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a b s t r a c t

Two free base porphyrins, 5,10-bis(4-aminophenyl)-15,20-diphenylporphyrin (cis-DATPP), 5,15-bis(4-
aminophenyl)-10,20-diphenylporphyrin (trans-DATPP), and their zinc metalated analogues (cis-
ZnDATPP and trans-ZnDATPP) were synthesized. A series of their corresponding polyimides were ob-
tained by the condensed polymerization of the respective monomeric isomer DATPP with a 1:1 ratio of
2,20-bis(trifluoromethyl)-4,40-diaminobiphenyl (PFMB) and 4,40-hexafluoroisopropylidenediphthalic an-
hydride (6FDA). The inclusion of PFMB and 6FDA into the polymeric backbone causes the polymers to be
moderately to highly soluble in organic polar solvents. The molar content of the respective DATPP
monomer varied between 5 and 30%. All compounds were structurally characterized by 1H NMR and
ATR-IR spectroscopy and the porphyrin content in the polyimides was determined by UVeVisible ab-
sorption spectroscopy. Photophysical properties consisted of measuring both the UVeVisible (ground
state) absorption and fluorescence (excited state) spectra, fluorescence quantum yields (Ff), and fluo-
rescence lifetimes (tf) in dichloromethane and N,N-dimethylacetamide. Fluorescence quenching was also
measured and observed by the Stern-Volmer relationship, using 9,10-anthraquinone (AQ) as the
quencher molecule. Both the bimolecular rate constant of fluorescence quenching (kq) and the Stern-
Volmer constant (KQ) were calculated from this relationship. Furthermore, deviations from linearity
depicted in the Stern-Volmer plots for TPP and ZnTPP at higher concentrations of AQ were also measured
as a means of examining and explaining the simultaneous occurrence of dynamic (collisional) quenching
and static quenching in the mechanisms of fluorescence quenching. It was found in this work that the
significantly larger values in the static quenching constant (KS) than in the dynamic quenching constant
(KD) are indicative that static quenching and ground state complex formation between the fluorophore
and quencher is the dominant mechanism of fluorescence quenching of these systems at higher
quencher concentrations.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Porphyrins and polyimides are two classes of organic com-
pounds that have attracted much interest in a wide variety of ap-
plications, ranging in their use as photosensitizers in different types
of electron and energy transfer processes, water purification, novel
chemical synthesis and catalysis, artificial solar energy conversion
(photovoltaic) systems, andmanymore [1e28]. Much attention has
been focused on the synthesis of aromatic polyimides containing
porphyrin moieties within the polymer backbone chain for study-
ing their fundamental spectroscopic and photophysical properties
in applications of artificial solar energy conversion systems [22,23],
catalysts [24], photoresponsive materials [25], molecular wires
[26], and photoinduced intramolecular electron transfer properties
[19e21,27]. The presence and covalent attachment of porphyrin
units in the polyimide backbone chain introduces the following
three chemical characteristics: (1) higher degree of aromaticity, (2)
extendedp-conjugation, and (3) higher degree of electron donating
behavior. These three characteristics are expected to result in an
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enhancement in the photoinduced intramolecular charge transfer
properties of these compounds, in that photon absorption results in
the transfer of electronic charge from the electron donor end of the
molecule (porphyrin moiety) to the electron acceptor end of the
molecule (electron withdrawing moieties along the polyimide
backbone chain). Furthermore, in addition to the characteristics
mentioned, the presence of electron donating porphyrin groups
introduces unique absorbance and fluorescence spectral properties
in the visible region of the electromagnetic spectrum.

Porphyrins are tetrapyrrolic macrocyclic compounds that
belong to the family of organic compounds called porphyrinoids.
Fig. 1 shows the chemical structures of porphyrin and meso-
5,10,15,20-tetraphenylporphyrin (TPP). A single porphyrin macro-
cycle is nominally composed of 22 p electrons, 18 of which belong
to the p-conjugated delocalization framework. A generic porphyrin
backbone is structurally composed of four ‘pyrolle-type’ rings
covalently linked together by four methine bridging groups to give
an aromatically conjugated macrocyclic ring consisting of a sp2

hybridized framework [1,2]. Porphyrins are known for their char-
acteristic red and purple colors both in their solid and solution
states and are efficient chromophores. Free base (or nonmetallated)
porphyrins generally show four weak absorption bands, known as
Quasi, or Q, bands in the visible absorption spectrum at an
approximate wavelength range between 500 and 650 nm and a
strongly intense absorption band in the near-UV region called the
Soret, or S, band appearing at a wavelength of around 400 nm,
characteristic with the p-conjugation of the macrocyclic ring [2,3].
Porphyrins are also recognized for their strongly intense fluores-
cence properties and their higher degree of p-conjugation makes
them more red shifted fluorophores [4e11].

Porphyrins have been used in a wide variety of applications
ranging in their use as photosensitizers for different types of elec-
tron, electron energy transfer, and energy storage processes, water
purification, novel chemical synthesis, and decontamination of
chemical and biological materials [12e14]. In particular, porphyrins
are commonly used photosensitizers for singlet state oxygen (1Dg),
a reactive oxygen species that has found widespread attention as a
Fig. 1. Chemical structures of (a) porphyrin (porphine) a
cytotoxic agent in photodynamic therapy (PDT) in destroying tar-
geted tumor and cancerous cells in living organisms [15]. Addi-
tionally, singlet oxygen has been used as a reactive intermediate in
the photooxidation of organic compounds in solution because of its
high chemical energy content and its low lying excited states
[16,17]. Aromatic polyimides are a class of organic compounds
traditionally synthesized by the treatment of an aromatic diamine
with an aromatic tetracarboxylic acid dianhydride [18] known for
their thermal stability, high softening temperatures, chemical
resistance, andmechanical properties [19e21,28]. Dianhydrides are
reported as good electron acceptor groups and diamines are good
electron donor groups, which thereby cause polyimides to easily
form a charge transfer complex between the electron donor and
acceptor groups [28].

The work presented in this manuscript reports on the direct
syntheses of two free base monomeric porphyrin isomers, namely
5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin (cis-DATPP)
and 5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin (trans-
DATPP), their zinc metalated analogues, and their corresponding
polyimides (see Fig. 2 for the chemical structures of cis-DATPP and
trans-DATPP). The photophysical properties of these compounds
were investigated, which involved measuring the UVeVisible
(ground state) absorption spectra, fluorescence (excited state)
spectra, fluorescence quantum yields (Ff), and fluorescence life-
times (tf) in N,N-dimethylacetamide and dichloromethane. The
fluorescence quenching of these classes of organic compounds
were investigated in the presence of 9,10-anthraquinone (see Fig. 3)
as the quencher compound using the Stern-Volmer relationship.
The effects that polymerization, polymer molecular weights, and
weight percent of porphyrin content in the polymers have on the
photophysical properties of these class of compounds are discussed
in the manuscript. Furthermore, the work presented in this
manuscript will provide important information into the syntheses
and photophysical properties of these classes of organic com-
pounds. A thorough understanding of the properties of these
compounds is pertinent to examining their applications.
 
nd (b) meso-5,10,15,20-tetraphenylporphyrin (TPP).



Fig. 2. Chemical structures of 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin (cis-DATPP) and 5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin (trans-DATPP).

Fig. 3. Chemical structure of 9,10-anthraquinone.
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2. Experimental

2.1. Chemical reagents and solvents

All chemical reagents and solvents were purchased from Sigma-
Aldrich, Acros Organics, Fluka, Fisher Scientific, EMD, Alfa Aesar,
and Merck. All reagents and solvents not mentioned in the
following paragraph were used without further purification.

