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Introduction

Electron deficient g-trisubstituted porphyrins:
synthesis, structural, spectral, and electrochemical
studies and their intensity-dependent third-order
nonlinear optical propertiest

Reena Jangra,1? Amritha J. Nair,1 Albin Kuriakose,? Jitendra Nath Acharyya, (9°
G. Vijaya Prakash (2 ** and Muniappan Sankar (2 *@

A series of electron-deficient pg-trisubstituted 12-nitro-5,10,15,20-tetraphenyl-2,3-bis(trifluoromethyl)
porphyrins, abbreviated as H,TPP(NO,)(CFz),, and their metal complexes MTPP(NO,)(CFz), (where M =
Co", Ni", Cu", and Zn'") have been prepared and characterised by various spectroscopic techniques. Single
crystal X-ray analysis revealed the saddle-shaped configuration of CoTPP(NO,)(CF3),, NiTPP(NO,)(CF3),
and CuTPP(NO,)(CF3), with the average deviation of the 24 core atoms from the mean porphyrin plane
(A24) ranging from +0.492 to +0.499 A and the average displacement of f-pyrrole carbons from the por-
phyrin mean plane (ACy) ranging from +0.926 to +1.005 A. H,TPP(NO,)(CF3), exhibited a 28 nm red shift
in the B-band and a 102 nm red shift in the longest Q-band (Q,(0,0)) as compared to H,TPP. In *H NMR,
the inner imino protons of H,TPP(NO,)(CF3), were observed at —1.72 ppm, which is significantly
downfield shifted compared to H,TPP. The first ring reduction potential of MTPP(NO,)(CFz), (M = 2H,
Co", Ni", cu", and zn") is positively shifted by 280-620 mV compared to their corresponding MTPPs.
Notably, it is observed that the synthesized MTPP(NO,)(CFz), porphyrins are readily reduced compared to
their MTPPs. Intensity-dependent third-order nonlinear optical property studies demonstrated that the
synthesized asymmetric p-substituted electron-deficient porphyrins exhibit significant two-photon
absorption coefficients (5 = 0.04-8.10 x 107° m W) and two-photon absorption cross-section values
(02pa = 0.02-1.67 x 10° GM). Additionally, the materials exhibit self-defocusing negative nonlinear refrac-
tion (n, = (—) 1.08-40.27 x 10 m? W™Y). The extracted NLO data suggest the potential of the investi-
gated porphyrins for future optoelectronic and advanced material applications.

particularly promising candidates for nonlinear optical
properties.’*** This is attributed to their highly delocalized

The potential application of nonlinear optical (NLO) materials
in optical computing, image processing, optical fibers, optical
switching, optical limiting, optical communication, and
optical data storage has garnered significant research attention
in this field." " The development of novel NLO materials exhi-
biting strong NLO responses and high stability is urgently
required to meet the demands of various applications
across different fields. In this regard, porphyrins emerge as
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aromatic z-electron systems, substantial stability, confor-
mational flexibility, and potential for versatile structural
modifications.'*3* However, additional factors such as the
position, nature, and polarizability of the rings or nature of
the substituents, intramolecular and transition dipole
moments, and the orthogonality of the substituents, molecular
dihedral angle, and oxidation state of the metal ions can also
significantly enhance the NLO response.’® These features col-
lectively improve their suitability for tuning NLO responses.
Ongoing research in developing NLO materials has yielded
diverse porphyrin structures. These structures include push-
pull porphyrins,>*®  symmetric’>'”'® and  asymmetric
porphyrins,™ %7 porphyrin oligomers,>*** expanded por-
phyrins*® and porphyrin arrays.”***> The third-order NLO pro-
perties of porphyrin derivatives can be modulated through
metal complexation,®®*° z-conjugation, and
functionalization.’”*! In contrast, the second-order NLO pro-

This journal is © The Royal Society of Chemistry 2025
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perties of porphyrin and its derivatives have been infrequently
studied, primarily due to the centrosymmetric nature of pris-
tine porphyrins.*>** However, by disturbing the centrosymme-
try, porphyrin derivatives could exhibit significant NLO
responses; keeping this in mind, our research group is cur-
rently focused on synthesizing unsymmetrical porphyrins and
corroles for NLO applications. In 2017, Yadav and co-workers
synthesized push-pull trans-A,B-corroles and studied their
femtosecond third-order NLO properties.** In 2020, Rathi and
co-workers prepared unsymmetrical push-pull porphyrins and
characterized their effect on metal insertion in ultrafast NLO
materials.”® In 2021, Kumar and coworkers studied the strong
two-photon absorption of meso-functionalized trans-A,BC por-
phyrins.*® In 2022, Rohal and co-workers synthesized unsym-
metrical p-dicyanovinyl appended push-pull porphyrins as
promising two-photon absorbers, and p-tetracyanobutadiene
appended porphyrins as cost-effective optical limiters.*”*®
Bulbul and co-workers synthesized unsymmetrically S-functio-
nalized z-extended porphyrins as efficient two-photon absor-
bers.*® Yadav and co-workers studied ultrafast dynamics and
strong two-photon absorbers of nonplanar g-functionalized
push-pull copper corroles with mixed substituted patterns.’®
In 2023, Kumari and co-workers prepared a push—pull octaphe-
nylporphyrin with different substituted patterns and character-
ized its ultrafast dynamics and NLO studies.”” In 2024, Rohal
and co-workers synthesized electron-deficient, nonplanar -
heptasubstituted porphyrin derivatives that exhibit an interest-
ing three-photon absorption phenomenon.’? In 2024, Bulbul
and coworkers synthesized highly substituted Ni(u) porphyrins
and meso-f monofused porphyrins and explored their third-
order nonlinear optical properties.>*>* Recently, Bulbul and
coworkers synthesized meso-f, fp-f-trifused porphyrins and
studied their femtosecond third-order nonlinear optical
properties.>®

