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Abstract: The covalently linked porphyrin-graphene composite materials
with excellent nonlinear optical (NLO) properties and solubility have
been experimentally studied recently, but the two-photon absorption (TPA)
properties of them have not been reported yet. In this work, a series of
novel graphene-like molecules and the corresponding hybrids with
porphyrin have been designed to study on their one-photon absorption
(OPA) and TPA properties as well as the structure-property relationships
by employing quantum-chemical calculation. The maximum TPA cross
sections (Jdma) calculated by means of the ZINDO method, combining
with the FTRNLO-JLU program compiled by our group, are as large
as ~ 913.0 — 3904.3 GM. Moreover, both molecular size and porphyrin
result in a significant increase of the d. values. Furthermore, the hybrid
molecules possess higher TPA response resulting from the intramolecular
charge transfer, comparing with their counterpart without a porphyrin.
The calculated results support the experimentally observed trends, as well
as indicate that the designed compounds with large TPA cross sections
are potential for applications involving optical limiting and two-photon
fluorescence microscopy (TPFM). We expect that this study will provide
a theoretical perspective for designing novel TPA materials based on

graphene for further applications in the future.
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1. Introduction

In recent years, two-photon absorption (TPA) has increasingly
become one of the most important research fields. The development of
new organic compounds with efficient TPA properties and highly
fluorescent quantum vyields (®) is a subject with broad scientific and
technological interest for a variety of applications including
three-dimensional (3D) fluorescence microscopy,” optical limiting,”
photodynamic therapy,® frequency up-converted lasing, and two-photon
fluorescent labeling.” In this regard, designing and developing novel
practical TPA materials possessing enormous potentialities are thought to
be the most important thing to meet the urgent need for the rapid
development of various applications.

Graphene has attracted extensive attention in recent years because of
its striking mechanical, optical, and electrical features. It was discovered
in 2004,° and it is the most optimal planar nanometer material with a
one-atom-thick crystal of carbon. With the thickness of just 0.35 nm, it is
the thinnest planar nanometer material in the world. The structural
simplicity is responsible for its possession of many excellent electronic

0

and mechanical properties,”™ which gives it have a significant

application prospect in optoelectronics and information, as well as new

11-16

energy materials, such as resonators,? organic photovoltaic devices,"

sensitizers in solar cells,** catalysts,* and so on.
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However, the poor solubility and processability of graphene makes it
the primary issue for many perspective applications of graphene-based
materials. So far, in order to improve its forming processing property and
solubility to take better advantage of its excellent properties, the covalent
functionalization of visible-light electron donors to graphene has been
used as a method to compose novel graphene materials, by introducing
special functional groups to overcome the obstacles of low solubility and

1721 \which can

rather poor processability in many kinds of solvents,
expand its applications. Recently, the studies on porphyrin-graphene
hybrid materials have been reported by Chen and co-workers, revealing
that covalent combinations can be a better approach to improve nonlinear
optical (NLO) properties of graphene,?> because both graphene and
porphyrin possess large z-electron conjugation which are ideal to fulfill
the requirement of a perfect NLO material. Therefore, the
porphyrin-graphene hybrid materials enhancing the optical nonlinearities
through large delocalized z-electron systems are considered to be novel
NLO materials of choice in the future.®

To our knowledge, the TPA properties of porphyrin-graphene hybrid
materials have remained unclear until now. Herein, to estimate the TPA
characteristics of porphyrin-graphene hybrids, the aim of the present

study is to construct novel molecules based on graphene and well-defined

functionalized hybrid molecules with porphyrin and make investigations
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towards the description of the influence of the size and the introduction of
porphyrin, as well as the intramolecular charge transfer on their one- and
two-photon absorptions by theoretical calculations. In addition, another
goal of this work is to obtain good TPA materials with high two-photon
absorption cross sections (Jdmax), Which can be applied in many fields,
such as two-photon fluorescence microscopy (TPFM), optical limiting
and so on. We hope our theoretical investigations will provide a new
insight into the design of novel molecules based on graphene and
corresponding hybrid molecules.
2. Theoretical methods

All of the calculations were performed with the Gaussian 09 program
package* in this work. In this context, the DFT (Density Functional
Density) method with the Coulomb-attenuated version of the Becke
three-parameter ~ hybrid ~ B3LYP  functional, = CAM-B3LYP?®
exchange-correlation and 6-31G* basis set was used to optimize the
ground-state geometries of all investigated molecules. This functional
allows for tuning proportion of exact Hartree-Fock exchange, and it is
also able to improve the determination of various properties and describe
transitions which involves different intermediate states with both valence
and charge transfer features, crucially charge transfer excitation energy,
without an obvious increase in computational cost compared to

B3LYP.%6?
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On the basis of optimized structures, the one-photon absorption spectra
were also systematically investigated by time-dependent DFT (TD-DFT)
at the same level, that is TD-DFT//CAM-B3LYP/6-31G*.

