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Attaching a dipolar molecule in a symmetric system induces a major change in the electronic structure,
which may be reflected as the enhancement of the optical and charge-transfer properties of the
combined system as compared to the pristine ones. Furthermore, the orientation of the dipolar
molecule may also affect the said properties. This idea is explored in this work by taking porphyrinoid
molecules as the pristine systems. We attached azulene, a dipolar molecule, at various positions of five
porphyrinoid cores and studied the effect on charge-transfer and one- and two-photon absorption
properties using the state-of-the-art RICC2 method. The attachment of azulene produces two major
effects — firstly it introduces asymmetry in the system and, secondly, being dipolar, it makes the resultant
molecule dipolar/quadrupolar. Porphyrin, N-confused porphyrin, sub-porphyrin, sapphyrin, and
hexaphyrin are used as core porphyrinoid systems. The change in charge-transfer has been studied
using the orbital analysis and charge-transfer distance parameter for the first five singlet states of the
systems. The effect of orientation of azulene on the said properties is also explored. The insights gained
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1 Introduction

There has been a great deal of research done on macrocyclic
complexes in the field of bioinorganic chemistry."™ Porphyrin
systems are some of the most extensively studied macrocyclic
systems.>® They are 26 m-electron conjugated heterocyclic
aromatic systems with applications in photodynamic
therapy,'®™® fluorescence imaging,’* ' catalysis,”’™*° anti-
inflammatory therapy,”®?" etc. In recent years, synthetic analo-
gues of porphyrins, i.e. “contracted” and “expanded” porphyr-
ins, have received considerable attention from researchers.?*2*
Contracted porphyrins are formed by elimination of a meso-
methine carbon from the pyrollic unit and the expanded
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porphyrins are formed by addition of a meso-methine carbon
or an extra pyrrole ring forming a macrocyclic system with
minimum 17 atoms. Sapphyrin aka pentaphyrin-(1.1.1.1.0) is
the first reported expanded porphyrin that was experimentally
synthesised by Woodward et al. in 1966.%> Expanded porphyrins
because of having a higher number of rings as compared to
porphyrin possess longer m-conjugation, resulting in batho-
chromic shift in their absorption spectra.>®

Nonlinear optical (NLO) activity of expanded porphyrins has
been widely studied by different research groups.?’>° Recently,
in 2021, Desmedt et al. theoretically studied the effect of meso
substitution on the first hyperpolarizability of hexaphyrin
derivatives.** They reported that meso substitution introduced
strain in hexaphyrin derivatives leading to enhanced NLO
response. In 2005, Rath et al. reported enhanced third-order
NLO properties of core-modified aromatic hexaphyrin 26n-
electron systems.>® In the same year, Ahn et al.** experimentally
studied the relation between aromaticity/antiaromaticity and
two-photon (TP) activity of two hexaphyrin derivatives, ie., [26]-
and [28]-hexaphyrin(1.1.1.1.1.1)s. They reported that the aro-
matic system has a larger TP activity than the antiaromatic
one. Later, in 2008, Yoon et al. reported a relationship between
the TP activity and aromaticity index of four pentapyrrolic
expanded porphyrins.®® Apart from hexaphyrins, other expanded
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porphyrins were also explored for NLO properties. For example,
in 2014 Sharma et al. experimentally studied the TP activity of
naphtho-bipyrrole-derivatives of sapphyrin and reported that the
corresponding perchlorate salt shows higher TP absorption.*®
Like expanded porphyrins, the NLO properties of contracted
porphyrins such as subporphyrins have also been studied.’”°
Tsurumaki et al. in 2008 reported the large TP activity of hexa
substituted sub-porphyrins.®® In the same year Inokuma et al.
reported a large enhancement in the TP activity of meso-
substituted subporphyrins upon increasing the arm-length.*®
Very recently Yang et al.*® observed that introducing azulene
in a pristine porphyrin system leads to redistribution of
charges, thereby drastically changing the second order NLO
response. This is a very simple strategy to affect the charge-
distribution and hence the NLO properties of porphyrins. A
similar strategy is employed in this work to enhance the NLO
properties of expanded-, contracted-, and isomeric-porphyrin
systems. We have considered two expanded-, one contracted-
and one isomeric-porphyrin systems and theoretically studied
the effect on their charge-transfer, one-photon, and two-photon
activities when azulene is attached at various positions.