Purification workup was done for the following materials prior
to use: 9,10-anthraquinone was sublimed, benzaldehyde was
distilled under reduced pressure, pyrrole was distilled over calcium
hydride under reduced pressure. Dichloromethane was distilled
over calcium hydride, and N-methyl-2-pyrrolidone was distilled
over calcium hydride. Compound 2,20-bis(trifluoromethyl)-4,40-
diaminobiphenyl (PFMB) was obtained from Dr. Frank W. Harris's
research lab at the University of Akron in Ohio.
2.2. Instrumentation

Proton Nuclear Magnetic Resonance (1H NMR) spectra were
obtained in chloroform-d (CDCl3) or dimethyl sulfoxide-d6 (DMSO-
d6) using a Bruker® AVANCE 400MHz NMR spectrometer. Chemical
shifts (d) are reported in parts per million (ppm) relative to the
residual protonated solvent signal as a reference. Attenuated Total
Reflectance Infrared spectra (ATR-IR) were measured on a Perkin
Elmer® SpectrumOne IR spectrometer. Themolecular weights of all
polyimides were determined by Gel Permeation Chromatography
(GPC) using aWaters® 150-CV chromatography system. UVeVisible
absorption spectra were measured on a Perkin Elmer® Lambda 35
UV/VIS spectrometer. Fluorescence spectra were measured using a
Perkin Elmer® LS 50B spectrophotometer.

2.3. Chemical syntheses and structural characterization data

Presented in this section are the synthetic procedures, reaction
schemes, and spectral characterization data (1H NMR and ATR-IR)
of all target compounds.

2.3.1. Meso-5,10,15,20-tetraphenylporphyrin (TPP)

Meso-5,10,15,20-tetraphenylporphyrin (TPP) was synthesized
from the acid catalyzed condensation of pyrolle (4 mol eq.) and
benzaldehyde (4 mol eq.) in the presence of propionic acid [29].
Benzaldehyde (1.62 mL, 16 mmol) and pyrrole (1.11 mL, 16 mmol)
were combined and heated under reflux in the presence of propi-
onic acid (100 mL). The reaction mixture was refluxed for 1 h, fol-
lowed by stirring for 30 min at ambient room temperature. Cold
methanol (20 mL) was added and the mixture was continuously
stirred in an ice bath. The product was filtered off, then washed
with hot water and methanol until the filtrate was colorless,
affording purple glistering crystals. Fig. 4a shows the reaction
scheme for the synthesis of TPP. Yield: 0.21 g, 27%. Melting point:
>400 �C. 1H NMR (CDCl3): d (ppm) �2.73 (s, 2H, internal NH), 7.28
(s, 4H, p-phenyl), 7.79 (m,12H,m- and p-phenyl), 8.24e8.21 (m, 8H,
o-phenyl), 8.88 (s, 8H, b-pyrrole). ATR-IR (cm�1): 3314 (NH), 3050
and 3017 (ArH), 1470 and 1440 (NH bending), 698 (out of plane
bending deformation, monosubstituted benzene).

2.3.2. Zinc(II) 5,10,15,20-tetraphenylporphyrin (ZnTPP)

To a boiling solution of TPP (0.76 g, 1.24 mmol) in chloroform
(150 mL) was added a saturated solution of zinc acetate dihydrate
(0.40 g, 1.86 mmol) in methanol (3 mL). The reaction mixture was
heated under reflux for 30 min, cooled down to room temperature,
and extracted twice with distilled water. The organic layer was
dried over anhydrous sodium sulfate and filtered off. Purple crystals
were collected by filtration and washed with cold methanol [29].
Fig. 4b shows the reaction scheme for the synthesis of ZnTPP. Yield:
0.83 g, 99%. Melting point: >400 �C. 1H NMR (CDCl3): d (ppm) 7.23
(s, 4H, p-phenyl), 7.69e7.64 (m, 12H, m- and p-phenyl), 8.16e8.09



Fig. 4. Reaction schemes for the syntheses of (a) TPP and (b) ZnTPP.
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(m, 8H, o-phenyl), 8.84 (s, 8H, b-pyrrole). ATR-IR (cm�1): 1593,
1480, 1440, 1340, 1000, 797, 751. When directly compared to free
base TPP, the signal at d �2.73 ppm (representing the internal NeH
protons) disappears, as well as the absorption band at 3314 cm�1 in
the IR spectrum, indicative to porphyrin metalation.

2.3.3. 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin (cis-
DATPP) and 5,15-bis(4-aminophenyl)-10,20-diphenylporphyrin
(trans-DATPP)

Both cis-DATPP and trans-DATPP were synthesized using the
approach formulated by Raymond et al. [30]. Fig. 5 shows the two
step reaction scheme for the syntheses of cis-DATPP and trans-
DATPP. To a solution of meso-5,10,15,20-tetraphenylporphyrin
(200 mg, 0.33 mmol) in trifluoroacetic acid (10 mL) was added
sodium nitrite (183 mg, 2.65 mmol). After 90 s of continuous stir-
ring at ambient room temperature, the reaction was poured into
water (100 mL) and extracted with dichloromethane (6 � 25 mL).
The residue obtained was purified as described above and then
reduced using tin(II) chloride dihydrate (0.80 g, 3.55 mmol) in
concentrated hydrochloric acid (50 mL). The reaction was heated
under reflux to 65 �C for 90 min, followed by cooling the solution to
ambient room temperature, pouring it into ice water and adjusting
to pH 8 with concentrated ammonium hydroxide. The aqueous
phase was extracted with dichloromethane (5 � 100 mL), and the
combined organic layer extracts were dried over anhydrous mag-
nesium sulfate. The organic phase was concentrated in vacuo and
the solutionwas pre-absorbed onto silica gel. Silica gel flash column
chromatography using a gradient mixture of dichloromethane and
ethyl acetate afforded first trans-DATPP, followed by cis-DATPP.
Each regioisomer was recrystallized frommethanol, yielding 32% of
cis-DATPP and 28% of trans-DATPP. Fig. 5 shows the reaction
scheme for the preparations of cis-DATPP and trans-DATPP. cis-
DATPP: 1H NMR (DMSO-d6): d (ppm) �2.83 (s, 2H, internal NH),
5.48 (s, 4H, NH2), 6.93 (d, 4H, aminophenyl), 7.69e7.80 (m, 10H,
phenyl), 8.08 (d, 4H, aminophenyl), 8.69 (s, 4H, b-H), 8.86 (s, 4H, b-



Fig. 5. Reaction scheme for the syntheses of cis-DATPP and trans-DATPP. (i) Sodium nitrite (NaNO2) and trifluoroacetic acid (TFA); (ii) Tin(II) chloride dihydrate (SnCl2 ˑ 2H2O),
concentrated hydrochloric acid (HCl), heated under reflux to 65 �C.
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H); ATR-IR (cm�1): 3325 (NH), 1510 (NH), 800 (1,4-substituted
phenyl). trans-DATPP: 1H NMR (DMSO-d6): d (ppm) �2.81 (s, 2H,
internal NH), 5.52 (s, 4H, NH2), 6.92 (d, 4H, aminophenyl),
7.73e7.78 (m, 10H, phenyl), 8.22 (d, 4H, aminophenyl), 8.70 (d, 4H,
b-H), 8.87 (d, 4H, b-H). ATR-IR (cm�1): 3328 (NH), 1504 (NH), 800
(1,4-substituted phenyl).
2.3.4. Zinc(II) 5,10-bis(4-aminophenyl)-10,20-diphenylporphyrin
(cis-ZnDATPP) and zinc(II) 5,15-bis(4-aminophenyl)-10,20-
diphenylporphyrin (trans-ZnDATPP)