To better understand the OPA and TPA properties of the studied
molecules, the single and double electronic excitation configuration
interactions (SDCI) were also employed by the Zerner’s intermediate
neglect of differential overlap (ZINDO) program.?® Differing from
one-photon absorption, the two-photon absorption process corresponds to
the simultaneous absorption of two photons. The TPA efficiency at
optical frequency w/2x of an organic molecule can be characterized by
the TPA cross section ¢ (w), which are directly related to the imaginary
part of the third-order polarizability y (—w;0,—w,») by***

3w’

5(6’)) = n’cle
0

L Im[y(—a); 0, —, a))] Q)

In which y (~w; @, —®, w) refers to the third-order polarizability, 7w is
the energy of incoming photons, n is on behalf of the refractive index of
medium, ¢ stands for the speed of light, &, denotes the vacuum electric
permittivity, and L corresponds to the local-field factor. In the present
calculations, n and L are set to 1 because of an isolated molecule in
vacuum.

The sum-over-states (SOS) expression to evaluate the second
hyperpolarizability 7 (i, J, k, and | refer to the molecular axis) can be

deduced, using perturbation theory by considering a Taylor expansion of
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energy with respect to the applied fields. The Cartesian components 7
are given by refs 31 and 32.

To compare the calculated ¢ value with the experimental data, the
damping factor (7'k) of excited state K in the SOS expression is set to 0.14
eV,33'34'35

and the orientationally averaged (isotropic) value of vy is

evaluated, which is defined as

1 ..
<7>:EZ(7nﬂ+7ijij+7ijji) Ll=XY2 (2)

i

Taking the imaginary part of <y> value into the expression (1), J ()
can be acquired compared with the experimental data.

Thus, in this work, the molecular equilibrium geometries were carried
out by the DFT method with CAM-B3LYP functional and 6-31G* basis
set. Then the time-dependent DFT (TD-DFT) method was applied to get
the one-photon absorption spectra at the same level as stated before.
Moreover, to better evaluate the one-photon absorption spectra, the
properties of electronic excited states were also obtained by the ZINDO
method to compare with these by TD-DFT. Furthermore, the two-photon
absorption spectra, as well as the key physical parameters for the
prediction of the two-photon absorption cross sections, were also
performed by means of the ZINDO method, including the excitation
energies and the transition moments. And then the second
hyperpolarizability and the two-photon absorption cross sections were

calculated by the FTRNLO-JLU program compiled by our group.



New Journal of Chemistry

3. Results and discussion
3.1 Molecular design and optimization method

So far, porphyrins have been a choice for NLO material area,* because
of their macrocyclic structures offering easily modulated chemical,
architectural flexibility, physical and optoelectronic features. On the other
hand, the NLO properties of graphene have been explored by Wang et al.,
showing broadband nonlinear optical response of graphene dispersions.*
Therefore, considering that both graphene and porphyrin are potential
NLO materials, the novel porphyrin-graphene hybrid materials may well
possess better NLO properties. In an attempt to obtain some estimations
of how the systematic change in molecular size and the introduction of
porphyrin ultimately affect the OPA and TPA properties, particularly the
TPA cross section values, we designed a series of molecules Gn (n=1, 2,
3, 4, 5) and corresponding hybrid molecules TPP-NHCO-Gn (n=1, 2, 3, 4,
5) based on graphene shown in Fig.1. In this work, pentacene is defined
as the smallest in the sizes of the Gn molecules, named G1, then
expanding the molecular dimension to access G2, G3, G4, and G5,
respectively. On the other hand, the structures of porphyrin-graphene
hybrid materials have recently been experimentally studied,?
demonstrating that there are several TPP (tetraphenyl porphyrin)
covalently bonded together with graphene by -NHCO- bonds to improve

the water solubility. However, considering the calculation condition as
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well as the purpose to predict the properties of the hybrid materials using
theoretical methods, each molecule of TPP-NHCO-Gn (n=1, 2, 3, 4, 5)

possesses only one TPP in this work.
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From the optimized ground-state structures of TPP-NHCO-Gn, it is

Fig.1. Optimized ground-state geometries of all studied molecules in this work.
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found that when porphyrin is connected to Gn, the Gn moiety and the
porphyrin fragment in hybrid molecules happen to be not in the same
plane, there is a torsion angle between them as shown in Supporting
Information, Fig.S1. It can be seen that the torsion angle in
TPP-NHCO-G1 is the smallest (297, but for TPP-NHCO-G2, it is 44,
then for TPP-NHCO-G3, TPP-NHCO-G4 and TPP-NHCO-G5, the
torsion angles are the same, which is 45°, resulting from the effect of the
steric hindrance. As a consequence, we hope the effort to modify the
molecular structures by using a purely theoretical method can improve
their photophysical properties and obtain some predictions of the
structural modifications might affect their OPA and TPA features.