Research on unsymmetrical porphyrins has predominantly
focused on push-pull porphyrins, with limited studies on elec-
tron-deficient unsymmetrical porphyrins due to the challenges
in their synthesis. However, unsymmetrically electron-deficient
antipodal g-trisubstituted porphyrins have shown distinct elec-
tronic and photophysical properties, suggesting significant
potential for broader future applications. Herein, the present
work illustrates the synthesis of unsymmetrically electron-
deficient p-trisubstituted porphyrins in good yields, character-
ized by different spectroscopic techniques and single crystal
XRD, and explores their intensity-dependent third-order NLO
properties.

Results and discussion

Synthesis and characterization

A series of electron-deficient f-trisubstituted 12-nitro-5,10,15,20-
tetraphenyl-2,3-bis(trifluoromethyl)porphyrins  (H,TPP(NO,)
(CF;),) and their metal complexes MTPP(NO,)(CF;), (M = Co",
Ni", Cu"™ and Zn") were synthesized (see Chart 1) and
thoroughly characterized using various spectroscopic tech-

This journal is © The Royal Society of Chemistry 2025
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Chart 1 Molecular structure of electron-deficient p-trisubstituted
porphyrins.

niques including UV-vis, fluorescence, and NMR spectroscopy,
elemental analysis, single crystal X-ray analysis, and matrix-
assisted laser  desorption  ionization  time-of-flight
(MALDI-TOF) mass spectrometry. Following established litera-
ture procedures, H,TPP(NO,)Br, and its copper complex were
prepared.”® The copper complex CuTPP(NO,)Br, was charged
with Chen’s reagent (FSO,CF,CO,CHj;) in the presence of a
palladium catalyst (Pd(0)) and Cul as a co-catalyst, resulting in
the formation of CuTPP(NO,)(CF;), with a 65% conversion.
The CuTPP(NO,)(CF;), complex was demetallated using
H,SO,, followed by remetallation with various metal salts,
including Co", Ni"', and Zn" (see Scheme 1).

Single crystal X-ray diffraction analysis

Single crystal X-ray diffraction interpretation determined the
exact spatial configuration and connectivity of trifluoromethyl

N FS0,CF,CO,CH; N
B NO.
- 2 pg(dba)s, Cul, DME_F3C NO2
N—Cu—N P N—Cu—N
B 10 h, 100 °C
N F3C N
CuTPP(NO,)Br, CuTPP(NO,)(CFy),, (65%)
H,S0,, 0 °C
CHCI,
N N
FiC NO,  M(OAc),xH,0 FsC NO,
-
N—=M—N CHCI,/MeOH NH  HN
FsC N or DMF F3C N

MTPP(NO,)(CF;),
M = Co" (78%), Ni" (63%), Zn" (78%)

H,TPP(NO,)(CF3),, (55%)

Scheme 1 Synthetic scheme for MTPP(NO,)(CFs),.
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(CF;) substituents at the pyrrolic carbons of porphyrins. The
crystallization process of COTPP(NO,)(CF;),, NiTPP(NO,)(CF;),,
and CuTPP(NO,)(CF;), described in this study involved the
slow diffusion of hexane into a saturated solution of porphyr-
ins in CHCl; at ambient temperature. The displacement of
porphyrin 24 core atoms from the mean plane is shown in
Fig. S1 in the ESL{ The crystallographic data, average bond
lengths and angles of CoTPP(NO,)(CF;),, NiTPP(NO,)(CF;),,
and CuTPP(NO,)(CF;), are presented in Tables S1 and S2,
respectively, in the ESL.} The ORTEP structures (top and side
views) of CoTPP(NO,)(CF;),, NiTPP(NO,)(CF;),, and CuTPP
(NO,)(CF;), are shown in Fig. 1. COTPP(NO,)(CF;), and CuTPP
(NO,)(CF3), are crystallized in a monoclinic crystal system with
a P2,/c space group, whereas NiTPP(NO,)(CF;), is crystallized
in the triclinic system with a P1 space group. The single crystal
X-ray analysis revealed the saddle-shaped configuration of all
three porphyrins, with a mean plane deviation of 24 atoms
(A24) ranging from +0.492 to +0.499 A from the reference
plane, although the deviation of p-carbon atoms (AC,) was
found to be in the range of +0.926-+1.005 A (see Fig. S1 in
the ESIT), which is considerably higher than those reported
for the published structures, H,TPP(CF3),, NiTPP(NO,)(Ph),
(pyridine), ZnTPP(NO,)(PE),(CH;0H), ZnTPP(NO,)Br,(CH;0H)
and H,TPP(NO,)(Th), (A24 = +0.061-+0.377 A and AC, =
+0.072-%0.750 A).**°7

The nonplanarity of the porphyrin macrocycle is attributed
to steric repulsion among the peripheral substituents, which
necessitates strain release through adjustments in bond
lengths and angles. Specifically, the C-C bond distance
between the p-pyrrole carbon atoms (Cs~Cs bond lengths)
bearing three p-substituents is longer than the Cz-Cy dis-
tances, where the antipodal pyrroles are unsubstituted (see
Table S2 in the ESIf). Notably, the N-M-N and N'-M'-N’
angles, ranging from 169.37° to 174.41°, deviate from 180°,
signifying the nonplanar conformation of the M-(N), core.

(d)
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Density functional theory (DFT) was employed for the free
base and other metal complexes to carry out the complete geo-
metry optimization.