Both cis-ZnDATPP and trans-ZnDATPP were synthesized ac-
cording to Anannarukan et al. [31]. Fig. 6 shows the reaction
scheme for the syntheses of cis-ZnDATPP and trans-ZnDATPP. The
respective free base DATPP regioisomer was used as the starting
compound for the synthesis of the zinc metalated derivative. A
solution composed of cis-DATPP or trans-DATPP (638 mg,
0.99 mmol) and zinc acetylacetonate dihydrate (1.28 g, 4.53 mmol)
in tetrahydrofuran (190 mL) was heated under reflux for 4 h. The
product mixture was concentrated in vacuo and the resulting pre-
cipitate was recrystallized from methanol to afford violet crystals.
cis-ZnDATPP: Yield: 0.56 g, 80%. Melting point >300 �C. 1H NMR
(DMSO-d6): d (ppm) 5.53 (s, 4H, NH2), 6.93 (d, 4H, aminophenyl),
Fig. 6. Reaction scheme for the syntheses of cis-ZnDATPP and trans-ZnDATPP. (i)
7.68e7.85 (m, 10H, phenyl), 8.13 (d, 4H, aminophenyl), 8.69 (s, 4H,
b-H), 8.86 (s, 4H, b-H). ATR-IR (cm�1): 1610, 1481, 1339, 1175, 993,
795. trans-ZnDATPP: Yield: 0.66 g, 85%. Melting point >300 �C. 1H
NMR (DMSO-d6): d (ppm) 5.52 (s, 4H, NH2), 6.93 (d, 4H, amino-
phenyl), 7.68e7.79 (m,10H, phenyl), 8.17 (d, 4H, aminophenyl), 8.70
(d, 4H, b-H), 8.87 (d, 4H, b-H). ATR-IR (cm�1): 1596, 1489, 1178, 992,
795. Similar to the NMR and IR spectral data of ZnTPP, the signals at
d ~�2.8 ppm (representing the internal NeH protons) disappear, as
well as the absorption band at ~3330 cm�1 in the IR spectrum,
indicative to porphyrin metalation.
2.3.5. Polyimide series

The porphyrin containing polyimides were synthesized ac-
cording to Anannarukan et al. [31]. Four series of polyimides were
prepared for each respective porphyrin diamine monomer (see
Table 1). Fig. 7 shows the general reaction scheme for the syntheses
of the porphyrin containing polyimide series of compounds. The
dianhydride monomer, 4,40-hexafluoroisopropylidenediphthalic
anhydride (6FDA) was added to the respective porphyrin diamine
monomer and 2,20-bis(trifluoromethyl)-4,40-diaminobiphenyl
(PFMB) at various mole % ratios (Table 1) in dry N-methyl-2-
pyrrolidone (NMP) containing a small catalytic amount of
Zinc acetylacetonate dihydrate, tetrahydrofuran, heated under reflux for 4 h.



Table 1
Polyimide series IeIV. Various starting mole percent monomer ratios, product percent yields, and product decomposition temperatures.

Series I (from cis-DATPP)

PI Mole Percent Monomer Ratios (%) Percent Yield (%) Decomposition Temperature (�C)

6FDA PFMB cis-DATPP

PI-C1 100 95 5 94.88 532
PI-C2 100 90 10 93.53 538
PI-C3 100 85 15 92.22 522
PI-C4 100 70 30 91.14 527

Series II (from trans-DATPP)

PI Mole Percent Monomer Ratios (%) Percent Yield (%) Decomposition Temperature (�C)

6FDA PFMB trans-DATPP

PI-T1 100 95 5 92.75 534
PI-T2 100 90 10 92.70 528
PI-T3 100 85 15 91.74 516
PI-T4 100 70 30 89.63 531

Series III (from cis-ZnDATPP)

PI Mole Percent Monomer Ratios (%) Percent Yield (%) Decomposition Temperature (�C)

6FDA PFMB cis-ZnDATPP

PI-ZnC1 100 95 5 94.59 521
PI-ZnC2 100 90 10 91.59 518
PI-ZnC3 100 85 15 91.48 513
PI-ZnC4 100 70 30 93.15 520

Series IV (from trans-ZnDATPP)

PI Mole Percent Monomer Ratios (%) Percent Yield (%) Decomposition Temperature (�C)

6FDA PFMB trans-ZnDATPP

PI-ZnT1 100 95 5 93.72 510
PI-ZnT2 100 90 10 91.78 519
PI-ZnT3 100 85 15 90.40 516
PI-ZnT4 100 70 30 92.15 522

Fig. 7. Reaction scheme for the syntheses of the polyimide series. Por: cis-DATPP, trans-DATPP, cis-ZnDATPP, or trans-ZnDATPP.

S. Singto et al. / Journal of Molecular Structure 1154 (2018) 114e130 119



S. Singto et al. / Journal of Molecular Structure 1154 (2018) 114e130120
isoquinoline under nitrogen at ambient room temperature. After
the solution was continuously stirred for 8 h, it was heated under
reflux and maintained at 220 �C for 12 h. The solution was allowed
to cool to ambient room temperature, followed by slowly adding it
to vigorously stirred methanol. The resulting precipitated polymer
was collected by vacuum filtration, washed with cold methanol,
and dried under reduced pressure at 200 �C for 24 h. The polymers
were obtained in 89e95% yields.

All polyimide compounds were structurally characterized by
1H NMR and ATR-IR spectroscopy. The Supplementary Information
provides the graphical 1H NMR and ATR-IR spectra. From the IR
characterization data, the absorption band of the amine functional
group was not observed, indicating the absence of precursor
amine monomer compounds in the polyimide compounds. In
addition, no absorption bands of both the amide and carboxylic
acid functional groups of the poly(amic acid) intermediate
appeared in the spectra, indicating that the poly(amic acid) was
completely converted to the corresponding polyimides during the
refluxing step. Complete conversion to the polyimides was
confirmed by the presence of the absorption bands at 1784 cm�1

(asymmetric stretching C]O), 1728 cm�1 (symmetric stretching
C]O), 1365 cm�1 (CeN stretching), and 721 cm�1 (C]O bending),
which are the characteristic absorption bands of the polyimide.
Polyimides in series I and II containing the free base cis- and trans-
DATPP have the internal NeH group in the porphyrin structure.
However, the characteristic NeH absorption band was not
observed in the IR spectra and this is potentially attributed to the
rigid structure of the polymer backbone chain, making it difficult
for NeH vibration to occur. 1H NMR spectral data of all polyimides
shows a signal at d 8.90 ppm, attributed to the hydrogen atoms
located at the b positions on the pyrrole rings of the porphyrin
moiety. Polyimides in series I and II containing the free base cis-
and trans-DATPP showed the signal of the internal NeH proton at
d �2.80 ppm, which was not present in the 1H NMR spectra for the
polyimides in series III and IV containing metalated cis- and trans-
ZnDATPP, confirming the occurrence of zinc metalation within the
porphyrin macrocycle. Furthermore, 1H NMR confirmed the
incorporation of the porphyrin units in the polymer structure.
2.4. Photophysical and fluorescence quenching measurements