2 Computational details

In this work, five different expanded, contracted, and isomeric
porphyrin derivatives, namely hexaphyrin (Hx), sapphyrin (S),
sub-porphyrin (SP), N-confused porphyrin (NCP), and por-
phyrin (Pr), are considered, to which azulene is attached at
different positions and orientations. The ground state geometry
of all the pristine porphyrins and porphyrinoid-azulene sys-
tems are optimized in the vacuum phase at the B3LYP*'™*%/
6-311+G(d,p)** level of theory using the Gaussian 16 program.*’
The optimized geometries are further used for vibrational
frequency calculations at the same level of theory. No imaginary
frequency is found for any of them confirming their validity as
the minimum energy geometry on their respective potential
energy surfaces. One- and two-photon absorption*®™*° (OPA and
TPA) cross-sections for the first five singlet states are computed
at the RICC2/cc-pVDZ’**" level of theory as implemented in the
Turbomole 7.3°>°% package. Furthermore, to study the charge-
transfer character of the electronic excitations in the said
systems, natural transition orbitals (NTOs)**™° are generated
at the RICC2/cc-pVDZ level of theory using the Turbomole 7.3
package, and the density-difference plot and charge-transfer
distance parameter are computed at the MN15°7"%/
6-311+G(d,p) level of theory as implemented in the Gaussian
16 program package. Our choice of MN15 exchange—-correlation
functional is based on a recent work conducted by Grabarz
et al.,>® where they studied various density functional approx-
imations for the prediction of excited-state properties of 85
fluorescent dyes. They found that the results predicted using
the MN15 functional for both the ground and the excited states
are comparable to those obtained using the CC2 model.
This reflects that this functional is the best for handling
both the single- and multi-reference systems even if they have
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non-covalent interactions. Additionally, it is well-known that a
long-range exchange (as present in the MN15 functional) is
required for a correct description of the charge-transfer
process.®® To pinpoint the factor(s) responsible for the variation
in TP activity®"®® among the considered systems a three-state
model (3SM) within the generalized few-state models (GFSM) is
employed. The parameters such as excitation energy, ground to
excited state transition dipole moments, excited-excited state
transition moments, and dipole moments of different states are
calculated at the RICC2/cc-pVDZ level of theory using the
Turbomole7.3 program package.’?

3 Results and discussion
3.1 Structure and electronic properties

We start our discussion by describing important geometrical
characteristics of porphyrinoid-azulene systems considered for
this study. The five pristine porphyrin (PP) systems, namely
sub-porphyrin (SP), porphyrin (Pr), N-confused porphyrin
(NCP), sapphyrin (S) and hexaphyrin (Hx), are considered.
These are altered by attaching azulene at various positions, as
shown in Fig. 1.

Azulene is a 10-m-electron aromatic system consisting of a
heptagon (H) and a pentagon (P) ring. It is attached to each PP-
unit through the curly bonds shown in the top panel of Fig. 1.
Based on the symmetry of PP units all possibilities of attaching
azulene are considered for this study. We named the molecules
PP-m,n-HP and PP-m,n-PH, where PP represents the above-
mentioned acronym for the pristine porphyrin unit and ‘m’

Azulene(A)
H = heptagon ring
P = pentagon ring

Porphyrin(Pr) N-confused Porphyrin(NCP) Sub-porphyrin(SP)
Pr-1,2-HP NCP-1,2-HP SP-1,2-HP
Pr-1,2-PH NCP-1,2-PH SP-1,2-PH