Electronic spectral studies

The optical absorption properties of electron-deficient f-func-
tionalized MTPP(NOQ,)(CF;), (M = 2H, Co", Ni", Cu", and zn")
porphyrins were investigated in CH,Cl, at 298 K. The elec-
tronic absorption spectra of porphyrin macrocycles are signifi-
cantly influenced by the nature of the core metal ions, the
presence of peripheral substituents, the shape of the molecule,
and the extent of z-conjugation. The UV-visible absorption
spectra of the presented porphyrins are shown in Fig. 2(a). The
nonplanar conformation of the macrocycle is known to induce
a distinctive red shift in their optical absorption properties.>*™%°
Table 1 lists the optical absorption spectral data of all the pre-
sented porphyrins. H,TPP(NO,)(CF;), exhibited a 9 nm red
shift in the B-band and a 67 nm red shift in the longest
Q-band (Q,(0,0)) as compared to H,TPP(NO,)Br,, which can be
attributed to the more electron-accepting effect of trifluoro-
methyl groups functionalized at the f-position of the pyrrole
unit and the nonplanar conformation of the synthesized por-
phyrins, as demonstrated by the DFT calculations. MTPP(NO,)
(CF3)z, M = Co", Ni"", Cu", and zn", exhibited a 6-9 nm hypso-
chromic shift in the B-band as compared to H,TPP(NO,)(CF3),,
because of the stabilization of the highest occupied molecular
orbital (HOMO) after insertion of metal. H,TPP(NO,)(CF3),
exhibited a 28 nm bathochromic shift in the Soret band and a
105 nm red shift in the longest Q-band (Q,(0,0)) as compared
to H,TPP.*! This phenomenon is likely attributable to the con-
jugative or inductive interactions of the substituents with the
m-system, as well as the nonplanarity of the porphyrin macro-
cycle, as demonstrated by the DFT calculations. H,TPP(NO,)
(CF;), showed a 19 nm red shift in the B-band and an 86 nm
red shift in the longest Q-band (Q,(0,0)) as compared to H,TPP

NP #%;%”
/“_\:,/

N

Fig.1 ORTEP diagrams showing top (upper) and side views (lower) of CoTPP(NO,)(CF3), (a and d), NiTPP(NO,)(CF3), (b and e) and CuTPP(NO,)
(CF3), (c and f). Solvates are omitted for clarity, and the meso-phenyls are removed for clarity in the side views (d—f). Color codes: C (slate blue), N
(orchid), O (red), H (violet-red), F (lime green), Co (brown), Ni (orange), and Cu (cool copper).
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Fig. 2 (a) Electronic absorption spectra of MTPP(NO,)(CF3), in CH,Cl, at 298 K. Fluorescence spectra of (b) H,TPP(NO,)(CF3), and (c) ZnTPP(NO,)

(CF3), in CH,Cl, at 298 K.

Table 1 Electronic spectral data of the synthesized porphyrins in
CH2C|.2 at 298 K?

Porphyrins Aabs, NM Aem, NM b
H,TPP(NO,)(CF3), 445 (204), 557 (10), 750 (18) 766 0.11
COTPP(NO,)(CF;), 437 (132), 617 (20)

NiTPP(NO,)(CF3), 439 (121), 614 (18)

CuTPP(NO,)(CF3), 436 (166), 628 (18)

ZnTPP(NO,)(CF;), 439 (145), 633 (13) 752 0.034

“values in parentheses refer to e x 107> (M~ em™).

(NO,).>® H,TPP(NO,)(CF;), exhibited a 1-6 nm bathochromic
shift in the Soret band and 48-64 nm in the longest Q-band
that resembled the mixed trisubstituted porphyrins as
reported in the literature, which suggests the strongest elec-
tron-accepting effect of the trifluoromethyl group as compared
to cyano, bromo, phenyl, 2-thienyl (Th) and phenylethynyl
groups.®® A similar type of disubstituted porphyrin (H,TPP
(CF3),) reported in the literature showed a 6 nm blue shift in
the B-band and a 42 nm blue shift in the longest Q-band com-
pared to the synthesized H,TPP(NO,)(CF;),, due to the pres-
ence of an electron-withdrawing nitro group.®’

The synthesized free base and Zn" p-functionalized por-
phyrins were characterized using fluorescence spectroscopy to
investigate the influence of nonplanarity and substitutions.
Fig. 2b and c show the steady-state emission spectra of the free
base and Zn" complex taken in CH,Cl, at 298 K, and the emis-

This journal is © The Royal Society of Chemistry 2025

sion data are tabulated in Table 1. H,TPP(NO,)(CF;), showed a
48 nm red-shifted emission compared to H,TPP in CH,Cl,.
ZnTPP(NO,)(CF;), revealed a notable 103 nm red-shifted emis-
sion compared to ZnTPP. A significant red shift is observed
due to the presence of electron-accepting nitro and trifluoro-
methyl groups. H,TPP(NO,)(CFs), and ZnTPP(NO,)(CF;),
showed qualitative quantum yields comparable to those of
H,TPP and ZnTPP.