To get more accurate results by the TD-DFT method, the calculated
results for G1 and TPP obtained by different functionals and the

experimental data®3**

are presented in Table 1. As clearly shown in
Table 1, the calculated one-photon absorption and emission spectra of G1
molecule at TD-DFT//CAM-B3LYP/6-31G* level are respectively 267.8
nm and 630.1 nm, which are in good agreement with the experimental
values (273 nm and 639 nm).*® In addition, the results of TPP are also in
qualitative agreement with the experimental and theoretical data.*****
Moreover, no imaginary frequency is found for each optimized

ground-state geometry of all molecules, verified by frequency

calculations performed at DFT//CAM-B3LYP/6-31G* level. Furthermore,
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the CAM-B3LYP functional is usually considered to be well qualified to
describe charge transfer character as mentioned in the theoretical methods
section. Accordingly, the CAM-B3LYP functional with 6-31G* basis set

IS appropriate for this target system.

Table 1. Calculated one-photon absorption and emission wavelengths as well as oscillator
strengths (f) for TPP and G1 with different TD-DFT methods and available experimental values

TPP Gl

Pmadnm®  f 2%md/nm® f 2Pma/nm?®  f 2Cems/nm” f
B3LYP/6-31G* 371.0 1.32 5644 0.01 285.6 3.23 7449 0.04
M06/6-31G* 3726 1.48 596.2 0.03 285.9 329 7362 0.05
CAM-B3LYP/6-31G*  354.4 1.66 596.4 0.02 264.1 359  630.1 0.07
PBE1PBE/6-31G* 365.6 143 5765 0.04 280.5 335 7196 0.04
Experimental data®®*4° 41934 650%4° 273% 639%

2One-photon absorption spectra, "one-photon emission spectra.

3.2 Electronic structure

The frontier orbital energy levels (referred to four occupied orbitals,
four unoccupied orbitals), and the energy gap values (AEn. =Enomo -
ELumo) between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of all studied molecules
are analyzed, shown in Fig.2. Additionally, the molecular orbitals related
to the main transitions of the OPA and TPA spectra (which are discussed
in the next two sections) are also demonstrated in Fig.3 and Supporting

Information, Fig.S2.
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Fig.2. Frontier molecular orbital energies of molecules optimized at the
DFT//ICAM-B3LYP/6-31G* level.
1-5 refer to G1—G5 molecules, 6 and 7 are respectively TPP and TPP-NH, molecules, and 8-12

represent TPP-NHCO-G1—TPP-NHCO-G5 molecules.

: ; ;
TPP-NH:2 : by 3‘- pry)
A}éi?%:w <gﬁgga,{w “‘*e‘ga{‘.d ,“,"' 54{,&
o = .9, ’o
i o 935 (4 &
» 2
HOMO-1 HOMO LUMO LUMO+1
TPP g é a
3 o. i 40,
t&ﬁg‘gag« uq. é. %%y .230° 005 ¥
R -.0 @ Q
£ )'J,
HOMO-1 HOMO LUMO LUMO+1
TPP-NHCO-G1 w2 ,g . ki 0
s;“g Lopp RPN E ‘( ’}.8 B oaneBnd 8!2:" T ‘c‘:
¥ . v - e
P04’ ‘ed -4 pe
W w» H 1)):,(1-
HOMO-1 HOMO-10 HOMO LUMO
,.o'* is
55%%% 9-«% .”"‘ Rt $5Qy sz
W
*
¥
LUMO+1 LUMO+2
. . ,-'::." e LB
TPP-NHCO-G3 o e o 2% v.,g:;- .
3‘“-,‘2" o“";‘ »3. 2% 3 A%
Y S S S0
B AR AR "o
D AV P A Y f() ‘.
STA. P >Rgemdy “ '
VO TP v
HOMO-3 HOMO LUMO LUMO+3

Fig.3. Some contour surfaces of the frontier molecular orbitals for the TPP, TPP-NH,,



Page 13 of 38

New Journal of Chemistry

TPP-NHCO-G1 and TPP-NHCO-G3 molecules.

Both TPP and TPP-NH, are tetrapyrrolic systems, they have common
electronic structural properties, it is noted in Fig.2 that the LUMO and
LUMO+1 orbitals in TPP-NH, and TPP are a set of quasi-degenerate
orbitals, and the energy of the HOMO orbital is also approximate to that
of the HOMO-1 orbital. Interestingly, they have two main absorption
bands as shown in the spectra in Fig.4. Moreover, from the detailed
values listed in Supporting Information Table S1 and Fig.3, it is found
that these two main absorption bands are indeed caused by the transitions
from the HOMO and HOMO-1 orbitals to the LUMO and LUMO+1
orbitals, which have a great influence on their TPA cross section values
and are analyzed in the TPA discussion section.

