

Goodness-of-fit on F 2 1.018 

Final R indexes [ I > = 2 σ (I)] R 1 = 0.0518, wR 2 = 0.1163 

Final R indexes [all data] R 1 = 0.0918, wR 2 = 0.1396 

Largest diff. peak/hole / e ̊A −3 0.20/ −0.27 

CCDC 2,110,205 

�

F

i

h

μ

a

�

β

O

M

c

l

k

W

t

s

B

o

p

t

l

2 : C 15 H 10 BF 2 N 3 O 2 MW: 313.07 g/mol, Yield: 50% (0.078 g), Mp:

64–270 °C FT-IR (ATR, cm 

−1 ): 3106, 1603, 1524, 1480, 1412, 1404, 

377, 1348, 1288, 1255, 1226, 1170, 1155, 1099, 1076, 1048, 1011, 

78, 910, 866, 850, 775, 746, 723 cm 

−1 . 1 H NMR (400 MHz, CDCl 3 )

= 8.42 (d, 2H), 8.01 (s, 2H), 7.77 (d, 2H), 6.87 (s, 2H), 6.61 (s,

H). 13 C NMR (101 MHz, CDCl 3 ): δ = 149.13, 145.56, 143.78, 139.79, 

34.53, 131.25, 123.69, 119.32 ppm. 

.5. Synthesis of the 3-pyrrolyl-4,4-difluoro-8-(4- 

itrophenyl) −4-bora-3a,4a-diaza-s-indacene ( 3 ) 

Compound 3 was synthesized according to the reported 

ethod [41] . Compound 1 (1.35 mmol, 0.361 g) was dis- 

olved in CHCl 3 (30 mL) and then 2,3-dichloro-5,6-dicyano-1,4- 

enzoquinone (3.37 mmol, 0.765 g) was added and the reaction 

ixture was stirred for 30 min at room temperature. To the re- 

ction mixture, pyrrole (4.0 mmol) was added and the reaction 

ixture stirred for 15 min. Then triethylamine (54 mmol) and 

F 3 ·OEt 2 (67.5 mmol) were added and the reaction mixture stirred 

or 30 min at 50 °C. The reaction mixture was poured into CH 2 Cl 2 
nd then washed with 0.1 M NaOH solution and water. The com- 

ined organic layer dried over Na 2 SO 4 and concentrated under re- 

uced pressure. The crude product was purified by silica-gel col- 

mn chromatography using DCM/hexane (2: 1) as eluent to obtain 

ompound 3 as a purple solid. This compound was crystallised in 

CM-hexane to give as purple crystals. 

3 : C 15 H 10 BF 2 N 3 O 2 MW: 378.15 g/mol, Yield: 10% (0.051 g),

T-IR (ATR, cm 

−1 ): 3395, 2953, 2919, 2850, 1728, 1574, 1558, 

501, 1461, 1410, 1377, 1345, 1286, 1267, 1226, 1171, 1136, 1106, 

070, 1031, 987, 823, 787, 743, 720 cm 

−1 . 1 H NMR (400 MHz, 

DCl 3 ) δ 10.62 (bs, 1H, -NH), 8.41(d, 2H), 7.74 (m, 2H), 7.56(m, 

H), 7.12(s, 1H), 7.00 (d, 1H), 6.88 (d, 1H), 6.57 (m, 1H), 6.51(m, 

H), 6.47 (m, 1H). 13 C NMR (101 MHz, CDCl 3 ) δ 167.79, 152.67, 

48.41, 142.70, 140.95, 139.36, 137.04, 135.49, 132.45, 132.37, 

31.31, 130.77, 128.95, 127.58, 123.57, 122.31, 119.84, 116.46, 113.92, 

12.16. ESI-Q-TOF (m/z) : 391.2900 [M + H] + , 391.29 [M-F + CH 3 OH] + ,
13.2728 [M + CH 3 OH + H] + . 

.6. X-ray crystallography 

A suitable crystal of compound 3 was selected and X-ray 

iffraction data were collected on a Bruker APEX 2 CCD diffrac- 

ometer. The crystal was kept at 293(2) K during data collec- 

ion. Using Olex2 [50] , the structure was solved with the SHELXT 

51] structure solution program using Intrinsic Phasing and refined 

ith the SHELXL [52] refinement package using Least Squares min- 

misation. Hydrogen atoms bonded to carbon and nitrogen atoms 

re located at the appropriate positions using a riding model. X-ray 

rystallographic data and refinement details are given in Table 1 . 

ond lengths/angles (Tables S1 and S2) and hydrogen bond param- 

ters (Table S3) are provided in the supplementary documents. 