Photophysical properties involved first measuring the UVeVi-
sible absorption spectra and fluorescence spectra of the target
compounds in dichloromethane and N,N-dimethylacetamide to
obtain the spectral maxima locations. Fluorescence quantum yield
(Ff) is defined as the fraction of chromophore molecules under-
going fluorescence from the excited singlet state to the ground
singlet state, indicating a measure of fluorescence efficiency. Fluo-
rescence quantum yields were determined by comparing the cor-
rected integrated fluorescence spectrum of the sample with that of
a known standard using a set of correction factors for the in-
strument's photomultiplier tube (PMT) detector according to [32].
For the free base porphyrin compounds TPP, cis-DATPP, trans-
DATPP, and their corresponding polyimides, the following stan-
dards were used: TPP in toluene (Ff ¼ 0.1 ± 0.001) [33], TPP in
dichloromethane (Ff ¼ 0.116, measured value), and TPP in N,N-
dimethylacetamide (Ff ¼ 0.15, measured value). For the Zn meta-
lated porphyrinic compounds ZnTPP, cis-ZnDATPP, trans-ZnDATPP,
and their corresponding polyimides, the following standards were
used: ZnTPP in toluene (Ff¼ 0.033) [34], ZnTPP in dichloromethane
(Ff ¼ 0.02, measured value), and ZnTPP in N,N-dimethylacetamide
(Ff ¼ 0.024, measured value).
Eq. (1) defines Ff

Ff ¼ Ff ;std

�
Astd

A

� 
n2

n2std

!�
D

Dstd

�
(1)

where A is the absorbance at the excitation wavelength, n is the
refractive index of the solvent, and D is the integrated area under
the corrected fluorescence spectrum. Solutions of both the stan-
dard and sample were prepared initially with the absorbance at
lmax approximately equal to 0.5, followed by an accurate tenfold
dilution. Fluorescence spectra used to determine Ff were corrected
with sets of correction factors that were obtained by measuring the
spectra of compounds with known emission spectra [32].

Fluorescence lifetime (tf) is equal to the time after which the
fluorescence intensity of a fluorophore has dropped to 1/e of its
initial value after a pulsed excitation (where “e” is the Euler base).
In other words, it is a measure of the time a fluorophore spends in
the excited singlet state before emitting a photon and returning
back to the ground singlet state [17]. Eqs. (2) and (3) define tf

IðtÞ ¼ I0ðtÞexp
 
� t
tf

!
(2)

tf ¼
1

kf þ knr
(3)

where I(t) and I0(t) are the relative fluorescence intensities at time,
t, and at time, 0; tf is the fluorescence lifetime, kf is the radiative
decay rate constant, and knr is the nonradiative decay rate constant
(knr ¼ kIC þ kISC).

Fluorescence lifetimes were measured with a Photon Technol-
ogy International® TM-3 time resolved spectrofluorometer with
pulsed nitrogen/dye laser excitation. All solutions were degassed
with N2 to prevent excited state quenching by molecular oxygen.
Felix32 analysis module was the computer software program used
for generating the time dependent fluorescence decay spectra. Data
analysis involved using a curve fitting procedure and best fit curves
were chosen on howwell the statistically fitted curve overlaid with
the sample decay curve. The chi-squared (c2) value had to liewithin
the range of 0.9e1.2 for accurate measurements. In addition, the
fluorescence decay of an Instrument Response Function (IRF) was
measured to be at about the samemaximum intensity as that of the
sample decay. The IRF used was an aqueous non-dairy creamer
solution.

Fluorescence quenching was measured and observed by the
Stern-Volmer relationship, using 9,10-anthraquinone as the
quencher molecule. The Stern-Volmer relationship is expressed by
Eq. (4)

F0
Ft

¼ 1þ KQ ½Q � (4)

where F0 and Ft are the relative fluorescence intensities in the
absence and presence of quencher (Q), [Q] is the molar concen-
tration of the quencher, and KQ is the Stern-Volmer constant
(KQ ¼ tfkq, where tf is the fluorescence lifetime in the absence of
quencher and kq is the bimolecular quenching rate constant).

The value of kq is approximately equal to the diffusion rate
constant (kd), which generally shows the rate which reactant
components A and B diffuse together in solution and collide,
defined by Eq. (5)
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kd ¼ 8000RT
3h

(5)

where R is the universal gas constant (8.3145 J mol�1 K�1), T is the
absolute temperature, and h is the viscosity of the solvent. The
reported viscosities of dichloromethane and N,N-
dimethylacetamide are 4.13 � 10�4 kg m�1 s�1 and
1.96 � 10�3 kg m�1 s�1, respectively [35]. Therefore, the kd values
for CH2Cl2 and DMAc are 1.57 � 1010 and 3.32 � 109 M�1 s�1,
respectively.

Stock solutions of the respective porphyrin monomer remained
at a constant molar concentration (5� 10�6 M). A series of 8� 5mL
aliquot solutions were prepared in volumetric flasks, keeping the
porphyrin analyte volume (2.5 mL), and hence concentration,
constant, in all of the solutions. The molar concentration of 9,10-
anthraquinone varied in the range of 2.0 � 10�4 M and
1.4 � 10�3 M (see Table 2).

3. Results and discussion

3.1. UVevisible absorption and fluorescence spectra

The room temperature UVeVisible absorption spectra and
fluorescence spectra of the porphyrinic monomers and their cor-
responding polyimides were measured in dichloromethane
(CH2Cl2) and N,N-dimethylacetamide (DMAc). The presence of
PFMB and 6FDA units along the polymeric backbone causes the
polymers to have moderate to high solubility in organic polar sol-
vents. Fig. 8 shows the UVeVisible absorption spectra of the
porphyrin monomers and their respective polyimide series IeIV
and Table 3 lists the absorption spectral maxima. It is seen that
hardly any shifting in the absorption maxima was observed be-
tween both solvents and between the porphyrin monomers and
their respective polyimides. A slight shift of ~5 nm in both the Soret
and Q bands between TPP and cis- and trans-DATPP monomers was
observed, implying a small degree of electron charge transfer due to
the presence of the electron donating eNH2 groups. For the case of
the zinc metalated porphyrin monomers (ZnTPP, cis-ZnDATPP, and
trans-ZnDATPP) and their respective polyimide series III and IV, a
bathochromic (or red) shift of ~10 nm in both the Soret and Q bands
in going from CH2Cl2 to DMAc was observed. This minor red shift is
attributed to the difference in polarity between both solvents
(DMAc being more polar than CH2Cl2). The Dimroth-Reichardt
Empirical Scales of solvent polarity (ET(30)) are reported to be
40.7 kcal mol�1 (for CH2Cl2) and 42.9 kcal mol�1 (for DMAc),
respectively [36]. Furthermore, it was also found in each polyimide
series IeIV that changing the weight % of the porphyrin monomer
had no measurable effect on the absorption maxima locations.

The fluorescence spectra of the porphyrin monomers and their
corresponding polymers were also measured in CH2Cl2 and DMAc.
Fig. 9 shows the fluorescence spectra of the porphyrin monomers
Table 2
Volumes and molar concentrations of 9,10-anthraquinone (AQ) for the 5 mL aliquot
solutions.