In Fig.2, as the increase of n, the energy gap values gradually become
lower and lower for both Gn and hybrid molecules, attributing to the
more enlargement of n, the more like graphene, whose energy gap is
almost zero. Moreover, the decrease of the energy gap leads to the
red-shifted absorption spectra. Compared to Gn, the energy gap of the
corresponding TPP-NHCO-Gn is decreased, suggesting that the
introduction of porphyrin has a significant impact on AEy, and results in
the red-shifted absorptions. On the other hand, both HOMO and LUMO
are mainly constrained to the Gn part of the hybrid molecules, except for

the TPP-NHCO-G1 molecule, whose electron cloud in HOMO mainly
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distributes on the porphyrin moiety, which probably because the size of
G1 is much smaller than TPP, so the main electronic structural properties
of TPP-NHCO-G1 more come from porphyrin, this profile can be
illustrated from the main transition nature in Supporting Information,
Fig.S2. From Table S1 and Fig.3, such as in the long wavelength range,
both transitions from HOMO-2 to LUMO+1 and from HOMO-2 to
LUMO+2 show the charge transfer from the porphyrin part to the
porphyrin fragment, even though there is also interaction between the
porphyrin moiety and the G1 fragment at other absorption peaks. What is
more interesting, from Fig.2 and Fig.S2, is that the introduction of
porphyrin actually provides some consistency of the degree of effects for
TPP-NHCO-Gn (n=1 - 5), whose the LUMO+1 and LUMO+2 orbitals
are a set of quasi-degenerate orbitals, and whose the energy of LUMO+1
Is almost the same, so does that of HOMO-1, HOMO-2 and LUMO+2.
Overall, it looks like that the HOMO and LUMO orbitals of porphyrin are
inserted between the HOMO and LUMO orbitals of separated Gn.
Retained orbitals such as LUMO+3 and HOMO-3 in TPP-NHCO-Gn
largely embody the profile of Gn.

Meanwhile, as the increase of n, the energy levels from the Gn part in
TPP-NHCO-Gn are denser, the E, umo+3 Value becomes lower and lower,
which is more and more close to E,uymos1 and E_umos:2. And for

TPP-NHCO-G5, the energies of LUMO+3, LUMO+2 and LUMO+1 are
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almost the same. Moreover, the Epomo.s Of the hybrid molecules is
gradually increasing, and the Enomo IS almost the same among each
hybrid molecule (n=1 — 4) apart from TPP-NHCO-G5. In the case of
TPP-NHCO-GS5, the Epomo-s instead of its own Epomo.2 approximates to
Enomo-2 Of other hybrid molecules, as HOMO-1 is mainly constrained to
the G5 fragment rather than the porphyrin moiety. It is notable that as the
increase of n, the Gn part gradually dominates the main properties of
TPP-NHCO-Gn, especially TPP-NHCO-G4 and TPP-NHCO-G5, the
AEy. is barely affected by the introduction of porphyrin compared with
the corresponding molecules G4 and G5, respectively. This implies that
the size of the molecule (n=5) s large enough to reflect the properties
of the hybrid molecules well.

Therefore, as analyzed above, it is known that there is interaction
between the Gn fragment and the porphyrin moiety in the novel hybrid
molecules, who not only reserve the specialities of the two single
fragments but also create excellent new features reflecting the interaction
between the two parts. Thus, it is interesting to investigate if the size of
Gn and the introduction of porphyrin both have a great influence on the
electronic structures of the hybrid molecules, as well as the absorption
properties and the TPA cross sections, which will be discussed in the next
two sections 3.3 and 3.4.

3.3 One-photon absorption properties
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On the basis of the optimized molecular structures, we perform
TD-DFT//ICAM-B3LYP/6-31G* and ZINDO calculations to access the
OPA spectra (UV-Vis spectra) for all molecules in this work. The OPA
wavelengths (1°na), Oscillator strengths (f) and relevant transition
characteristics of both methods are all collected in Supporting
Information, Table S1, including available experimental data.

From Table S1, it can be concluded that the results obtained by the
ZINDO method can commendably reflect the UV-Vis electronic spectra.
Thus, in this study, we perform the calculations on the OPA and TPA
properties of all studied molecules by the ZINDO method to figure out
how the size of Gn and the introduction of the porphyrin, as well as the
intramolecular charge transfer nature affect their properties, specifically
TPA features.

To make the OPA spectra be more intuitive, the OPA spectra for all the
studied molecules by ZINDO are presented in Fig.4. One can see that
both TPP-NH, and TPP compounds have two dominant absorption
regions, one at 300 — 400 nm and the other at 500 — 600 nm. These two
regions of intense absorption are common for the porphyrin family and
they are named as Soret- and Q-band, respectively. The transition features
corresponding to the absorption bands are assigned and listed in
Supporting Information Table S1, from which it can be observed that

these two main bands are caused by the transitions from the HOMO and
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HOMO-1 orbitals to the LUMO and LUMO+1 orbitals. In the porphyrin
system, the Q-band is significant weaker in intensity than Soret-band
because of the near-degeneracy of the LUMO and LUMO+1 orbitals in
the free base macrocycle, which leads to a cancellation of the transition
moments in the Q-region, and a complementary strengthening of the

transition moments in the Soret-region.*
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Fig.4. Simulated one-photon absorption spectra for the investigated molecules.