.7. Computational method 

The three-dimensional structures of the molecules were created 

ith the program Gauss-View 6.0.0 [53] . Gaussian 09 AML64L- 

evision C.01 [54] was used in the calculations. All calculations 

ere performed at 6–31 + G (d,p). The highest occupied molecular 

rbital energy (EHOMO), lowest unoccupied molecular orbital en- 

rgy (ELUMO) and energy gap ( �E) were found by using Eqs. (1) –

3) [55] . 

 = −E HOMO (1) 

 = −E LUMO (2) 
3 
E = E LUMO − E HOMO (3) 

or NLO properties, total static dipole moment ( μ), average polar- 

zability ( α), anisotropy of polarizability ( �α) and total static first 

yperpolarizability ( β) are calculated from Eqs. (4) –(7) [56] . 

= 

(
μx 

2 + μy 
2 + μz 

2 
)1 

/ 2 (4) 

 = 

1 

3 

( a xx + a yy + a zz ) (5) 

a = 

1 √ 

2 

[
( a xx − a yy ) 

2 + ( a yy − a zz ) 
2 + ( a zz − a xx ) 

2 

+ 6 a xz 
2 + 6 a xy 

2 + 6 a yz 
2 
]1 

/ 2 (6) 

= 

[
( βxxx + βxyy + βxzz ) 

2 + ( βyyy + βyzz + βyxx ) 
2 

+ ( βzzz + βzxx + βzyy ) 
2 
]1 

/ 2 (7) 

LED properties were investigated under the Marcus theory. The 

arcus equation is shown in Eq. (8) . Thanks to this equation, rate 

onstants for electron or hole transfer of molecules can be calcu- 

ated [57] . 

 Cτ = 

2 π

h 

t 2 

√ 

1 

4 πλk B T 
exp 

[
−λ + �G 

0 

4 λk B T 

]
(8) 

here k CT is the charge transfer rate constant, t is the charge 

ransfer integral for electron or hole, � is the induced Planck con- 

tant, λ is the reorganization energy for electron or hole, k B is the 

oltzmann constant, T is the temperature, �G ° is the free energy 

f the transfer reaction. 

The reorganization energies ( λ) are considered as two different 

arameters, the external reorganization energy ( λext ) and the in- 

ernal reorganization energy ( λint ). λext indicates the effect of po- 

arized medium on charge transfer, and λ is a measure of the 
int 
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Fig. 2. Molecular structure of compound 3 with atom numbering (thermal ellipsoid 

with 50% probability). 
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tructural change between ionic and neutral states. In computa- 

ional chemistry studies, the λint argument is taken into account. 

he reorganization energies, electron ( λe ) and hole ( λh ) reorgani- 

ation energy, are found from the single point energy of the com- 

ounds. Cationic and anionic species are produced from the opti- 

ized structure of the compounds studied to calculate their rear- 

angement energies. For these species, single point energy calcu- 

ations are made at the B3LYP/6–31 + G (d,p) level. Using the calcu- 

ated single point energies of neutral, cationic and anionic species, 

he reorganization energies for electron and hole are calculated 

rom Eqs. (9) , (10) [58–60] . 

e = 

(
E −0 − E −−

)
+ 

(
E 0 − − E 0 0 

)
(9) 

h = 

(
E + 0 − E + + 

)
+ 

(
E 0 + − E 0 0 

)
(10) 

here E + 
0 

and E −
0 

are the energies of the cation and anion com- 

osed of neutral molecule. E + + and E −− are the energies of the cation 

nd anion obtained from cation and anion. E 0 + and E 0 − are the en- 

rgy of the neutral molecule calculated at the cationic and anionic 

tate. E 0 
0 

is the energy of the neutral molecule at the ground state. 