Flask Number Volume of AQ (mL) [AQ] (M)

1 0 0
2 0.2 2.0 � 10�4

3 0.4 4.0 � 10�4

4 0.6 6.0 � 10�4

5 0.8 8.0 � 10�4

6 1.0 1.0 � 10�3

7 1.2 1.2 � 10�3

8 1.4 1.4 � 10�3
and their respective polyimides and Table 4 lists the fluorescence
spectral maxima. For the porphyrin monomers, a slight bath-
ochromic shift between a l range of 10e25 nm was observed for
cis- and trans-DATPP and their zinc metalated analogues, cis- and
trans-ZnDATPP in going from CH2Cl2 to DMAc.

3.2. Photophysical properties

Tables 5 and 6 list the photophysical properties of the porphyrin
monomers and their respective polyimide series of compounds in
dichloromethane and N,N-dimethylacetamide solutions, including
the measured fluorescence quantum yields (Ff), fluorescence life-
times (tf), radiative (kf) and nonradiative (knr) decay rate constants
for each compound, as defined by Eqs. (6) and (7). Also listed in
Tables 5 and 6 are the values for the electron transfer rate constant
(kET) for each compound.

kf ¼
Ff
tf

(6)

knr ¼
 

1
Ff

� 1

!
kf (7)

It was found that the free base porphyrin monomers and their
corresponding polyimides had higher Ff and tf values than their
zinc metalated derivatives. The lower Ff and tf values observed for
the metalated derivatives are attributed to efficient singlet/triplet
intersystem crossing in accordance to spin-orbit coupling and the
heavy atom effect [37e39]. In spin-orbit coupling, the spin of an
electron is affected by the angular momentum of its orbit. The
matrix element for the spin-orbit coupling between the electronic
wavefunctions 1Jn and 3Jm for states n and m, is expressed in
Dirac notation by Eq. (8),D
1Jn

��� bHSO

���3Jm

E
(8)

where bHSO is the spin-orbit coupling Hamiltonian operator that
mixes the electronic states of different spin multiplicities. The spin-
orbit coupling Hamiltonian operator, bHSO, is defined by Eq. (9),

H
^
SO ¼

X
i

xSO;i
bLi$bSi (9)

where xSO is the spin-orbit coupling constant, related to the nuclear
charge that the electron sees as it orbits the atoms in the molecule.
The magnitude of xSO is directly proportional to the fourth power of
the atomic number (Z4), in accordance to the heavy atom effect
[37]. bL and bS are the operators for an electron's orbital angular
momentum and spin angular momentum, respectively [38].

It was also found within each polyimide series (C1eC4, T1eT4,
ZnC1e ZnC4, ZnT1eZnT4) that Ff decreased with respect to an
increase in the porphyrin content weight %. This decrease in Ff in
going from 5 wt % to 30 wt % porphyrin could potentially be due to
self-quenching, which, in the case of these class of organic com-
pounds, occurs when an excited state of the porphyrin containing
molecule exchanges energy with the same molecule in the ground
state, resulting in the loss of heat through thermal dissipation, and
therefore in the reduction of fluorescence. Self-quenching is rep-
resented by the following reversible reaction

n Por % ðPornÞ þ heatðDÞ
Fluorescent Non� fluorescent

Another interesting observation for each polyimide series is that
in going from 5 wt % to 30 wt % porphyrin, Ff decreases and the



 

(a) (b)

Fig. 8. UVeVisible absorption spectra of the porphyrin monomers and their corresponding polyimides series IeIV in (a) dichloromethane and (b) N,N-dimethylacetamide.
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electron transfer rate constant (kET) increases. In reference to the
structure of the porphyrin polyimide compounds (see Fig. 7),
photoinduced intramolecular electron transfer occurs from the
electron (p) donor porphyrin end to the electron (p) acceptor dii-
mide end of the molecule. The electron transfer rate constants in
both solvents have been found to increase with respect to an in-
crease in the number of porphyrin groups in the polymer structure.
Shown in Fig.10 are plots of kET versusFf for (a) free base polyimide
series and (b) zinc metalated polyimide series in dichloromethane
and N,N-dimethylacetamide. As shown in Fig. 10a, a linear inverse
relationship was observed between Ff and kET for the free base
polyimides (Series I and II, respectively). In the metalloporphyrin
derivative compounds (Series III and IV, respectively), no linear
relationship between Ff and kET was found. The kET values were
found to be an order of magnitude larger than their corresponding
free base polyimides. The larger kET values for themetalloporphyrin
polyimide derivatives are perhaps due to the easier distribution of
electronic charge from the electron donor end to the electron
acceptor end.
3.3. Fluorescence quenching

Fluorescence quenching measurements were observed by the
Stern-Volmer relationship (see Eq. (4)), using 9,10-anthraquinone
(AQ) as the quencher molecule. From the Stern-Volmer relation-
ship, the Stern-Volmer constant (KQ) and the bimolecular
quenching rate constant (kq) were measured for each porphyrin/
AQ/solvent system (see Tables 7 and 8). Fig. 11 shows the Stern-
Volmer plots for the fluorescence quenching of TPP, cis-DATPP,
and trans-DATPP by AQ in dichloromethane and N,N-
dimethylacetamide, together with corresponding fluorescence
spectra in dichloromethane. It is clearly shown in each case that the
fluorescence intensity decreases with respect to an increase in the
concentration of AQ and a linear relationship between the ratio of
the fluorescence intensities in the absence and presence of AQ and
concentration of AQ were observed in the Stern-Volmer plots. The
KQ values were determined from the slopes of the Stern-Volmer
plots and were found to range between 146e170 M�1 in CH2Cl2
and 96e126 M�1 in DMAc. The bimolecular quenching rate con-
stant, kq, was calculated upon knowledge of both KQ and tf. The kq
values for TPP, cis-DATPP, and trans-DATPP were found to be
1.59 � 1010, 1.95 � 1010, 2.11 � 1010 M�1 s�1 in CH2Cl2 and
8.00 � 109, 2.56 � 1010, 2.36 � 1010 M�1 s�1 in DMAc, respectively.
Results suggest that the relativemagnitudes of kq increase from TPP
to both cis- and trans-DATPP due to the presence of electron
donating diamino groups covalently bonded on the porphyrin
moiety. The kq values of the porphyrin/AQ/solvent systems are
close to the diffusion coefficients of both solvents:
1.57� 1010M�1 s�1 for dichloromethane and 3.32� 109M�1 s�1 for
N,N-dimethylacetamide, respectively. This indicates that molecular
diffusion is a primary mechanism involved in the fluorescence
quenching of the porphyrinic systems by AQ.

Similarly, the kq values of the metalloporphyrin monomers,
ZnTPP, cis-ZnDATPP, and trans-ZnDATPP were calculated to be



Table 3
UVeVisible absorption maxima of the porphyrin monomers and polyimide series I e IV.