Moreover, from the absorption spectra of Gn, one can also see that the
strongest absorption peak around 270 — 360 nm for all the Gn molecules
exhibits red-shifts as the increase of n, that is, G1 (279.7 nm) < G2 (323.4
nm) < G3 (324.6nm) < G4 (328.2 nm) < G5 (359.2 nm). Surprisingly,
except for G1 and G2, there occurs the second strong peak around 340 —
420 nm from G3 to G5, and G3 (350.1 nm) < G4 (380.9 nm) < G5 (416.8
nm). In addition, a small peak appears at 406.1 nm for G1, which
corresponds to the small peaks of G2, G3, G4, and G5 at around 480 —
810 nm (can be seen from Fig.4), and this absorption peak of molecule
G5 is about 382.0 nm red-shifted relative to that of molecule G1. More
interestingly, adding each layer of pentacene makes the peak
bathochromic-shifted by about 100 nm on average, such as G1 (406.1
nm), G2 (506.2 nm), G3 (625.2 nm), G4 (709.7 nm) and G5 (788.1 nm),
and these absorption peaks for all molecules are assigned to 7 — 7
character, arising from HOMO — LUMO transition. Consequently,
increasing the size of the molecules leads to a gradual bathochromic shift
of the absorption band, which is just in accordance with the inference of
the AEy.. aforementioned.

On the other hand, differing from Gn, the absorption peaks with the

largest oscillator strengths are all focused around 310 — 320 nm for all the
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hybrid molecules, but there are still small peaks around 370 — 800 nm.
For TPP-NHCO-G1, the strongest peak covers a range of 320.2 — 326.1
nm, mainly resulting from the transitions of HOMO-10 — LUMO,
HOMO-1 — LUMO, HOMO — LUMO+1, and HOMO — LUMO+2
(corresponding to 326.1 nm), and of HOMO-1 — LUMO, HOMO-1 —
LUMO+2, and HOMO — LUMO (corresponding to 320.2 nm). From
Fig.3, these transitions accompany the charge transfer from the porphyrin
moiety to the G1 part, porphyrin to porphyrin fragment, and G1 to G1
moiety, respectively, indicating that there is strong interaction between
the porphyrin part and the G1 moiety, and the respective electronic
properties of G1 and porphyrin are retained. Besides, TPP-NHCO-G3 and
TPP-NHCO-G5 have the same transition features at the strongest
absorption, which suggests that the charge transfer exists in-between the
single moieties (porphyrin or Gn), as well as the two fragments
(porphyrin and Gn). On the contrary, for TPP-NHCO-G2 and
TPP-NHCO-G4, there is only the charge transfer from the porphyrin part
to the porphyrin moiety, from the G2 part to the G2 fragment, and from
the G4 moiety to the G4 portion without charge transfer from the
porphyrin fragment to the G2 or G4 segment at the strongest peak, which
Is probably ascribed to less symmetry of the Gn fragment in the
even-number hybrid molecules than that in the odd-number hybrid

molecules, and this feature requires further studies.
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3.4 Two-photon absorption properties

In this section, based on the reasonable OPA results by the ZINDO
approach, we performed calculations on the TPA physical parameters for
all the molecules using the same method to estimate how the choice of
changing the size (subsection 3.4.1) and introducing porphyrin
(subsection 3.4.2), as well as the internal factors of the TPA process
(subsection 3.4.3) might affect the TPA properties, especially the TPA
cross sections. According to expressions (1) and (2), the third-order
polarizability y (—w;w,—w,w) and the TPA cross sections are obtained
through single and double electronic excitation configuration interaction

(SDCI) by the ZINDO program, as well as FTRNLO-JLU compiled by
our group. For all the molecules studied, the configuration interaction
(Cl)-active spaces are restricted to the 1682 singly excited configurations,
and 425 doubly excited configurations.

The calculations on the TPA cross sections include the contributions of
300 lowest-lying excited states for each molecule. In order to ensure that
the 300 excited states chosen are sufficient for the convergence of the
TPA cross sections for all the studied molecules in this work, we took
TPP-NHCO-G5 which is the biggest one among all the studied molecules
as an illustration to obtain the description of the relationship between the
third-order polarizability and the number of the excited states shown in

Fig.5, revealing that when the chosen number of states reaches to 260, the
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third-order polarizability has been already stable. Thus, we concluded
that the 300 excited states are enough for the convergence of ., for all

the studied molecules.
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Fig.5. Relationship between the number of states and the third-order polarizability of

TPP-NHCO-G5.

Moreover, in order to valuate the accuracy of our calculated TPA cross
sections, we firstly performed the calculation on the . value of TPP
which has been experimentally researched, and the calculated Jy,x Value
Is 98 GM, which is in reasonable agreement with the experimental results
(730nm, 35420 GM),*° so we used the same parameters to calculate the
Omax Values of all the studied molecules by ZINDO. The detailed values,
including TPA peaks (A'ma), maximum TPA cross section (dma), and