NMR spectral studies and mass spectrometry

The '"H NMR spectra of the synthesized porphyrins, MTPP
(NO,)(CF3), (where M = 2H, Ni" and Zn"), were obtained in
CDCI; at 298 K. The "H NMR signals for all the synthesized
porphyrins were attributed to meso-phenyl protons, f-pyrrole
protons, and inner imino protons in the case of the free base.
The integration of the proton signals is consistent with the
synthesized porphyrin structures. Fig. S2-S4 in the ESI} show
the "H NMR spectra of H,TPP(NO,)(CFs),, NiTPP(NO,)(CF;),
and ZnTPP(NO,)(CF;),. A singlet peak at 8.85 ppm is observed
for the synthesized free base porphyrin corresponding to the
p-proton adjacent to the p-nitro group. The remaining four f-
protons exhibited one doublet of triplet and one multiplet at
8.70 ppm and 8.60 ppm, respectively (see Fig. S2 in the ESI{).
The meso-phenyl protons exhibit a multiplet between 7.76 and
8.28 ppm. The inner imino protons were observed at
—1.72 ppm. Notably, it is observed that the resonance of inner
imino protons is highly downfield shifted (0.81-0.93 ppm) as
compared to the mixed trisubstituted porphyrins reported in

Dalton Trans., 2025, 54,10234-10245 | 10237
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the literature, due to the more electron-accepting effect of the
trifluoromethyl group and non-planar conformation.’® The
nonplanarity of the macrocycle induces broad features in the
resonance of the imino protons, shifting them to the down-
field region compared to those in planar porphyrins.®>®
Similarly, Ni" and Zn" complexes showed analogous spectra to
H,TPP(NO,)(CF3),. The integration of all the proton signals
corresponded well with the proposed structures.

'°F and '*C NMR spectra of ZnTPP(NO,)(CF;), are recorded
in CDCl; and shown in Fig. S5 and S6, respectively, in the
ESLT In the '>F NMR spectrum, ZnTPP(NO,)(CF;), shows two
peaks at —46.54 ppm (3F) and —46.70 ppm (3F). *C NMR
spectra showed macrocycle signals ranging from 119.73 to
152.79 ppm.

All the synthesized porphyrins were characterized by
MALDI-TOF mass spectrometry. All the mass spectra were
recorded in positive ion mode using CH,Cl, as a solvent at
298 K and are shown in Fig. S7-S11 in the ESL.}

DFT studies

To investigate the influence of substituents at the g-pyrrolic
position of the porphyrin macrocycle and to validate the
experimental results, we performed the optimization of the
ground state geometries for the electron-deficient f-trisubsti-
tuted porphyrins MTPP(NO,)(CF3),, M = 2H, Co", Ni", Cu",
and Zn" in the gas phase using Gaussian 16 software. The cal-
culations were performed with the B3LYP functional set and 6-
31G basis set for the free base, while the LANL2DZ basis set
was used for the metal complexes. The synthesized porphyrins’
optimized geometry (top and side views) is shown in Fig. S12
in the ESI} and frontier molecular orbitals (FMOs) are shown
in Fig. S13 in the ESL{ According to Gouterman’s four orbital
models, the highest occupied molecular orbitals (HOMOs)
exhibit electron density contribution from meso-carbon and
pyrrolic nitrogen, which corresponds to the a,, type, whereas
HOMO-1 exhibits electron density at pyrrolic carbons, which
is classified as the a;, type. The lowest occupied molecular
orbitals (LUMOs) exhibited electron density at opposite sub-
stituted pyrrolic moieties, meso-carbons, and the nitro group,
whereas LUMO-1 showed electron density at the opposite
unsubstituted pyrrolic moieties, meso-carbons, and the nitro
group. The calculated average bond lengths and angles are
tabulated in Table S3 in the ESI.T The peripheral substituents
may induce steric hindrance in the porphyrins, which can be
alleviated by modifying the bond angles and lengths in the
nonplanarity of the ring. Electron-accepting moieties increase
the C4~C; and M-N bond lengths as compared to the Cz~Cpy
and M-N' bond lengths of the synthesized porphyrins MTPP
(NO,)(CF3),, M = 2H, Co", Ni'', Cu"”, and Zn" (see Table S3 in
the ESIf). The synthesized porphyrins exhibited a mean
plane deviation of A24 atoms ranging from +0.318 to
+0.768 A, whereas the deviation of AC, ranges from +0.389 to
+0.875 A. The theoretically calculated ground state dipole
moment in the gas phase of the synthesized porphyrins
ranges from 6.42 to 7.75 Debye (D) and is listed in Table S4 in
the ESL.}

10238 | Dalton Trans., 2025, 54, 10234-10245
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Electrochemical studies

The electrochemical redox potentials of the macrocyclic z-
system are affected by the nature of the f-substituents, nonpla-
nar conformation, and the core metal ions. To elucidate the
combined effect of macrocyclic nonplanarity and the electron-
accepting nature of the f-functionalized trifluoromethyl substi-
tuent, we investigated the electrochemical redox characteristics
of the presented porphyrins in CH,Cl, with 0.1 M TBAPF, as
the supporting electrolyte at 298 K using cyclic voltammetry.
Fig. 3 shows the cyclic voltammogram, and Table 2 lists the
redox potential (vs. Ag/AgCl) data of all the synthesized por-
phyrins. The synthesized free base porphyrin, H,TPP(NO,)
(CFs3),, exhibits three successive one-electron reversible oxi-
dations and one two-electron reversible reduction, whereas
CoTPP(NO,)(CF;), undergoes three successive one-electron
reversible oxidations and two one-electron reversible reductions.
The first oxidation and reduction of Co™ correspond to the
metal-centered redox activity, well-documented in the
literature,®*®> whereas the second and third oxidations corres-
pond to the ring-centered redox activity. NiTPP(NO,)(CF;),
demonstrates one successive two-electron oxidation and two
one-electron reductions. CuTPP(NO,)(CF;), reveals two succes-
sive one-electron reversible oxidation and reduction peaks. In
comparison, ZnTPP(NO,)(CF;), exhibited two successive one-
electron reversible oxidations and two close reduction processes
merged to produce an average potential at —0.85 V (see Fig. 3).
The impact of the p-substituted trifluoromethyl group
(MTPP(NO,)(CF3),) on the porphyrin macrocycle is character-
ized by comparing the first reduction potential peak with
those of the corresponding MTPP(NO,) and MTPPs (see
Table 2). It is observed that the first ring reduction potential of
MTPP(NO,)(CF3), is positively shifted by 190-350 mV and
280-680 mV compared to their corresponding MTPP(NO,) and