Hexaphyrin(Hx)
Hx-1,2-HP Hx-2,3-PH
Hx-1,2-PH  Hx-4,4-HP
Hx-2,3-HP

Sapphyrin(S)
S-1,2-HP  S-5,6-HP
S-2,3-PH  S-5,6-PH
S-4,5-HP S-7,7-HP
S-4,5-PH

Fig. 1 All pristine porphyrin—azulene systems considered for this study.
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and ‘n’ represent the position in the PP unit (shown in Fig. 1) at
which heptagon (or pentagon) and pentagon (or heptagon)
rings are attached respectively. For example, S-4,5-PH repre-
sents a sapphyrin system where the pentagon ring of azulene is
attached at position 4 and the heptagon ring is attached at
position 5 of the sapphyrin core. Note that some structures are
not possible due to the overlap of one of the H-atoms in azulene
with that in the PP unit. Therefore, such structures are not
considered. NCP being an asymmetric system provides several
possibilities for attaching azulene. In order to keep the data
analysis simple, we considered only one pair of NCP-azulene
systems i.e., NCP-1,2-HP and NCP-1,2-PH.

3.2 One-photon absorption (OPA)

The OPA®*®® profiles of the first five excited singlet states of
azulene, five PP systems, and the 18 porphyrinoid-azulene
systems calculated at the RICC2/cc-pVDZ level of theory are
presented in Fig. 2-7. We observed that OPA spectra of azulene
have a single peak at 245 nm resulting from S, — S, transi-
tions. This peak is dominated by HOMO—1 — LUMO and
HOMO — LUMO+1 orbital transitions. These orbitals are
distributed over the entire ring structure of azulene. For both
Pr and NCP, three peaks appear due to S, — S, (2 =3, 4, and 5)
transitions at 352, 343, and 295 nm (in Pr) and at 378, 356, and
339 nm (in NCP).

On the other hand, for S, SP, and Hx, only two closely-spaced
peaks appear corresponding to S, — S, (n = 3, 4) transitions.
These peaks appear at 386 and 380 nm (for S), at 304 and
303 nm (for SP), and at 463 and 447 nm (for Hx). Evidently,
addition of the azulene ring to PP units leads to major changes
in the OPA profiles, which are further affected by the orienta-
tion of the azulene group (i.e., HP or PH connectivity). We
observed that the PP-azulene systems always have red shifted
OPA spectra as compared to those of the respective pristine PP
systems. For example, for Pr-1,2-HP and Pr-1,2-PH the peaks are
well separated and appear at (432, 484, 555, and 788 nm) and
(422, 525, 626, and 727 nm) respectively.

These are largely red shifted with respect to porphyrin. Upon
changing the orientation of azulene from HP to PH we observed
a decrease in the oscillator strength of the most intense peak.
This can be correlated with the change in charge-transfer due to
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Fig. 2 OPA profile of azulene, calculated at the RICC2/cc-pVDZ level of
theory.
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Fig. 3 Top panel presents the one-photon absorption spectra of Pr, Pr-
1,2-HP, and Pr-1,2-PH systems calculated at the RICC2/cc-pVDZ level of
theory. A Gaussian envelope of FWHM = 10 nm is utilized for plotting the
graphs. The dominant orbitals involved in the transitions are given in the
inset. Bottom panel presents NTOs of Pr-1,2-HP and Pr-1,2-PH.

the change in interaction of H/P rings of azulene with pyrrole
ring(s) of Pr. In Pr-1,2-PH, the electron-rich P-ring of azulene is
in the vicinity of the electron-rich pyrrole ring (ring I) of Pr. This
results in an electrostatic repulsion between the two causing
charge-separation. On the other hand, in Pr-1,2-HP the same
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Fig. 4 Top panel presents the one-photon absorption spectra of NCP,
NCP-1,2-HP, and NCP-1,2-PH systems calculated at the RICC2/cc-pVDZ
level of theory. A Gaussian envelope of FWHM = 10 nm is utilized for
plotting the graphs. The dominant orbitals involved in the transitions are
given in the inset. Bottom panel presents NTOs of NCP-1,2-HP and NCP-
1,2-PH.

Phys. Chem. Chem. Phys., 2024, 26,15611-15619 | 15613


https://doi.org/10.1039/d4cp00438h

Published on 03 May 2024. Downloaded on 12/22/2025 6:01:21 PM.