Porphyrin Monomers

Compound CH2Cl2 DMAc

Soret band (nm) Q-band (nm) Soret band (nm) Q-band (nm)

TPP 417 514, 549, 590, 644 417 514, 546, 589, 646
cis-DATPP 422 519, 555, 593, 650 424 520, 566, 599, 657
trans-DATPP 422 519, 555, 593, 650 424 520, 566, 598, 658
ZnTPP 419 548, 587 426 560, 600
cis-ZnDATPP 424 551, 592 434 564, 609
trans-ZnDATPP 424 551, 591 434 564, 610

Polyimide Series IeIV

Series I (from cis-DATPP)
PI-C1 418 514, 550, 590, 646 419 515, 549, 590, 645
PI-C2 418 514, 550, 590, 645 419 515, 550, 591, 646
PI-C3 418 514, 550, 590, 646 419 515, 550, 590, 646
PI-C4 418 514, 550, 590, 646 419 514, 550, 591, 646
Series II (from trans-DATPP)
PI-T1 418 515, 550, 590, 646 419 515, 550, 591, 646
PI-T2 418 515, 550, 590, 645 419 515, 550, 591, 646
PI-T3 418 515, 550, 590, 646 419 515, 550, 591, 646
PI-T4 418 515, 550, 590, 646 419 515, 550, 591, 646
Series III (from cis-ZnDATPP)
PI-ZnC1 420 549, 588 428 560, 600
PI-ZnC2 420 549, 588 429 560, 600
PI-ZnC3 421 549, 588 429 560, 600
PI-ZnC4 421 549, 588 429 560, 600
Series IV (from trans-ZnDATPP)
PI-ZnT1 421 549, 590 428 560, 600
PI-ZnT2 420 549, 590 428 560, 600
PI-ZnT3 421 549, 589 429 560, 600
PI-ZnT4 421 549, 589 429 560, 600

(a)
(b)

Fig. 9. Fluorescence spectra of the porphyrin monomers and their corresponding polyimide series IeIV in (a) dichloromethane and (b) N,N-dimethylacetamide.
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Table 4
Fluorescence maxima of the porphyrin monomers and polyimide series I e IV.

Porphyrin Monomers

Compound CH2Cl2 DMAc

l (nm) l (nm)

TPP 654, 718 654, 719
cis-DATPP 663, 724 680, 750
trans-DATPP 663, 725 680, 750
ZnTPP 599, 647 609, 660
cis-ZnDATPP 604, 650 628, 673
trans-ZnDATPP 604, 650 628, 673

Polyimide Series IeIV

Series I (from cis-DATPP)
PI-C1 653, 718 653, 718
PI-C2 653, 718 653, 719
PI-C3 653, 718 653, 719
PI-C4 653, 718 653, 719
Series II (from trans-DATPP)
PI-T1 654, 718 653, 719
PI-T2 654, 718 653, 718
PI-T3 653, 718 653, 719
PI-T4 653, 718 653, 719
Series III (from cis-ZnDATPP)
PI-ZnC1 599, 647 609, 661
PI-ZnC2 600, 647 609, 661
PI-ZnC3 600, 647 610, 661
PI-ZnC4 599, 647 610, 661
Series IV (from trans-ZnDATPP)
PI-ZnT1 600, 647 609, 660
PI-ZnT2 599, 647 609, 661
PI-ZnT3 599, 647 610, 661
PI-ZnT4 600, 647 610, 661

Table 5
Photophysical properties of the porphyrin monomers and their corresponding
polyimide series I e IV in dichloromethane.

Porphyrin Monomers

Compound Ff tf (ns) kf (s�1) knr (s�1) kET (s�1)

TPP 0.116 9.21 1.26 � 107 9.60 � 107 e

cis-DATPP 0.181 8.02 2.26 � 107 1.02 � 108 e

trans-DATPP 0.171 8.06 2.12 � 107 1.03 � 108 e

ZnTPP 0.025 1.97 1.27 � 107 4.95 � 108 e

cis-ZnDATPP 0.029 1.55 1.87 � 107 6.26 � 108 e

trans-ZnDATPP 0.027 1.50 1.80 � 107 6.49 � 108 e

Polyimide Series IeIV

Series I (from cis-DATPP)
PI-C1 0.079 8.83 8.95 � 106 1.04 � 108 4.73 � 106

PI-C2 0.070 8.47 8.26 � 106 1.10 � 108 9.45 � 106

PI-C3 0.068 8.38 8.11 � 106 1.11 � 108 1.07 � 107

PI-C4 0.054 8.09 6.67 � 106 1.17 � 108 1.50 � 107

Series II (from trans-DATPP)
PI-T1 0.076 8.65 8.79 � 106 1.07 � 108 7.02 � 106

PI-T2 0.063 8.51 7.40 � 106 1.10 � 108 8.96 � 106

PI-T3 0.057 8.27 6.89 � 106 1.14 � 108 1.24 � 107

PI-T4 0.049 8.11 6.04 � 106 1.17 � 108 1.48 � 107

Series III (from cis-ZnDATPP)
PI-ZnC1 0.019 1.73 1.10 � 107 5.67 � 108 7.20 � 107

PI-ZnC2 0.013 1.67 7.78 � 106 5.91 � 108 9.18 � 107

PI-ZnC3 0.012 1.65 7.27 � 106 5.99 � 108 9.72 � 107

PI-ZnC4 0.010 1.67 5.99 � 106 5.93 � 108 9.25 � 107

Series IV (from trans-ZnDATPP)
PI-ZnT1 0.018 1.75 1.03 � 107 5.61 � 108 6.54 � 107

PI-ZnT2 0.012 1.66 7.23 � 106 5.95 � 108 9.43 � 107

PI-ZnT3 0.011 1.67 6.59 � 106 5.92 � 108 9.11 � 107

PI-ZnT4 0.009 1.68 5.36 � 106 5.90 � 108 8.90 � 107

Table 6
Photophysical properties of the porphyrin monomers and their corresponding
polyimide series I e IV in N,N-dimethylacetamide.

Porphyrin Monomers

Compound Ff tf (ns) kf (s�1) knr (s�1) kET (s�1)

TPP 0.150 11.94 1.26 � 107 7.12 � 107 e

cis-DATPP 0.196 4.43 4.42 � 107 1.81 � 108 e

trans-DATPP 0.198 4.93 4.02 � 107 1.63 � 108 e

ZnTPP 0.024 1.94 1.24 � 107 5.03 � 108 e

cis-ZnDATPP 0.044 1.90 2.32 � 107 5.03 � 108 e

trans-ZnDATPP 0.042 1.86 2.26 � 107 5.15 � 108 e

Polyimide Series IeIV

Series I (from cis-DATPP)
PI-C1 0.148 11.67 1.27 � 107 7.30 � 107 1.94 � 106

PI-C2 0.128 11.50 1.11 � 107 7.58 � 107 3.20 � 106

PI-C3 0.108 11.32 9.54 � 106 7.88 � 107 4.59 � 106

PI-C4 0.098 11.30 8.67 � 106 7.98 � 107 4.74 � 106

Series II (from trans-DATPP)
PI-T1 0.160 11.56 1.38 � 107 7.27 � 107 2.75 � 106

PI-T2 0.129 11.40 1.13 � 107 7.64 � 107 3.97 � 106

PI-T3 0.112 11.30 9.91 � 106 7.86 � 107 4.74 � 106

PI-T4 0.084 11.17 7.52 � 106 8.20 � 107 5.77 � 106

Series III (from cis-ZnDATPP)
PI-ZnC1 0.018 1.80 1.10 � 107 5.46 � 108 4.13 � 107

PI-ZnC2 0.013 1.78 7.30 � 106 5.54 � 108 4.54 � 107

PI-ZnC3 0.011 1.78 6.18 � 106 5.56 � 108 4.73 � 107

PI-ZnC4 0.010 1.78 5.62 � 106 5.56 � 108 4.54 � 107

Series IV (from trans-ZnDATPP)
PI-ZnT1 0.017 1.78 9.55 � 106 5.52 � 108 4.63 � 107

PI-ZnT2 0.012 1.77 6.78 � 106 5.58 � 108 4.95 � 107

PI-ZnT3 0.011 1.78 6.18 � 106 5.56 � 108 4.60 � 107

PI-ZnT4 0.010 1.77 5.65 � 106 5.59 � 108 5.05 � 107
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4.72 � 1010, 7.62 � 1010, and 8.25 � 1010 M�1 s�1 in dichloro-
methane, and 3.19 � 109, 4.94 � 1010, and 5.39 � 1010 M�1 s�1 in
N,N-dimethylacetamide, respectively. This also implies that
diffusion is involved in the fluorescence quenchingmechanism. The
high kq values observed for the set of metalloporphyrin monomers
could also be due to the effects of heavy atom quenching [40].