- ZnTPPNO,)(CFY), _ o ~0s1

' CuTPP(NO,)(CF
. u (NO,)(CF5), —0.60 _.0'84
:ﬁ = \J’)I’\;/:?
A 1
NiTPP(NO,)(CF,)

-0.43
1.47 121 088 -

_— !
=
= CoTPP(NO,)(CF),

2
0.99 i
1.53 121 7 — ,:,\_7

H [} — i

H,TPP(NO,)(CF;),

-1.10

1 1

1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5
Potential (V vs Ag/AgCl)

Fig. 3 Cyclic voltammograms (CVs) of all the synthesized porphyrins in
CH,Cl, at 298 K. Scan rate - 0.1V sec™™.
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Table 2 Comparative electrochemical redox data (vs. Ag/AgCl) of the
synthesized porphyrins (MTPP(NO,)(CF3),), with their parent porphyrins®
MTPP and MTPP(NO,) in CH,Cl, containing 0.1 M TBAPF¢ at 298 K

Oxidation (V) Reduction (V)

AE
Porphyrins I I 111 I I I (\%]
H,TPP 1.00 1.34 -1.23 -1.54 2.23
H,TPP(NO), 1.10 1.28 -0.87 -1.08 1.97
H,TPP(NO),(CF;), 0.99 1.21 153 —0.52 1.51
CoTPP 0.85 1.06 1.32 -0.86 -—1.38 2.44
CoTPP(NO), 091 1.17 1.42 -0.66 -1.29 -1.89 2.46
COTPP(NO),(CF;), 0.88 1.21 147 —0.43 -1.10 2.31
NiTPP 1.02  1.32 -1.28 -1.72 2.30
NiTPP(NO), 1.18 1.31 -0.94 -1.21 2.12
NiTPP(NO),(CF;), 1.32 —0.60 —0.84 1.92
CuTPP 0.97 1.35 -1.32 -1.71 2.29
CuTPP(NO), 1.07 1.44 —-0.98 -1.23 2.05
CuTPP(NO),(CF;), 1.02 1.52 —0.70 —0.91 1.72
ZnTPP 0.83 1.14 -1.36 -1.76 2.19
ZnTPP(NO), 091 1.21 -1.04 -1.19 1.95
ZnTPP(NO),(CF;), 0.89 1.18 —0.85 1.74

“Electrochemical data of MTPP and MTPP(NO,) are taken from ref. 56.

MTPPs, respectively.”® p-Substituents also influence the metal-
centered redox potential properties; for instance, the first
metal-centered reduction potential of CoTPP(NO,)(CF3), is
230 mV and 430 mV anodically shifted compared to CoTPP
(NO,) and CoTPP, respectively (see Table 2).>°

Notably, it is observed that the first ring reduction potential
of MTPP(NO,)(CF3), is 89-342 mV anodically shifted compared
to the reported trisubstituted porphyrins MTPP(NO,)X, (X =
Br, Ph, PE and Th) in the literature.’® However, among the
MTPP(NO,)(CF;),, Cu" and Zn" complexes showed a cathodic
shift. In contrast, Ni"" and Co" complexes showed an anodic
shift in the first ring reduction potential as compared to the
corresponding MTPP(NO,)(CN),.>® Trisubstituted MTPP(NO,)
(CF;), (M = 2H, Co", Ni"", Ccu", and zn"), are readily reducible
compared to related disubstituted porphyrins MTPP(CFj;),
(M = 2H, Co", Ni', cu", and zZn") as reported in the litera-
ture,”” due to the presence of the nitro group. Among all the
synthesized porphyrins, H,TPP(NO,)(CF;), has shown a lower
HOMO-LUMO gap (1.51 V). A remarkable reduction in the
HOMO-LUMO energy gap of 0.72 V, 0.43 V and 0.36 V was
observed in H,TPP(NO,)(CF;), compared to H,TPP (2.23 V),
H,TPP(NO,) (1.97 V) and H,TPP(NO,)Br, (1.87 V),
respectively.”®

Intensity-dependent NLO studies

Investigating third-order nonlinear optical properties of
different materials is essential for developing various non-
linear photonic device applications. When a high-intensity
laser beam interacts with a material, the absorption and refrac-
tion coefficients of the materials change as functions of the
intensity of the incident laser beam. The mathematical
relationship that shows the variation in absorption and refrac-
tion coefficients with incident laser intensity is given by

a(l) = ap + pI and n(I) = ng + nyl (1)
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where a, and n, are the linear absorption coefficient and
refractive index of the material. Similarly, , n, and I are the
third-order nonlinear two-photon absorption (TPA) coefficient,
nonlinear refractive index and incident laser intensity. The
single Gaussian beam-based Z-scan technique is the most
effective method for obtaining the third-order nonlinear
optical properties of a material.*® The single Gaussian beam
Z-scan technique involves focusing a Gaussian laser beam on
the sample using a convex lens. The laser beam that is trans-
mitted through the sample is detected at each position as the
sample is moved across the focal point. The nonlinear two-
photon absorption coefficient is obtained using an open aper-
ture (OA) Z-scan configuration in which the complete trans-
mitted beam through the sample is collected using a photo-
detector. The nonlinear refraction property of the material is
studied using the closed aperture (CA) Z-scan configuration, in
which an aperture is placed before the collecting lenses. This
straightforward single Gaussian beam Z-scan technique allows
the estimation of the magnitude and sign of the third-order
nonlinear coefficients, including the nonlinear refractive index
(n2), nonlinear absorption coefficient (), and nonlinear sus-
ceptibility (**).