Paper
1.4 - ﬁg -
h q SP-1,2-HP SP-1,2-PH
\ R , e .l
3 VL ‘%ﬁ g A e Yope
> ) X3 ‘ ; ‘
8 r - ,:, (Y ‘:
508 ‘ R "
5 11 HOMO2  HOMO-l [UMO  LUMO+
©
?;0-6 J * {l’ ——
° I ‘agf.o‘ .
0.4 ‘ l | g’ “":’6‘
| ‘ [ "5 ﬁ
t 1 ]\{
N f ' HOMO  LUMO+I
04

300 350 400 450 500 550 600 650 700 750
Wavelength(nm)

SP-1,2-HP NTOs

&R A g i
fﬁ e.y*:‘ &26‘ c,a;ﬁa

occupied ¢ vlrtnal g occupied virtual

Fig. 5 Top panel presents the one-photon absorption spectra of SP, SP-
1,2-HP, and SP-1,2-PH systems calculated at the RICC2/cc-pVDZ level of
theory. A Gaussian envelope of FWHM = 10 nm is utilized for plotting the
graphs. The dominant orbitals involved in the transitions are given in the
inset. Bottom panel presents NTOs of SP-1,2-HP and SP-1,2-PH.
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Fig. 6 One-photon absorption spectra of S—azulene systems calculated

at the RICC2/cc-pVDZ level of theory. A Gaussian envelope of FWHM =

10 nm is utilized for plotting the graphs.

interaction is attractive in nature, resulting in less charge-
separation. This is supported by the respective transition
moment values (Table S2 in ESIt) in the two cases. An analysis
of the orbitals involved in these transitions reflects that excita-
tions have a charge-transfer character, involving charge transfer
between the tetrapyrrole and azulene moieties. For example, in
Pr-1,2-HP the most OPA active peak (432 nm) has contributions
from HOMO—2 — LUMO (31%), HOMO—1 — LUMO (14%),
HOMO-1 — LUMO+2 (12%), and HOMO — LUMO+1 (12%).
Among these orbital transitions, the last three transitions
clearly show a charge-transfer between porphyrin and azulene
cores. Similarly, in Pr-1,2-PH the highest peak (422 nm) is
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Fig. 7 One-photon absorption spectra of Hx—azulene systems calculated
at the RICC2/cc-pVDZ level of theory. A Gaussian envelope of FWHM =
10 nm is utilized for plotting the graphs.

dominated by HOMO—1 — LUMO (33%), and HOMO -
LUMO+1 (26%) transitions. These orbital transitions involve
charge-transfer from porphyrin to azulene core as well as from
the azulene to porphyrin core. This is further visible in the
involved NTOs. It is worth mentioning that the orbital involved
in the Pr unit is similar to those in chlorophyll resulting from
the common tetrapyrrole structure, and this can be validated
using Gouterman’s four-orbital model.®”*® Similarly, for NCP-
1,2-HP and NCP-1,2-PH, the peaks appear at (447, 495, 572, and
807 nm) and (441, 545, 676, and 754 nm) respectively. These
peaks are also largely red-shifted with respect to the OPA peaks
in NCP. However, upon switching from HP to PH orientation we
observed that unlike the case of Pr-azulene here NCP-1,2-HP
has a larger oscillator strength than NCP-1,2-PH. This can be
explained in the same way as we did for Pr-azulene systems.
However, now the confused N-atom plays a significant role. In
NCP-1,2-HP the N-atom of ring II is close to the electron-rich P
ring of azulene causing repulsion and hence enhanced charge-
separation, which is reversed in NCP-1,2-PH. This is further
supported by larger values of respective transition moments in
NCP-1,2-HP than in NCP-1,2-PH (Table S2 in ESI¥). The orbitals
involved in these two systems show that the most active OPA
peak in NCP-1,2-HP (447 nm) is dominated by HOMO—2 —
LUMO (25%) and HOMO—1 — LUMO (24%) orbital transi-
tions, whereas in NCP-1,2-PH the same (441 nm) is dominated
by HOMO—2 — LUMO+1 (32%), HOMO—1 — LUMO+1 (19%),
and HOMO — LUMO+1 (15%) transitions. In addition to the
participation of azulene in charge-transfer, the effect of its
orientation is also evident in this case. For example, for NCP-
1,2-HP the orbital pictures show that there is a charge-transfer
from the NCP core to the azulene core and the same in NCP-1,2-
PH is from the azulene core to the NCP core. This is further
supported by the NTOs involved in these two cases.