Another parameter that provides the theoretical prediction 

f OLED properties are adiabatic/vertical ionization potentials 

IPa/IPv) and adiabatic/vertical electron affinities (EAa/EAv) [61] . 

hese mentioned parameters can be calculated from Eqs. (11) to 

14) . 

P a = E + + − E 0 0 (11) 

P v = E + 0 − E 0 0 (12) 

Aa = E 0 0 − E −− (13) 

A v = E 0 0 − E −0 (14) 

ere E −
0 

and E + 
0 

are the energy of the re-optimized anion (cation) 

erived from the optimized structure of the neutral molecule. 

 

−
− ( E + + ) is the energy of the anion (cation) calculated with the op- 

imized anion (cation) structure, E 0 − ( E 0 + ) is the energy of the neu- 

ral molecule calculated at the anionic (cationic) state. In addition, 

 

0 
0 

is defined as the energy of the neutral molecule at the ground 

tate [62] . 

. Results and discussion 

In this study, BODIPY derivatives (compounds 2 and 3 ) were 

ynthesized as shown in Fig. 1 . Dipyrromethane compound 1 was 

btained from the acid-catalyzed reaction of 4-nitro benzaldehyde 

ith pyrrole. To obtain compound 2 , compound 1 was first oxi- 

ized by DDQ and then reacted with BF 3 ·OEt 2 at room tempera- 

ure. After compound 1 was oxidized by DDQ, pyrrole was added 

o the reaction mixture and then complexation with BF 3 .OEt 2 to 

et desired compound 3 . Synthesized compounds 1 –3 are soluble 

n common organic solvent such as hexane, dichloromethane chlo- 

oform, ethanol, acetonitrile and dimethyl sulfoxide. 

Compounds 1 and 2 were already synthesized in the litera- 

ure [47–49] . We characterized these compounds by spectroscopic 

echniques such as FT-IR and NMR ( 1 H and 

13 C NMR) spectro- 

copies. Synthesized compound 3 was characterized by spectro- 

copic techniques such as FT-IR, NMR ( 1 H and 

13 C NMR) and mass 

pectroscopies. FT-IR spectra of compounds 1 –3 between 40 0 0 and 

00 cm 

−1 are given Fig. S1 . The FT-IR spectrum of compound 1 

hows stretching peaks around at 3357 cm 

−1 assigned to the N-H 

tretching’s. In the spectrum of compound 2 , the N-H stretching 

eak disappeared and B-F vibrations were observed in the range 

f 978–1099 cm 

−1 [63] . A new peak was observed at 3395 cm 

−1 
4 
n the FT-IR spectrum of compound 3 and it was assigned to the 

-H stretching resulting from the pyrrole attachment at 3-position 

f BODIPY core. The 1 H NMR spectra of compound 1 –3 were mea- 

ured in CDCl 3 . The spectral data are presented in the experimen- 

al section and spectra are given Fig. S2-S4. In the spectrum of 

ompound 1 , -NH protons were observed as a broad singlet sig- 

al at 8.00 ppm; the meso–aryl protons appeared as doublet sig- 

als at 8.18 and 7.39 ppm. The pyrrolic protons of compound 2 

ere observed as singlet signals between 5.90–6.77 ppm and - 

H meso proton signal appeared as a singlet signal at 5.60 ppm. 

pon the complexation of compound 1 with BF 2 , -NH and -CH meso 

rotons of compound 1 disappeared in the spectrum of compound 

 . In the spectrum of compound 3 , -NH proton of pyrrole ring 

as observed at 10.62 ppm. Furthermore, ESI-Q-TOF mass spec- 

rum of compound 3 was measured in methanol. The peaks at 

/z 391.2900 and 413.2728 were assigned to the molecular ions 

M + H] + and [M + CH 3 OH + H] + , respectively (Fig. S5). 