The experimentally obtained OA and CA transmittance
Z-scan curves can be theoretically fitted to estimate the third-
order nonlinear optical coefficients of a material. For OA
Z-scan data, the obtained transmittance curve can be fitted
with the equation®®%®

mos- (@] o

Here, f represents the 2PA coefficient, I is the incident laser

1 — e %L

intensity, and Leg = (L = sample length). Here, x =

%o
(z/zy), and the Rayleigh length (z;) signifies the effective sample

2
Tw . :
length as z;(mm) = TO’ where w, (mm) is the beam waist at

the focus point. Similarly, the nonlinear refraction phase shift
of the material is estimated by fitting the experimentally
obtained CA Z-scan data using the equation®®°®

4xA¢ 2(x* 4 3)Ag
x4+ 1)(x2 + 9)} sz +1)(x2+9)

TCA(Z) =1- |:( :| (3)
Here, A¢ denotes the nonlinear phase shift, and Ag¢ is the
nonlinear absorption phase shift, and the nonlinear refractive
index n, is obtained from the expression

_Add
2 il

n (4)
in which 2 is the excitation wavelength. The (¥**)) value can
also be obtained as per the following relationships:
Re|y®|(m?/V?) = 2ceoniny,(m* W1), and
ooy (mWT)
B on '

In the present study, the third-order nonlinear optical pro-
perties of porphyrins were characterized using a single

Im|y®)|(m?/v?)
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Gaussian beam femtosecond Z-scan technique. All the Z-scan
measurements were performed using an 800 nm femtosecond
(120 fs, 84 MHz) laser pulse with varying laser intensities.

Theoretically fitted intensity-dependent OA scan curves of
all the porphyrins are shown in Fig. 4. The solid lines in Fig. 4
correspond to the theoretical fit using eqn (2). The OA curves
of all samples at various intensities show a dip at the laser
beam focal position, which clearly indicates the reverse satur-
able absorption (RSA) behaviour. The observed RSA behaviour
can be attributed to the strong two-photon absorption due to
the 800 nm wavelength laser excitation. As the intensity
increases, there is a prominent increase in the RSA behaviour
of all porphyrin samples. The extracted two-photon absorption
coefficients of all the samples from the OA curves are shown in
Fig. 5. An increasing trend of the two-photon absorption coeffi-
cient () was followed for all the porphyrins. However, all
samples follow an increasing behaviour; H,TPP(NO,)(CFs),
has the highest and NiTPP(NO,)(CF;), has the lowest TPA
coefficient. The extracted nonlinear coefficients of all samples
are tabulated in Table 3.

The closed aperture (CA) Z-scan was performed by varying
laser beam intensities in a similar range to open aperture
data, and the theoretically fitted CA Z-scan data are shown in
Fig. 6. The CA Z-scans exhibit a peak-valley structure, which
indicates the self-defocusing negative nonlinear refraction
behaviour of the sample. The nonlinearity of materials could
stem from the electronic and non-electronic effects. The nega-
tive nonlinearity of materials is basically non-electronic nonli-
nearity, which is observed due to the thermal effects induced

() (b)

View Article Online
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on the sample during light propagation through the medium.
The observed negative nonlinear refraction behaviour is a con-
sequence of the cumulative thermal effect, which enhances
the thermal nonlinearity of porphyrin beyond its electronic
nonlinearity. This effect is particularly evident due to the high-
repetition rate laser pulses (84 MHz). The existence of non-
linear absorption and nonlinear refraction is responsible for
the asymmetry observed in the CA scans. The experimental CA
Z-scans are analysed by fitting them using eqn (3), which
includes both the term for the nonlinear refraction phase (A¢)
and the term for the nonlinear absorption phase (Ag). The
solid lines seen in Fig. 6 correspond to the theoretical fit
derived from eqn (3).

The nonlinear refractive indices of all the samples with
different input laser intensities calculated using eqn (4) are
plotted and shown in Fig. 7. The refractive index also shows an
increasing behaviour with the laser intensity for all the
samples. The highest negative nonlinear refractive index ((—)
40 x 107" m> W) was obtained for H,TPP(NO,)(CF3), and
NiTPP(NO,)(CF;), had the lowest value ((—) 1 x 107" m*> W ).

A relative assessment of the NLO parameters obtained in
this study is conducted regarding those reported in the litera-
ture under picosecond (ps), nanosecond (ns), and femtose-
cond (fs) laser excitation conditions. Table 4 outlines the NLO
parameters documented in the literature for porphyrins and
related molecules. Bulbul et al>*** studied the third-order
nonlinear (NLO) optical properties of highly substituted Ni(u)
and meso-f monofused porphyrins. By using the Z-scan tech-
nique with excitation parameters of 800 nm, 120 fs, and

(©)

487 x 10ll H,TPP(NO,)(CF;),|

341x10"

CoTPP(NO,)(CF;), NiTPP(NO,)(CF,),

146 x 10°

T(Z) (a.u)

2.92x10"

1.46 x 10"\

I I I I
-10 0 10 -10

12 CUTPP(NO,)(CFy),
9.74x10 "~

T(Z) (a.u)

ZnTPP(NO,)(CF;),
487x10"

13
1.95 x 10

I I I
-10 0 10

Z (mm)

Fig. 4 Intensity-dependent open aperture (OA) experimental Z-scan results of (a) H,TPP(NO,)(CFs),, (b) CoTPP(NO,)(CF3),, (c) NiTPP(NO,)(CFs3),, (d)
CUuTPP(NO,)(CF3),, and (e) ZNTPP(NO,)(CFz),. Laser parameters: 800 nm, 120 fs, and 84 MHz.
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Fig. 5 Nonlinear absorption coefficient (3) extracted from the intensity-dependent open aperture (OA) Z-scan results of (a) H,TPP(NO,)(CFs),, (b)
CoTPP(NO,)(CF3),, (c) NiTPP(NO,)(CFs),, (d) CUTPP(NO,)(CF3), and (e) ZNnTPP(NO,)(CF3),. Laser parameters: 800 nm, 120 fs, and 84 MHz. Error bars
signify the typical experimental/fitting errors.