For polyimide series I and II, the values of both KQ and kq
decreased more significantly in both solvents from 5% to 30%
porphyrin content when compared to their zinc metalated ana-
logues (series III and IV). For series I, in dichloromethane, KQ
decreased 65.2% from 252.24 M-1 (5%) to 87.71 M-1 (30%); in N,N-
dimethylacetamide, KQ decreased 36.1% from 76.00 M-1 (5%) to
48.56 M-1 (30%). For series II, in dichloromethane, KQ decreased
62.4% from 273.67 M-1 (5%) to 102.92 M-1 (30%); in N,N-
dimethylacetamide, KQ decreased 43.0% from 90.06 M-1(5%) to
51.30 M-1 (30%). It is also observed that the kq values of the poly-
imide series I and II are one order of magnitude greater in
dichloromethane than in N,N-dimethylacetamide, attributing this
to more rapid fluorescence quenching of the polyimide by AQ in
less polar media.

The highermagnitudes of both the KQ and kq values in the 5wt %
than in the 30 wt % porphyrin polymers in both solvents can be
explained by the amount, or level, of aggregation within the poly-
mer structures. In fluorescence quenching, the fluorescence in-
tensity of the analyte is expected to beminimized due to the greater
number of intermolecular collisions between the excited singlet
state of the analyte and the quencher. As expected, the small wt %
amount of porphyrin in the polymer backbone chain (i.e. 5%) dis-
solves in the solvent more freely due to less aggregation of the
molecules (less chain packingmeans an increase in free volume and
flexible linkages [41]). Hence, the presence of less intramolecular
polymeric aggregation causes the quencher molecules to move
more freely and collide more easily with the polyimide molecules.
In contrast, the presence of a greater number of porphyrin mole-
cules in the polymer backbone chain (i.e. 30%) increases the effect
of intramolecular aggregation, thereby resulting in higher chain
packing, less free volume, and less flexible linkages between the



Fig. 10. Plots of kET versus Ff for (a) free base polyimide series and (b) zinc metalated polyimide series in dichloromethane (CH2Cl2) and N,N-dimethylacetamide (DMAc).
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polyimide and quencher molecules. The cause of aggregationmight
serve to change the local environment that exists around the
porphyrin macrocycle in the polyimide backbone chain, making it
more difficult for the quencher to diffuse and interact within the
interior of the polymer chain.

For the zinc metalloporphyrin polyimide derivatives (series III
and IV), both KQ and kq slightly decreased in going from 5 wt % to
30 wt % in both solvents. It is also observed that the magnitudes of
kq are greater than their corresponding free base polyimides. Both
the small decrease in the magnitudes of KQ and kq and the higher
magnitudes of kq for the metalloporphyrin polyimide derivatives
(series III and IV) are due to the heavy atom quenching effect [37].



Table 8
Calculated Stern-Volmer constants (KQ) and bimolecular rate constants (kq) for the
fluorescence quenching of the porphyrin monomers and their corresponding pol-
yimide series I e IV by 9,10-anthraquinone (AQ) in N,N-dimethylacetamide.

Porphyrin Monomers

Compound KQ (M�1) kq (M�1 s�1)

TPP 95.56 8.00 � 109

cis-DATPP 126.19 2.56 � 1010

trans-DATPP 116.37 2.36 � 1010

ZnTPP 61.97 3.19 � 1010

cis-ZnDATPP 93.66 4.94 � 1010

trans-ZnDATPP 100.34 5.39 � 1010

Polyimide Series IeIV

Series I (from cis-DATPP)
PI-C1 76.00 6.51 � 109

PI-C2 60.09 5.22 � 109

PI-C3 52.86 4.67 � 109

PI-C4 48.56 4.32 � 109

Series II (from trans-DATPP)
PI-T1 90.06 7.79 � 109

PI-T2 66.70 5.85 � 109

PI-T3 63.85 5.65 � 109

PI-T4 51.30 4.59 � 109

Series III (from cis-ZnDATPP)
PI-ZnC1 67.89 3.78 � 1010

PI-ZnC2 61.02 3.42 � 1010

PI-ZnC3 62.29 3.51 � 1010

PI-ZnC4 57.66 3.23 � 1010

Series IV (from trans-ZnDATPP)
PI-ZnT1 82.20 4.62 � 1010

PI-ZnT2 65.38 3.69 � 1010

PI-ZnT3 64.71 3.63 � 1010

PI-ZnT4 60.47 3.42 � 1010
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The presence of zinc in the porphyrin macrocycle causes more of
the excited singlet state molecules to undergo nonradiative singlet
/ triplet intersystem crossing (higher kisc and lower Ff), thereby
resulting in a higher degree of fluorescence quenching.

Additional Stern-Volmer measurements consisted of examining
the fluorescence quenching behavior of monomeric TPP and ZnTPP
at a higher concentration range of AQ in both solvents. A fluo-
rophore can simultaneously be quenched by intermolecular colli-
sions with the quencher (process called dynamic quenching) or by
ground-state complex formation with the quencher (process called
static quenching). The characteristic feature of the Stern-Volmer
plots in these circumstances is an upward curvature, concave to-
ward the y-axis. The updated curving SV plots can be analyzed in
terms of both the static and dynamic quenching constants (KD and
KS, respectively). The fractional fluorescence intensity, F0/F, is given
by the product of static and dynamic quenching, defined as

F0
F

¼ ð1þ KD½Q �Þð1þ KS½Q �Þ (10)

Thismodified form of the Stern-Volmer equation is second order
in [Q], which accounts for the upward curvature observed when
both static and dynamic quenching occur for the same fluorophore
[32].

In the case of the fluorescence quenching of TPP and ZnTPP by
AQ, the concentrations of TPP and ZnTPP remained constant at
5.0 � 10�6 M and the concentration of AQ ranged between 0.002 M
and 0.016 M. Fig. 12 shows the Stern-Volmer plots for the fluores-
cence quenching of (a) TPP and (b) ZnTPP by AQ in dichloro-
methane and N,N-dimethylacetamide, together with their
corresponding fluorescence spectra. As depicted, TPP and ZnTPP
did not agree with the conventional Stern-Volmer linear relation-
ship and the plot deviated from linearity at the higher concentra-
tions of AQ, concaving upwards on the y-axis. The plot of the ratio of
Table 7
Calculated Stern-Volmer constants (KQ) and bimolecular rate constants (kq) for the
fluorescence quenching of the porphyrin monomers and their corresponding pol-
yimide series I e IV by 9,10-anthraquinone (AQ) in dichloromethane.