.1. Molecular structure 3 

Single crystals of compound 3 were obtained from slow evap- 

ration of the compound in DCM and crystal structure of the 

ompound was investigated by X-ray diffraction study. The struc- 

ure of the compound was solved in triclinic unit cell P-1 space 

roup. Molecular structure of the compound with atom number- 

ng is shown in Fig. 2 . In the structure of the compound, the bod-

py core of the compound is planar and the boron atom binds to 

he two pyrrole nitrogen atoms (N2 and N3) and two fluoride ions 

ith tetrahedral geometry around the boron atom. The B-F and B- 

 distances are compatible with those of the reported similar com- 

ounds [ 41 , 64 ]. In the structure, the meso–4-nitrophenyl group is 
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Fig. 3. (a) Packing diagram of compound 3 showing O ·····H and F ·····H interactions and (b) π- π stacking interactions between the dipyrrin units. 
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Table 2 

Optical properties of the compound 2 and 3 in various solvents. 

Compound Solvent ʎabs ʎem Stokes shift �F 

nm nm nm 

2 Hexane 507 528 21 –

DCM 509 554 45 0.010 [49] 

EtOH 506 526 20 –

DMSO 510 560 50 –

3 

Hexane 549, 585 630 45 0.049 

DCM 550, 586 643 57 0.016 

EtOH 547, 583 641 58 –

DMSO 556, 593 655 62 –

p

i

t

s

o

b

s

e

4

v

nclined at 54.63 ° with respect to the bodipy core. The appended 

yrrole ring (N1/C4) at the 3-position of the bodipy core is almost 

o-planar with bodipy core with the dihedral angle of 9.54 °. The 

ppended pyrrole group is involved in intra-molecular hydrogen 

onding with one of the coordinated fluoride ions (N1-H ·····F1). 

The Hirshfeld surface for the compound was drawn using Crys- 

al Explorer software in order to examine the intermolecular con- 

acts within the crystal structure [65] . The fingerprint plots show- 

ng the different intermolecular contacts are provided in the sup- 

lementary documents (Fig. S6). There are two spikes due to the 

 ·····H contacts in the fingerprint plot. In the structure, molecules 

re linked by O ·····H and F ·····H interactions and these contacts 

re seen as red spots in the d n surface. Packing diagram show- 

ng the O ·····H and F ·····H is shown in Fig. 3 a. Moreover, there are

- π stacking interactions between the dipyrrin units of the two 

olecules ( Fig. 3 b). 

.2. Photophysical properties 

Photophysical properties of synthesised BODIPY based com- 

ounds 2 and 3 were studied in various solvents with different po- 

arities (Hexane, DCM, EtOH and DMSO) and the data are listed in 

able 2 . Normalized absorption spectra of compounds are shown 

ig. 4 . In DCM, compound 2 exhibits a strong absorption maxi- 

um at 509 nm and this absorption maximum can be assigned to 

he S -S ( π − π∗) electronic transition. In comparison with com- 
0 1 

5 
ound 2 , this main absorption maximum red shifted to 586 nm 

n compound 3 . In the absorption spectrum of 2, 0–1 vibrational 

ransition was observed as a shoulder at around 482 nm. In ab- 

orption spectra of compound 3 , the absorption band maximum 

f this vibronic transition was centered at 550 nm as a separate 

and. In the absorption spectra of compounds, a broad band ob- 

erved in the high energy region was attributed to S 0 -S 2 ( π − π∗) 

lectronic transition. This band maximum was located at 331 and 

06 nm, respectively, for compounds 2 and 3 . 

Normalized emission spectra of the compounds in different sol- 

ents are shown Fig. 5 . In DCM, compound 2 showed a strong 
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Fig. 4. Normalized absorption spectra of compounds 2 and 3 in various solvents. 