For SP-1,2-HP and SP-1,2-PH, the peaks appear at (387, 415,
492, and 750 nm) and (393, 472, 508, and 730 nm) respectively.
They are red shifted with respect to the most intense OPA peak
in pristine SP. SP-azulene systems are different from Pr and
NCP in the sense that now the B-atom is directly connected to
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three N-atoms of pyrrole rings, making it non-planar. The
presence of the B-atom with a vacant p-orbital decreases the
electron density on the said rings significantly and hence
changes the above-mentioned electrostatic interactions. Most
likely, the presence of the B-atom increases the charge-
separation in SP-azulene systems, which is reflected in their
higher transition moment values as compared to those of Pr-
and NCP-azulene systems. The highest peak of SP-1,2-HP
(387 nm) is due to HOMO—2 — LUMO (35%) and HOMO—1
— LUMO+1 (26%) transitions, whereas the same for SP-1,2-PH
(393 m) is due to HOMO — LUMO+1 (47%) transition only. The
orbitals involved in these transitions reveal that the red shift for
both SP-1,2-HP and SP-1,2-PH is a result of charge-transfer from
the SP core to the azulene core as further supported by the
NTOs. Similar variations are observed in S-azulene and Hx-
azulene systems too. For brevity, the images of the orbitals
involved and NTO plots for these systems are provided in the
ESI.T The OPA profiles of pristine S, pristine Hx, S-azulene, and
Hx-azulene systems are shown in Fig. 6 and 7 respectively.

In order to study the effect of the orientation of azulene in PP-
azulene systems on the charge-transfer character of the electronic
excitations, we plotted the difference-density plot®*”"* obtained by
subtracting the electron density in ground and the respective
excited states having the largest oscillator strength.

This gives a clear idea of variation in charge-transfer char-
acter of the electronic excitations among different molecules.
The density-difference plots and dcy’>”? values of some repre-
sentative systems are given in Fig. 8. The variation in the
electron density difference plot upon changing the orientation
of azulene is visible in all the PP-azulene systems. For example,
in Pr-azulene systems, when the orientation is changed from
HP to PH, there is a clear shift of difference-density towards the
electron-rich P ring of azulene. Similarly, in NCP-azulene
systems the density difference is more on the pyrrole ring with
the confused N-atom in NCP and the electron-rich P ring in
azulene. The said effect is quantitatively analysed by calculating
the barycenter of positive and negative electron densities and the
corresponding charge-transfer distance (der = R+ — R_) in these
systems. The location of the center of positive (R,) and negative
(R_) electron densities and distance are also shown in Fig. 8. We
observed that in Pr-1,2-HP the dcr vector is along one of the C-C
bonds in the Pr unit, whereas the same in Pr-1,2-PH makes an
acute angle about the same C-C bond. The value of d¢r is also
increased more than two-times between the said pair of mole-
cules. This variation is explicable by the change in the direction of
dipole moment and interactions between the pyrrole ring of Pr
and H/P rings of azulene as mentioned earlier. In NCP-azulene
systems too, there is a large increase in the magnitude of dcr
when orientation of azulene is changed from HP to PH. The
change is opposite to what is observed in Pr-azulene systems and
is also consistent with the variation of transition dipole moment
involved in the most intense OPA peak of these systems support-
ing our explanation based on interaction between different rings
we presented earlier. In SP-, S-, and Hx-azulene pairs, a reverse
trend is observed ie., the value of d.r is decreased when the
orientation of azulene is changed from HP to PH.
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Fig. 8 Plot of the difference in total density Ap(r) and the distance
between the barycenters dcr (A) calculated at the MN15/6-311+G(d,p)
level. For the Ap(r) plot an isocontour value of 0.0004 a.u. is taken.