Porphyrin Monomers

Compound KQ (M�1) kq (M�1 s�1)

TPP 145.98 1.59 � 1010

cis-DATPP 156.27 1.99 � 1010

trans-DATPP 169.68 2.11 � 1010

ZnTPP 93.03 4.72 � 1010

cis-ZnDATPP 117.92 7.62 � 1010

trans-ZnDATPP 124.01 8.25 � 1010

Polyimide Series IeIV

Series I (from cis-DATPP)
PI-C1 252.24 2.86 � 1010

PI-C2 134.77 1.59 � 1010

PI-C3 116.96 1.40 � 1010

PI-C4 87.71 1.08 � 1010

Series II (from trans-DATPP)
PI-T1 273.67 3.16 � 1010

PI-T2 176.52 2.08 � 1010

PI-T3 159.00 1.91 � 1010

PI-T4 102.92 1.26 � 1010

Series III (from cis-ZnDATPP)
PI-ZnC1 83.32 4.83 � 1010

PI-ZnC2 79.46 4.76 � 1010

PI-ZnC3 85.52 5.17 � 1010

PI-ZnC4 79.32 4.76 � 1010

Series IV (from trans-ZnDATPP)
PI-ZnT1 75.63 4.33 � 1010

PI-ZnT2 70.26 4.23 � 1010

PI-ZnT3 73.03 4.37 � 1010

PI-ZnT4 73.13 4.36 � 1010
the fluorescence lifetimes of TPP and ZnTPP both in the absence and
presence of AQ against the concentration of AQ is also shown on the
same plot. According to the Stern-Volmer plots depicted in Fig. 12,
the positive nonlinear deviation indicates the simultaneous pres-
ence of dynamic and static quenching for the same fluorophore;
that is, the fluorophore of interest (F) is quenched by (1) intermo-
lecular collisions between the excited state fluorophore molecules
and quencher (Q) and (2) ground state complex formation between
the fluorophore and quencher (see Fig. 13).

From the fluorescence quenching data of TPP and ZnTPP by high
concentrations of AQ in both solvents, the static and dynamic
quenching constants can be determined from a plot of the apparent
quenching constant (Kapp) versus the concentration of AQ. This plot
yields a straight line with a slope of KDKS and a y-intercept of
KD þ KS (see Fig. 14). As shown in Fig. 14, these plots are found to be
sufficiently linear, indicating the presence of the parallel static and
dynamic quenching mechanisms.

The plot of t0/t versus [Q], also shown in Fig. 12 for each
monomer gives a straight line with a slope equal to KD. In
dichloromethane, KD is equal to 36.1 M-1 and 13.5 M-1 for TPP and
ZnTPP, and in N,N-dimethylacetamide, KD is equal to 12.4 M-1 and
21.9 M-1 for TPP and ZnTPP, respectively. From the KD values, the
static quenching constants (KS) for each compound/solvent system
are determined from the slope of the second order Stern-Volmer
plot (Fig. 14), provided that the slope is equal to KDKS. In
dichloromethane, the KS values were calculated to be 101.3 M-1 and
169.9 M-1 for TPP and ZnTPP. In N,N-dimethylacetamide, KS values
were calculated to be 176.6 M-1 and 91.5 M-1 for TPP and ZnTPP,
respectively.

Data shows that the static quenching component (KS) is signif-
icantly larger than the dynamic quenching component (KD), indi-
cating a high rate of complex formation. The results suggest that
the positive deviations from linearity in the Stern-Volmer plots of



Fig. 11. Left: Stern-Volmer plots for the fluorescence quenching of (a) TPP, (b) cis-DATPP, and (c) trans-DATPP by 9,10-anthraquinone (AQ) in dichloromethane (CH2Cl2) and N,N-
dimethylacetamide (DMAc). Right: Set of corresponding fluorescence spectra in dichloromethane.
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TPP and ZnTPP in both solvents are due to the presence of a high
static quenching component and ground state complex formation.
Therefore, according to the results, static quenching and complex
formation between the ground states of the fluorophore of interest
and the quencher is the dominant mechanism of fluorescence
quenching of these systems.

4. Conclusion

A series of free base and zinc metalated porphyrin monomers
and their corresponding soluble polyimides with porphyrin weight
% content ranging between 5% and 30% were synthesized and
structurally characterized. Spectroscopic and photophysical prop-
erties consisted of measuring UVeVisible absorption and fluores-
cence spectra, fluorescence quantum yields (Ff), and fluorescence
lifetimes (tf) in dichloromethane and N,N-dimethylacetamide.
Overall, minor red shifts in absorption and fluorescence approxi-
mately ranging between 5 and 25 nm were observed, attributing
the shifts to electronic charge transfer and differences in solvent
polarity. The free base porphyrin monomers and their corre-
sponding polyimides had higher Ff and tf values than their zinc
metalated analogues, attributing the lower values for themetalated



Fig. 12. Left: Stern-Volmer plots for the fluorescence quenching of TPP and ZnTPP by higher concentrations of 9,10-anthraquinone (AQ) in (a) dichloromethane and (b) N,N-
dimethylacetamide. Right: Set of corresponding fluorescence spectra.
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Fig. 13. Pathway of dynamic (collisional) quenching and static quenching [31].
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analogues to efficient singlet/triplet intersystem crossing in accor-
dance to spin-orbit coupling and the heavy atom effect. In each
polyimide series (C1eC4, T1eT4, ZnC1eZnC4, and ZnT1eZnT4), Ff
decreased and the electron transfer rate constant (kET) increased
with respect to an increase in the porphyrin weight % content. The
decrease in Ff in going from 5 wt % to 30 wt % is potentially due to
self-quenching and the increase in kET is most likely due to
photoinduced intramolecular electron transfer between the
Fig. 14. Plot of the apparent quenching constant (Kapp ¼ [(F0/F)-1]/[AQ]) versus [AQ] for the
dimethylacetamide.
electron (p) donor porphyrin end to the electron (p) acceptor dii-
mide end of the molecule, in reference to the chemical structure of
the polyimide.

Fluorescence quenching was measured and observed by the
Stern-Volmer relationship, using 9,10-anthraquinone (AQ) acting as
the quencher molecule. Both the Stern-Volmer constant (KQ) and
the bimolecular rate constant of fluorescence quenching (kq) were
calculated from the Stern-Volmer plots. For free base cis- and trans-
DATPP and their zinc metalated analogues, cis- and trans-ZnDATPP,
the calculated values of kq are close to the diffusion coefficients of
dichloromethane and N,N-dimethylacetamide. This indicates that
molecular diffusion is a primary mechanism involved in fluores-
cence quenching. The high kq values observed for the set of met-
alloporphyrin monomers could also be due to the effects of heavy
atom quenching. The higher magnitudes of both the KQ and kq in
the 5% than in the 30% porphyrin polyimides can be attributed to
the amount, or level, of intramolecular polymeric aggregation. The
level of aggregation might serve to change the local environment
around the porphyrin macrocycle in the backbone chain, making it
either easier or difficult for the quencher to diffuse and interact.
Furthermore, positive deviations from nonlinearity at a higher
range of quencher concentration indicates the simultaneous pres-
ence of dynamic (collisional) quenching and static quenching for
the same fluorophore. The significantly larger values in the static
quenching components (KS) than in the dynamic quenching com-
ponents (KD) indicate that static quenching and ground state
complex formation between the fluorophore and quencher is the
dominant mechanism of fluorescence quenching of these systems
fluorescence quenching of TPP and ZnTPP by AQ in (a) dichloromethane and (b) N,N-



S. Singto et al. / Journal of Molecular Structure 1154 (2018) 114e130130
at higher quencher concentrations. Furthermore, the work pre-
sented in this manuscript provides important information into the
syntheses and photophysical properties of these classes of organic
compounds. A thorough understanding of the properties of these
compounds is relevant to studying their applications.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.molstruc.2017.09.091.
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