Fig. 5. Absorption spectra of compounds 2 and 3 in various solvents. 
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mission band between 490 and 690 nm range ( λmax = 554 nm). 

he emission band of compound 3 showed a considerable red shift 

o 550–780 nm range ( λmax = 643 nm) in comparison to com- 

ound 2 . In DCM, a large bathochromic shift was observed in the 

bsorption and emission band maximum of compound 3 (77 and 

9 nm red shifts for absorption and emission, respectively), this 

an be due to the extension of π-electron delocalization [29] via 

ubstitution of one pyrrole ring at 3-position of the compound 2 . 

he substitution of -NO 2 at the meso–aryl group of compound 3 

as no effect on this extension of π-electron delocalization be- 

ause the nitro group is not directly in conjugation with the BOD- 

PY core, it is located at a proximal position [66] . The absorption 

nd emission bands of the compounds were affected by the sol- 

ent polarity, when the solvent changed from hexane to DMSO, 

he absorption and emission maxima red shifted ( Table 2 ). This red 

hift is consistent with the general behavior of BODIPY dyes [67–

9] and represent the polarizability of the solvent [49] . 

The emission band intensities of compounds decreased dramat- 

cally as the solvent polarity increased (Fig. S7), indicating that 

hey exhibit stronger fluorescence in non-polar solvents. The flu- 

rescence quantum yields of compound 3 which were calculated 

.049 and 0.016 in hexane and DCM confirm to this inference. 

here is a slight increase in the quantum yield of compound 3 

ompared to compound 2 ( �F = 0.010 in DCM). This slight in- 
g

6 
rease may be assigned to the enhanced rigidity of compound 

 due to the intramolecular hydrogen bonding between the ap- 

ended pyrrole group nitrogen and one of the coordinated flu- 

ride ions (N1-H ·····F1) [42] . Compound 3 showed low fluores- 

ence in compared to the other meso –substitute derivatives [ 42 , 43 ]

ecause of the free rotation of the meso –substituent increasing 

oss of energy from the excited states via non-irradiated molec- 

lar motions and electron-withdrawing effect of the nitro group 

 5 , 66 , 70 , 71 ]. Due to the to the strong electron-withdrawing effect

f nitro group, the fluorescence of compound 3 can quench via an 

ntramolecular photoinduced electron transfer (PET) process from 

he excited BODIPY core to the electron-deficient benzene moiety 

66] . 

.3. Computational results 

.3.1. Optimized structures and frontier molecular orbitals (FMOs) 

The optimized structures that determine the space orientation 

f the atoms in the molecule and the frontier molecules orbitals, 

hich are from their importance in optic and electronic behavior, 

ere calculated in the gas phase at the B3LYP/6–31 + G (d,p) level. 

he optimized structures of 2 and 3 molecules and contour dia- 

rams of frontier orbitals, HOMO and LUMO, are given in Fig. 6 . 
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Fig. 6. Optimized structures and contour diagrams of compounds 2 and 3 . 
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Frontier molecular orbitals (FMOs) are the highest occupied 

olecular orbital (HOMO) and the lowest unoccupied molecular 

rbital (LUMO). According to the contour diagrams of the HOMO 

nd LUMO orbitals given in Fig. 6 , it shows that the HOMO and

UMO orbitals are localized in the π-bonds of the molecules. The 

OMO molecular orbital refers to the electron-donating sites in the 

olecule. Electron donor atoms in molecules appear on dipyrolo 

oiety and electron acceptor atoms appear on the π bonds in the 

olecules 2 and 3. 
7 
.3.2. Non-linear optical (NLO) properties 

The nonlinear optical (NLO) properties of organic compounds 

ave been an important research topic because of the conjugated 

ystems and their planarity. Thanks to these features, it has con- 

ributed to technological developments such as frequency shifting, 

ptical modulation, switching, logic and memory [72] . It is possi- 

le to predict the NLO properties theoretically with computational 

hemistry methods. Quantum chemical parameters and polarizabil- 

ty parameters (total static dipole moment ( μ), the average linear 
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Table 3 

The calculated total static dipole moment(μ), the average 

linear polarizability ( α), the anisotropy of the polarizability 

( �α), first hyperpolarizability ( β). 