Table 3 Summary of the third-order nonlinear optical coefficients extracted from Z-scan studies of MTPP(NO,)(CF3), (M = 2H, Co", Ni", Cu", and

Zn") porphyrins

Nonlinear Nonlinear

Intensity A(mW™) refraction phase absorption phas  g,ps (GM) 1, (m*W™')  Real D([S]] Im Ly(s)] (esu) Total D((S)] (esu)
(Wm™) (10" (x107%)  (Ag) e (Ag) (x 10 (x107") (esu) (x 107 (x107") (x107
H,TPP(NO,)(CF3),

0.49 3.92 -1.52 0.05 0.81 —40.27 —-31.36 19.46 31.43

0.97 6.11 —-2.54 0.10 1.30 —33.59 —-26.17 30.29 26.35

1.46 7.08 -3.11 0.12 1.46 —27.37 —21.32 35.14 21.61

1.95 8.10 —3.28 0.17 1.67 —21.68 —-16.89 40.19 17.36

2.44 7.86 -3.27 0.23 1.62 —-17.29 —-13.47 38.99 14.03

2.92 7.48 —-3.55 0.22 1.54 —15.66 —-12.20 37.11 12.75
COTPP(NO,)(CF;),

3.41 0.35 —-2.04 0.12 0.07 -7.70 —-5.99 1.72 6.00

4.87 0.53 —-2.62 0.10 0.11 —6.94 —5.40 2.62 5.41

7.30 0.96 -3.13 0.16 0.20 —5.52 —4.29 4.76 4.32

9.74 1.24 —-3.21 0.26 0.26 —4.24 —-3.30 6.13 3.36
14.60 1.34 —-3.78 0.20 0.28 —3.33 —-2.59 6.65 2.68
NiTPP(NO,)(CF3),
14.60 0.04 -1.92 0.20 0.01 —-1.69 —-1.32 0.22 1.32
19.50 0.10 —2.46 0.26 0.02 —1.62 —-1.27 0.48 1.27
24.35 0.15 —2.85 0.23 0.03 —-1.50 -1.17 0.73 1.18
29.20 0.17 —-2.94 0.24 0.04 —-1.30 —-1.01 0.84 1.01
34.10 0.21 —-2.86 0.38 0.04 —1.08 —-0.84 1.04 0.85
CuTPP(NO,)(CF;),

4.87 — —-1.05 0.08 — —2.78 —-2.17 — —

9.74 0.09 -1.92 0.19 0.02 —-2.54 —-1.98 0.43 1.98
14.60 0.19 —-2.81 0.16 0.04 —2.48 —-1.93 0.95 1.93
19.50 0.33 —-2.95 0.31 0.07 —1.94 —1.51 1.65 1.52
24.35 0.54 -3.00 0.30 0.11 —-1.59 —-1.24 2.67 1.26
29.20 0.54 — — 0.11 — — 2.70 —
ZnTPP(NO,)(CF3),

3.41 — —-1.64 0.06 — —6.17 —4.81 — —

4.87 0.32 -2.19 0.15 0.06 —-5.79 —4.51 1.56 4.51

7.30 0.54 —2.83 0.16 0.11 —4.99 -3.89 2.68 3.90

9.74 0.76 —-2.99 0.22 0.16 —3.96 —3.08 3.76 3.11
14.60 0.97 -3.07 0.31 0.20 —2.71 —2.11 4.83 2.16
19.50 0.98 — — 0.20 — — 4.89 —

This journal is © The Royal Society of Chemistry 2025
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(a) (b) (©
4.87 x 10" H,TPP(NO,)(CF;), 210" COTPPNO,)(CF;| | | o 15 NITPRINO)CFy),

T(Z) (a.u)

12 ZNTPP(NO,)(CF,),

3.41x10

T(Z) (a.u)

Z. (mm)

Fig. 6 Intensity-dependent closed aperture (CA) experimental Z-scan results of (a) H,TPP(NO,)(CF3),, (b) CoTPP(NO,)(CF3),, (c) NiTPP(NO,)(CF3),,
(d) CuTPP(NO,)(CF3), and (e) ZnTPP(NO,)(CF3),. Laser parameters: 800 nm, 120 fs, and 84 MHz.

(@)  HTPP(NO,)(CF,), (b)  cotPrNOy)(CEy), (€)  NiTPP(NO,)(CFy),
= §§ -4 ™ %
= 200 é. -40-
~ .4"‘ ,."‘i %‘(
E 0l % 4
o 1* -604 o _15%1018 4
= v "f {‘
-400x10-1% § -80x10-19 H }
2 3x1012 5 10 15x 1012 20 30 x 1012
(d)  cutppNoy)(CFy), (®)  zarernoy(cE,

-15- f o {

25x10° ] §§ =307 §
p—— §§'

n, (m? W)

10 20 x 1012 5 10 15 x 1012
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Fig. 7 Nonlinear refractive index (n,) extracted from the intensity-dependent closed aperture (CA) Z-scan results of (a) H,TPP(NO,)(CF3),, (b)
CoTPP(NO,)(CF3),, (c) NiTPP(NO,)(CFs),, (d) CUTPP(NO,)(CF3), and (e) ZNnTPP(NO,)(CF3),. Laser parameters: 800 nm, 120 fs, and 84 MHz. Error bars
signify the typical experimental/fitting errors.