transition nature, are all listed in Table 2. Furthermore, the well-defined



TPA spectra are determined over a broad spectral range plotted in Fig.6.
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Table 2. Calculated two-photon absorption properties of the studied molecules
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Molecule A adNM?® Smax/GMP Channel Transition nature®
TPP 7496 980 Sy—Sg—Ss  (HOMO-1,HOMO)—(LUMO,LUMO+1) 42.9%
730° 35420° (HOMO-1,HOMO-1)—(LUMO+1,LUMO+1) 12.2%
(HOMO,HOMO)—(LUMO,LUMO) 12.6%
(HOMO,HOMO)—(LUMO+1,LUMO+1) 11.4%
(HOMO-1,HOMO-1)—(LUMO,LUMO) 10.4%
TPP-NH, 746.9 101.8 Sp—Sg—So (HOMO-1,HOMO-1)—(LUMO,LUMO) 10.2%
(HOMO,HOMO)—(LUMO+2,LUMO+2) 14.2%
(HOMO-1,HOMO)—(LUMO,LUMO+1) 41.0%
(HOMO,HOMO)—(LUMO,LUMO) 12.1%
(HOMO,HOMO)—(LUMO+1,LUMO+1) 10.8%
Gl 550.1  67.9 Sy—S1—S8s  (HOMO-2)—(LUMO) 51.3%
(HOMO)—(LUMO+2) 38.7%
G2 6942 1486  Sy—S,—Ss  (HOMO)—(LUMO+5) 20.0%
G3 8146 1767  Sy—S,—S;  (HOMO)—(LUMO+3) 17.0%
(HOMO-1,HOMO)—(LUMO,LUMO+1) 12.1%
G4 8768 913 Sy—S,—85  (HOMO-2)—(LUMO) 10.9%
(HOMO)—(LUMO+2) 26.3%
(HOMO-1,HOMO)—(LUMO,LUMO+1) 14.2%
G5 9266 13245  Sy—S,-S;  (HOMO-2)—(LUMO) 11.5%
(HOMO)—(LUMO+2) 22.2%
(HOMO)—(LUMO+3) 13.8%
TPP-NHCO-G1 680.5 1146  Sy—>Sg—Sis  (HOMO-2)—(LUMO+3) 69.5%
5007 7396  So—Sn—Ss; (HOMO-1)—(LUMO-+14) 16.0%
TPP-NHCO-G2 6156  2690.6  Sy—>S7—S; (HOMO-2)—(LUMO+4) 11.6%
(HOMO)—(LUMO+5) 10.1%
(HOMO)—(LUMO+7) 19.8%
5209 13585  Sy—S/5S¢  (HOMO-7)—>(LUMO-+4) 18.5%
(HOMO,HOMO)—(LUMO,LUMO-+4) 17.3%
TPP-NHCO-G3 8732 628 Se—S7S10  (HOMO-3)—(LUMO) 54.7%
(HOMO)—(LUMO+3) 34.5%
5699 32411  Sy—S,5Ssr  (HOMO-5)—(LUMO+3) 14.9%
TPP-NHCO-G4 772.0 11045  S;—S3—S;;  (HOMO)—(LUMO+4) 32.3%
6365 37388  Sy—S;Syu  (HOMO-8)—(LUMO) 20.3%
(HOMO)—(LUMO+11) 13.0%
TPP-NHCO-G5 8551 14161  Sy—»S3—Siz  (HOMO-4)—(LUMO) 11.0%
(HOMO)—(LUMO-+4) 29.1%
(HOMO,HOMO)—(LUMO,LUMO) 11.4%
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691.9 3904.3 So—S;—S3 (HOMO-3,HOMO)—(LUMO,LUMO+3) 17.4%

“Calculated TPA spectra by the ZINDO program (see Theoretical methods); "TPA cross sections
are given in GM (1 GM=1x10"*° cm* « photon™); ‘experimental data from ref. 39 and ref. 40;
Ydominant contributions and corresponding percentage of each electronic configuration forming an
electron transition state.
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Fig.6. Two-photon absorption spectra for all of the studied molecules.

As observed from Fig.6 and Table 2, the Jna values of the Gn

molecules and some of the studied hybrid molecules display the intense
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two-photon absorption in the NIR region with large TPA cross sections
(1000 — 3900 GM), suggesting that these hybrid molecules can be novel
promising molecules suitable for practical two-photon absorption
materials. The later sections are devoted to discussing structural and some
other aspects affecting the TPA properties. To avoid the interference from
the OPA spectra, the TPA peaks in the spectral range of 500 — 1250 nm
are discussed in the next subsections.
3.4.1 Size effect of molecule Gn

From Fig.6 and Table 2, it can be observed that as the increase of n, the
Omax Values of the Gn molecules significantly increase (67.9 GM — 148.6
GM — 176.7 GM — 913 GM — 1324.5 GM), and the A'na Value is
marked bathochromic shift (550.1 nm — 694.2 nm — 814.6 nm — 876.8
nm — 926.6 nm), which demonstrates that the enlargement of the size
leads to the significant increase of the dy,.x Values because of the extended
electron-delocalization, the same trends occur in TPP-NHCO-Gn, which
Is discussed in the next section in combination with the effect of the
introduction of porphyrin.
3.4.2 Effect of the introduction of porphyrin