Parameters Urea 2 3 

μa 1.8059 2.0267 3.5091 

αb 3.6720 17.6311 20.1064 

�αd 8.2365 91.1059 144.3314 

βc 6.87 х 10 −28 2.51 х 10 −27 3.43 х 10 −27 

E HOMO −7.317 −6.562 −5.752 

E LUMO −0.373 −3.673 −3.445 

�E 6.944 2.889 2.306 

a In Debye. 
b In Ǻ3 . 
c In cm 

5 /esu. 
d eV. 
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Table 4 

The reorganization energies, adiabatic/vertical ionization po- 

tentials and electron affinities (all in eV) of (2) and (3) at 

B3LYP/6–31 + G (d,p) level in the gas phase. 

λe (eV) λh (eV) IPa IPv EAa EAv 

2 0.134 0.168 1.493 0.098 0.994 1.085 

3 0.104 0.150 1.956 1.157 0.892 0.993 
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olarizability ( α) , the anisotropy of the polarizability ( �α), first 

yperpolarizability ( β)) are used to predict NLO properties [73] . 

he total static dipole moment ( μ), the average linear polarizability 

 α), the anisotropy of the polarizability ( �α), first hyperpolariz- 

bility ( β) for 2 and 3 are calculated at B3LYP/6–31 + G (d,p) level

n gas phase and listed in Table 3 . 

The energy of the HOMO can be related to the NLO proper- 

ies of the chemical species. A high E HOMO value indicates the 

endency of electron transfer to the low vacant molecular orbital 

f a suitable molecule. A lower E LUMO value indicates a higher 

lectron-accepting ability of the molecule. The NLO properties of 

he studied molecules increase with increasing HOMO and de- 

reasing LUMO energy values. Moreover, with the effect of electron 

cceptor and donor groups, the energy gap between LUMO and 

OMO decreases, and the NLO properties of the molecules increase 

74] . According to the HOMO, LUMO and LUMO-HOMO energies 

iven in Table 3 , it can be said that the NLO feature of 3 molecules

s more advantageous than the NLO feature of 2 molecules. 

The NLO parameters given in Table 3 are compared consider- 

ng the urea reference material. The increasing values of the to- 

al static dipole moment(μ), the average linear polarizability ( α), 

he anisotropy of the polarizability ( �α) and first hyperpolariz- 

bility ( β) parameters used to compare the NLO properties pro- 

ide superiority. According to our results listed in Table 3 , among 

ur compounds with ring structure, compound 3 has higher to- 

al dipole moment values (3.5091 D) than 2 compound (2.0267 

). It is noteworthy that the total dipole moment values of 

he 3 molecules are approximately 3 times higher than that of 

rea, which acts as the reference compound. Similarly, compared 

o compound 2 , compound 3 shows a remarkable increase in 

he average linear polarizability and the anisotropy of the polar- 

zability indices, respectively ( α = 17.6311 and 20.1064 Ǻ3 and 

α = 91.1059 and 144.3314 Ǻ3 ). In addition, in the calculated first 

yperpolarizability values, it is seen that compound 2 and 3 com- 

ounds have the values of 2.51 х 10 −27 and 3.43 х 10 −27 cm 

5 /esu,

espectively. The first hyperpolarizability parameters are 10 times 

igher than that of the urea molecule. Frequently, urea is chosen as 

ne of the prototypical molecules in the study of the NLO behav- 

or of a particular molecular system, thereby often considered the 

hreshold for comparative function [75] . The remarkably large non- 

inear optical response of compound 3 molecule may result from 

he energy band gap (LUMO-HOMO). Increasing the conjugate sys- 

em in compound 3 will somehow make the charge transfer tran- 

ition more effective. 