3.3 Effect of orientation of azulene on two-photon activity

Attaching an azulene to porphyrinoid systems introduces asymme-
try and changes the directions of various transition dipole
moments. This is reflected in the TPA activity of the PP-azulene
systems. For example, due to centrosymmetric structure both
pristine porphyrin and hexaphyrin systems possess zero two-
photon transition strength (65e), but when azulene is attached
to them the resulting systems become polar as well as TPA active.
Similarly, the TPAs of other systems are affected by azulene
attachment. The relevant data are provided in the ESLf{ In this
section, we rather focus on another interesting aspect viz. variation
of o%eP with the orientation of the azulene ring in PP-azulene
systems. The values of 635 for the first five singlet excited states of
all 18 systems calculated at the RI-CC2/cc-pVDZ level of theory are
presented in Fig. 9. It is evident from the plots that the orientation
of azulene affects the TPA of these systems significantly.

In both Pr-azulene and NCP-azulene systems, the molecules
with HP orientation of azulene have a larger oty (for the most TP
active state) than the ones with PH orientation of azulene. However,
in other systems it is the other way round. For example, in Pr-1,2-
HP, 55eP for S, — Ss transition has a value of 4.0 x 10° a.u,,
whereas the same in Pr-1,2-PH is reduced to 5.0 x 10* a.u. In NCP-
1,2-HP, 65 is 5.5 x 10° a.u. for the S, — Ss state and the same in
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Fig. 9 TPA transition strength of the first five singlet excited states of all the systems computed at the RICC2/cc-pVDZ level of theory.

NCP-1,2-PH is negligibly small. Similarly, in S-azulene and Hx-
azulene systems, large variations in dppy are observed in the
following pairs (S-5,6-HP, S-5,6-PH) and (Hx-2,3-HP, Hx-2,3-PH).
The said effect is less pronounced in other studied systems. Note
that in SP-azulene, the S;s state did not converge and hence we
could manage to get the values of 675 for up to the S, state. The
effect of azulene in these systems is very small. In SP-1,2-HP the
So — S, state has the largest ot value of 3.3 x 10* a.u. and the
same in SP-1,2-PH is 3.6 x 10" a.u.

To explain these observations, we employed a three-state
model (3SM) within the framework of the generalized few-state
model (GFSM)™* developed for the RI-CC2 method. Within the
three-state model, one intermediate state (i) is involved in
addition to the ground state (0) and the final two-photon active

state (f). In this model, the expression for two-photon transition

strength is given as:”>7¢
Sioa = Z Z otk = dofoo + 200f0i + 2d0f0r + Oofii
JE0E K0 f
+ 200fit + Sorer
ok = Tex e (2 B)
Ok = ISAEAE.

o0 = | )| O |||

X (cos H’f? cos 0. + cos 0 cos 0y + cos B} cos 0%‘)
1 fR] | KO 07 7
B = 1 M 1
X (cos 0ff cos 0;{, + cos 0% cos 0 + cos 0} cos 0%)
1)

where |¢P9| is the magnitude of the transition dipole moment
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E

vector for S, — S, transition, AE, = Ey, fTOf, Eop is the

excitation energy for S, — S, transition, and 0} represents the
angle between transition dipole moment vectors P9 and u*°.

The results are presented in Fig. 10. It is evident that in all
cases, 3SM with S; as the intermediate state correctly repro-
duces the variation of Jrpa among the pair of molecules
considered. However, in case of SP-1,2-HP and SP-1,2-PH the
agreement is only qualitative. The component-wise analysis of
3SM results reflects that in all the cases Jqg; is the most
contributing term except for Hx-2,3-HP, where g is the most
contributing term.