As shown in Fig.6 and Table 2, compared with Gn, the dyax Values of
TPP-NHCO-Gn (n=1, 2, 3, 4, 5) molecules distinctly enlarge with the
increase of n in a range of 500 — 1250 nm of the TPA spectra, and all the

hybrid molecules have two main TPA cross section peaks in this long
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wavelength range. What is more, it is interesting to see that the TPA cross
sections in the long-wavelength range for both TPP-NHCO-G1 and
TPP-NHCO-G2 are 2-fold larger than that of corresponding G1 and G2.
Furthermore, in the case of TPP-NHCO-G1, whose two-photon
absorption at 680.5 nm mainly arises from the transition from HOMO-2
to LUMO+3, accompanying the charge transfer from the porphyrin part
to the G1 moiety. For TPP-NHCO-G2, the TPA at 615.6 nm mainly
comes from the transitions from HOMO-2 to LUMO+4, HOMO to
LUMO+5, and HOMO to LUMO+7, and the corresponding charge
transfer is from the porphyrin to G2 moiety, G2 to G2 fragment, and G2
to porphyrin part, respectively. Therefore, the charge transfer characters
between the two parts are responsible for the enlargement of the TPA
cross sections of TPP-NHCO-G1 and TPP-NHCO-G2.

Additionally, for the hybrid molecules, starting from TPP-NHCO-G3,
the TPA cross sections in the long-wavelength range barely increase
compared with the corresponding Gn molecules shown in Table 2, that is,
TPP-NHCO-G3 (62.8 GM), TPP-NHCO-G4 (11045 GM) and
TPP-NHCO-G5 (1416.1 GM) compared with G3 (176.7 GM), G4 (913
GM) and G5 (1324.5 GM), respectively, which is probably because that
the charge transfer only occurs from Gn (n=3, 4, 5) to Gn (n=3, 4, 5) part
without the interaction between the porphyrin part and the Gn (n=3, 4, 5)

segment. Taking TPP-NHCO-G3 for instance, its two-photon absorption
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Is mainly the transitions assigned from HOMO-3 to LUMO and HOMO
to LUMO+3. Combining Fig.3, one can see that the charge transfer is just
from the G3 to G3 fragment, and the similar case also occurs in
TPP-NHCO-G4 and TPP-NHCO-G5. Consequently, we concluded that
such a two-photon absorption peak in the three hybrid molecules largely
exhibits the properties of G3, G4, and G5.

Further, it is important to emphasize that porphyrin has a vital role on
the larger TPA cross sections of the hybrid molecules. With the
introduction of porphyrin, the larger TPA cross sections in the
short-wavelength range substantially increase, that is, TPP-NHCO-G1
(739.6 GM) < TPP-NHCO-G2 (1358.5 GM) < TPP-NHCO-G3 (3241.1
GM) < TPP-NHCO-G5 (3904.3 GM), which are much larger than these
of the corresponding Gn molecules. For example, the dy. Value of the
TPP-NHCO-G3 molecule (3241.1 GM) is 18 times greater than that of
G3 (176.7 GM), and its two-photon absorption is mainly caused by the
transition from HOMO-5 to LUMO+3, the relevant charge transfer is
from the benzene ring of the porphyrin fragment to the G3 moiety,
implying that the interaction between the two parts contributes
significantly to the enlargement of the Jy.x value. Likewise, this feature
also arises in other hybrid molecules, especially TPP-NHCO-G4 and
TPP-NHCO-G5, whose the interaction between the two parts is more

obvious than that in TPP-NHCO-G3, as the charge transfer is from the
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porphyrin core to the Gn (n=4, 5) part. For TPP-NHCO-G4, its TPA
transition mainly comes from HOMO-8 to LUMO, along with the charge
transfer from the porphyrin core to the G4 part, and the same trend occurs
in TPP-NHCO-G5 whose the excitations are associated with the charge
transfer corresponding predominantly to the transitions from the
HOMO-3 and HOMO orbitals to the LUMO and LUMO+3 orbitals
shown in Table 3. Furthermore, HOMO-3 and HOMO are respectively
constrained to the porphyrin part and the G5 fragment, while LUMO and
LUMO+3 are respectively located to the G5 moiety and the porphyrin
fragment (see Supporting Information, Fig.S2), revealing that a stronger
interaction appears in the TPP-NHCO-G5 molecule, what makes its dmax
value larger than that of the TPP-NHCO-G3 and TPP-NHCO-G4
molecules.

In one word, as discussed above, the introduction of porphyrin
enhancing the intramolecular charge transfer is responsible for the
distinct increase of the TPA cross sections to a large extent.

3.4.3 Influence of molecular chemical structure

This subsection is focused on the internal factors that affect the
two-photon absorption process and the TPA properties.

Generally, the position and relative strength of the two-photon
resonance can be predicted by the following three-level energy model

simplified form of the SOS expression:****
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2 2 2 2
MOk I\/Ikn - + MOn A:ugn (3)
(EOk - E0n 12)°’T (EOn 12)°T

O

Here, M5 and E,; are respectively the transition dipole moment and the
corresponding excitation energy from the state « to f; the subscripts 0, k,
and n respectively refer to the ground state So, the intermediate state Sy,
and the two-photon absorption final state S,; Augn IS the state dipole
moment difference between ground state Sy and final state S,,; the
damping factor 7" was set to 0.14 eV. As shown in Supporting
Information, Fig.S3, it is confirmed that .y IS roughly proportional to X

Ivlokzlvlknz + I\/IOnZA/'lOn2

S on_), that is, the position and relative strength
(EOk _EOn/Z) I (EOn/Z) I

(x=

of the two-photon resonance in this system can be predicted according to
the three-level energy model. In this context, some important physical
parameters of the two-photon absorption of the studied compounds are
listed in Table 3. Moreover, to more intuitively observe which factor has
a greater impact on the J., values, the relationships of d.., versus the
factors are drawn in Supporting Information, Fig.S4.