In the light of this information, the NLO properties of the com- 

ounds examined are more effective than urea, which acts as a ref- 

rence compound, and the NLO property of compound 3 is more 

dvantageous than compound 2 . 
8 
.3.3. Light emitting properties 

One of the main features of OLED materials is that they con- 

ist of few layers. The suitability of the OLED material for any of 

hese layers can be predicted by the calculation results. OLED ma- 

erial layers consist of an electron transport layer (ETL), an emit- 

ing layer (EL), and a hole transport layer (HTL) between a cath- 

de and an anode [ 76 , 77 ]. In addition to these layers, there is the

lectron injection layer (EIL) adjacent to the cathode and the hole 

njection layer (HIL) adjacent to the anode [78–81] . In order to in- 

rease the efficiency of OLED devices, it is necessary to improve the 

TL and HTL features. The reference material for ETL compounds is 

ris(8-hydroxyquinoline) aluminum complex (Alq3) [ 82 , 83 ] while 

he reference material for HTL compounds is N,N’-diphenyl-N,N’- 

 bis(3-methylphenyl) −1,1 ′ -diphenyl-4,4 ′ -diamine (TPD) [ 84 , 85 ]. A 

ood OLED material should have parameters superior to reference 

aterials. 

Instead of the transfer integrals of the Marcus equation, direct 

eorganization energies are calculated using computational meth- 

ds and these energies are compared with those of the reference 

aterials. The reorganization energies ( λe and λh ) of compounds 

 and 3 were calculated and given in Table 4 . It is well known

hat lower reorganization energy means a higher charge transfer 

ate. The calculated electron and hole reorganization energies of 

ompound 2 are 0.134 and 0.168 eV, respectively. The calculated 

lectron and hole reorganization energies of compound 3 are 0.104 

nd 0.150 eV, respectively. The λe of compounds 2 and 3 are lower 

han the reference Alq3 ( λe = 0.276 eV) [86] for an ETL material. 

herefore, it can be said that compounds 2 and 3 are more advan- 

ageous as ETL materials instead of Alq3. It is smaller than the λh 

f TPD ( λh = 0.290 eV) [87] , which is the reference material for 

he HTL material of compounds 2 and 3 . Compounds 2 and 3 are 

etter than TPD as an HTL compound. 

Charge transfer barriers are also important parameters in OLED 

aterials. Charge transfer barriers can be predicted by ionization 

otentials (IPs) and electron affinities (EAs). As a general rule, 

maller IP and larger EA indicate better hole (electron) transfer of 

oles from the hole (electron) transport layer to the emitter lay- 

rs [88] . Table 2 shows the adiabatic/vertical ionization potentials 

IPa/IPv) and adiabatic/vertical electron affinities (EAa/Eav) values 

for compounds 2 and 3 . The IPa/v and EAa/v values of com- 

ound 2 are 1.493/0.098 eV and 0.994/1.085 eV, respectively. The 

Pa/v and EAa/v values of compound 3 are 1.956/1.157 eV and 

.892/0.993 eV, respectively. When the results are examined, the 

P values of compound 3 are higher than compound 2 . Like- 

ise, the EA values of compound 3 are less than compound 

 . While the pyrrole ring in compound 3 increased the IP val- 

es, it decreased the EA values. This may be due to the electron- 

ithdrawing property of the pyrrole ring. According to IP and EA 

alues, compound 2 can be considered as HIL and EIL compound, 

hich should be preferred more than compound 3 . 

. Conclusions 

In this study, A BODIPY derivative (compound 2 ), substituted 

ith 4-nitrophenyl at meso positions and its 3-pyrrole substituted 

erivative (compound 3 ) were prepared and characterized by the 

pectroscopic and analytical methods. Compound 3 was obtained 
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s single crystal and its structure was determined by single crystal 

-ray diffraction study. Photophysical studies showed that the pyr- 

ole attachment to 3-position of the BODIPY core resulted in a con- 

iderable red shift in the emission and absorption band maximum. 

lso, the absorption and emission bands of compounds were af- 

ected by the solvent polarity. Density functional theory (DFT) cal- 

ulations revealed that the HOMO and LUMO orbitals are localized 

n the π-bonds of the compounds 2 and 3 . The NLO and OLED 

roperties of compounds 2 and 3 were investigated by quantum 

alculations and according to IP and EA values, compound 2 can 

e considered as HIL and EIL compound. 
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