In each pair of molecules, the one having larger drpa also has
a larger value of dyg;, except in the SP-azulene pair. In SP-1,2-HP
donii is larger than that in SP-1,2-PH. However, because of the
negative contributions from Jyg¢ and o the value of ool is
smaller in SP-1,2-HP than that in SP-1,2-PH. An analysis of
involved transition dipole moment vectors in Jyg; reveals that
the effect of orientation of azulene on different transition
dipole moments varies from system to system. For example,
in Pr-azulene systems when the orientation of azulene is
changed from HP to PH, the dipole moment of the excited
state (u™) increases, whereas the same in NCP-azulene systems
is reversed. However, in both these systems, the dipole
moments of ground and intermediate states as well as the
values of transition moments u', 1%, and p'° decrease signifi-
cantly. Owing to this variation both Pr-1,2-PH and NCP-1,2-PH
become less TP active than Pr-1,2-HP and NCP-1,2-HP
respectively.

This variation may be correlated with the interactions men-
tioned in earlier discussion. However, one should be careful in
using such interaction based discussion when it comes to TPA
or other non-linear optical processes. In such processes, several
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Fig. 10 Two-photon transition strength calculated using response theory
and 3SM, and the contribution of different dog involved in 3SM.

transition dipole moments including those between two different
excited states are involved. These transition dipole moments may
not be directly linked with the physical interactions between
different parts of the molecule anticipated from the ground state
geometry. The variation of different transition dipole moments in
all the pairs considered is shown in Fig. 11. Thus, we see that the
addition of azulene in porphyrinoid systems affects the charge-
transfer process significantly through the change in the values of
various transition dipole moments, which is different in con-
tracted- and expanded-porphyrinoid systems.

4 Conclusions

The effect of orientation of azulene in PP-azulene systems
(where PP refers to porphyrinoid systems such as porphyrin
and expanded- and contracted-porphyrins) on their charge-
transfer and optical properties is explored computationally in
this work. For this purpose, porphyrin (Pr), N-confused por-
phyrin (NCP), sub-porphyrin (SP), sapphyrin (S), and hexaphyrin

This journal is © the Owner Societies 2024
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Fig. 11 Variation of different transition dipole moments with orientation
of the azulene group.

(Hx) systems are considered and one azulene unit is attached
to them at various positions. The addition of azulene to these
PP systems leads to a two-fold change. Firstly, it breaks the
symmetry of the systems (except N-confused porphyrin, which is
itself asymmetric) and secondly, due to its dipolar nature
azulene adds polarity to the non-polar systems by altering their
electronic configuration, resulting in an increased charge-
transfer. Owing to these two effects a significant change in the
electronic structure and charge-transfer and optical properties of
the PP-azulene systems is observed. Using the state-of-the-art
RICC2 method in conjunction with the cc-pVDZ basis set, we
studied the UV-vis absorption, two-photon absorption, and
charge-transfer in the PP-azulene systems. We observed that
irrespective of the core porphyrinoid system, addition of azulene
leads to a large red-shift in the OPA spectra, thereby shifting the
same to the near infrared region. Furthermore, the orientation of
azulene causes a drastic change in the direction of charge-
transfer, which is visible through the orbital pictures involved
in a particular transition. In one orientation the charge-transfer
is from the azulene to porphyrinoid unit and in the other
orientation it is reversed. We further observed that this effect
is different in contracted- and expanded porphyrine systems,
which is quantitatively analysed using the charge-transfer dis-
tance parameter (dcr). In Pr- and NCP-azulene systems, the
change in orientation of azulene from HP to PH increases the
value of dgr, whereas the same in SP-, S- and Hx-azulene
systems decreases it. This effect is also visible in their density-
difference plots.

In both contracted and expanded PP-azulene systems a
change in orientation of the azulene unit may lead to a massive
change in their TPA activity. In Pr- and NCP-azulene systems
the change in orientation from HP to PH causes an order of
magnitude or more decrease in dpa, whereas the same remains
unaffected in SP-azulene systems. Contrastingly, in S- and
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Hx-azulene systems a reverse trend is observed. An analysis
involving a three-state model (with S; as the intermediate state)
reveals that this is because of the change in the values of dipole
moments of TP active excited states and those of transition
dipole moments involving the S; state. At the end, we conclude
that our strategy of attaching azulene could be used to make a
PP-azulene system highly TP active in the near IR region, which
could be useful for various NLO applications, including
in photodynamic therapy (PDT). The usefulness of these
PP-azulene systems as photosensitizers in TP-PDT is under
investigation.
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