84 MHz, they successfully extracted the two-photon absorption properties of asymmetric and symmetric porphyrin derivatives
coefficient ranges and the nonlinear refractive index ranges as  with excitation parameters 532 nm, 7 ns, and 10 Hz, and their
tabulated in Table 4. Bao et al.®® studied the third-order NLO results showed that the two-photon absorption coefficient
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532 nm, 6 ns, 10 Hz

800 nm
532 nm
532 nm
532 nm
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Porphyrin and polyoxometalate hybrids
Polyoxometalate-porphyrin hybrids
Keggin-type anions and porphyrins
Zinc porphyrin and zinc phthalocyanine
Porphyrin-POM composite films
Porphyrin and polyoxometalate
Porphyrin-Anderson type

Push-pull ¢rans-A,B-corroles
Porphyrin-based polyimides
Polyoxometalate hybrid

Zinc porphyrin
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ranges from 0.9 to 3.7 x 10°° m W' and the nonlinear refrac-
tive index ranges from (=) 13.0 to 58.1 x 107*° (esu). Li et al.”®
documented 2D metal-pyridylporphyrinic framework films
and explored their third-order NLO properties using a nano-
second region at a wavelength of 532 nm. They revealed good g
and 7, values ranging from 5.1 to 57 x 10’ m W™ and (=) 6.5
to 92 x 107** m*> W', respectively. Yasin et al.** designed z-
expanded zinc porphyrins and explored their NLO properties
by using 532 nm, 3 ns, and 10 Hz laser parameters. Their find-
ings demonstrated f values ranging from 1.03 to 2.08 * 10™° m
W and n, values ranging from (=) 0.77 to 2.45 x 10~° (esu).
Garai et al.”" examined the NLO properties of trans-A,B-cor-
roles in solution and aggregated states using 1064 nm, 250 fs,
and 80 MHz laser parameters. Their results revealed that trans-
A,B-corroles in an aggregated state showed higher # and n,
value ranges of 2.0-444 x 10" m W' and (-) 1.1-71.8 x 10"®
m? W, respectively, compared to the trans-A,B-corroles in the
solution state (8 = 1.9-17.2 x 107" m W' and n, = (-)
7.8-25.9 x 107'®* m* W'). Yadav et al.** investigated push-pull
trans-A,B-corroles and assessed their femtosecond third-order
NLO properties using excitation parameters of 800 nm, 150 fs,
and 80 MHz. Their findings demonstrated that the investi-
gated corroles showed a negative type of nonlinearity and self-
defocusing behaviour with the n, value ranging from (—) 1.30
to 10.0 x 107'° (esu). In comparison, the asymmetric S-trisub-
stituted electron-deficient synthesized porphyrins explored in
the present study exhibited excellent NLO properties, compar-
able to the coefficients reported for porphyrins and related
molecules in the literature. However, a few studies reported by
other groups show one or two orders of magnitude higher
than those found in this study.

Conclusions

A series of electron-deficient p-trisubstituted porphyrins
H,TPP(NO,)(CF;3), and their metal complexes MTPP(NO,)
(CF3), (M = Co", Ni", Cu™ and Zn") have been synthesized in
good yields and characterized spectroscopically and structu-
rally. Single crystal X-ray analysis and DFT optimizations
showed the saddle-shaped configuration of CoTPP(NO,)(CF;),,
NiTPP(NO,)(CF;3), and CuTPP(NO,)(CF;),. The synthesized
MTPP(NO,)(CF3), exhibit a bathochromic shift in the Soret
band and longest Q-band (Q,(0,0)) compared to their MTPPs,
MTPP(NO,) and MTPP(NO,)Br,, which can be attributed to the
strong electron-accepting effect of trifluoromethyl groups func-
tionalized at the p-position and the nonplanar conformation
of the synthesized porphyrins, demonstrated by the DFT calcu-
lations. The considerable downfield shift of NH resonance
indicates the electronic effect of substituents and the syn-
thesized porphyrins’ nonplanarity compared to H,TPP, H,TPP
(NO,), and H,TPP(NO,)Br,. The first reduction potential of the
synthesized porphyrins reveals that they are easier to reduce
compared to similar reported macrocycles. A remarkable
reduction in the HOMO-LUMO energy gap of 0.72 V, 0.43 V,
and 0.36 V was observed in H,TPP(NO,)(CF;), (1.51 V) com-
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pared to H,TPP (2.23 V), H,TPP(NO,) (1.97 V) and H,TPP(NO,)
Br, (1.87 V), respectively. The synthesized porphyrins showed
high ground state dipole moments ranging from 6.42 to 7.75
Debye. The nonlinear optical properties of the synthesized por-
phyrins were investigated in the visible region (800 nm) using
a femtosecond Z-scan technique (120 fs, 84 MHz). H,TPP(NO,)
(CF;), exhibits the highest two-photon absorption coefficient
(p) and cross-section (o,ps) among all the studied compounds,
8.10 x 107" m W' and 1.67 x 10° GM, respectively. These
results suggest that the synthesized porphyrins hold the poten-
tial for advanced applications in photonic devices and other
optoelectronic technologies.
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