Table 3. Calculated important parameters of two-photon absorption of the studied molecules
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Mok Myn Mon Eq-Eqn/2 Eqn/2 A Uon Imy Omax X
/Debye  /Debye  /Debye leV leV  [Debye 110 esu IGM
TPP 114 2.77 0.00 1.61 1.65 0.00 3339.0 98.0 2747.8
TPP-NH, 11.0 2.75 2.00 1.62 1.66 0.31 3442.3 101.8 2491.5
Gl 3.02 2.55 0.00 0.59 2.47 0.001 1245.8 67.9 1237.8
G2 6.18 5.12 0.012 0.66 1.79 0.02 4340.3 148.6 16417.3
G3 5.78 5.47 0.24 0.48 151 0.15 6974.9 176.7 30989.9
G4 7.68 8.56 0.00 0.35 1.40 0.001 42557.0 913.0 252003.1
G5 8.01 8.61 0.64 0.30 1.27 0.28 74407.2 13245 377486.1
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TPP-NHCO-G1 3.19 11.0 2.30 1.30 1.89 0.27 3216.0 114.6 5218.2
10.3 2.46 1.64 1.36 2.45 10.3 11243.0 739.6 2813.2
TPP-NHCO-G2 5.13 6.20 1.21 0.81 2.01 2.43 6193.5 269.6 11041.5
5.23 7.01 2.23 0.45 2.37 -0.12 22350.7 1358.5 45631.8
TPP-NHCO-G3 2.27 3.73 0.83 0.86 1.40 0.26 2900.5 62.8 696.1
2.27 5.32 6.33 0.067 4.39 0.21 63752.7 3241.1 239143.8
TPP-NHCO-G4 8.61 9.53 0.62 0.53 1.59 -1.05 91823.5 1104.5 171204.6
8.61 3.97 297 0.18 1.95 -0.69 91823.5 3738.8 267699.8
TPP-NHCO-G5 9.63 10.57 0.38 0.50 1.45 0.89 113311.1 1416.1 296029.6
9.63 6.17 1.71 0.13 1.81 0.55 113311.1 3904.3 1471907

Furthermore, it can be seen from Table 3 that as the enlargement of the
size of the Gn molecules, the values of My, (the transition dipole moment
between the intermediate state and final state) are enhanced, as well as
Mok (the transition dipole moment between the ground state and
intermediate state). In addition, the introduction of porphyrin induces a
slight decrease in the detuning term (Eqo — Eon/2) value and the
enhancement of Mg, and M, compared with that of the corresponding Gn
molecules, which can be oberserved from Fig.S4 in Supporting
Information, except for the TPP-NHCO-G3 molecule, which has the
smallest energy tuning term value resulting in the sharp increase of dpax
(3241.1 GM). Moreover, the introduction of porphyrin makes the Mg, and
My, values of the hybrid molecules closer and closer as the increase of n,
and the closer of the Mg, and My, values are, the greater of the d. Values
are. Furthermore, the imaginary part of the third-order polarizability (Imy)
increases as the enlargement of n, and the Imy of TPP-NHCO-G5 reaches

to the largest, thus, the largest dn.x Value.
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As discussed above, it can be concluded that both the increase of the
transition moments (Mg, and M,,) and the decrease in the energy tuning
term (Eox — Eon/2), resulting from the introduction of porphyrin and the
increasing size of the molecules, play a crucial role in determining the
TPA cross sections. By the analysis of Table 3 and Fig.S4 in Supporting
Information, the substitution of porphyrin changes the Mg, and My, values,
thus, the dnax Values of the hybrid molecules become larger and larger as
the increase of n, since the Mg, values become more and more close to the
My, values. We believe that the variance of the transition dipole moments
contributes importantly to the changing trends of the d,,. Values for the
TPP-NHCO-Gn molecules.

4. Conclusion

In this work, we firstly designed a series of novel molecules Gn (n=1, 2,
3, 4, 5) based on graphene and the corresponding porphyrin-Gn hybrid
molecules named TPP-NHCO-Gn (n=1, 2, 3, 4, 5), then predicted their
one-photon absorption (OPA) and two-photon absorption (TPA)
characteristics by employing the TD-DFT and ZINDO methods combined
with the FTRNLO-JLU program compiled by our group. The calculated
results demonstrate that the ultraviolet absorption spectra of the Gn
molecules are in a range of 300 — 400 nm, and the TPA cross sections
(Omax) Visibly increase (67.9 — 1324.5 GM) as the enlargement of the size

occurring in the wavelengths ranging from 550.1 to 926.6 nm. In addition,
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the introduction of porphyrin avails the hybrid molecules to possess better
nonlinear optical properties and solubility, as well as much higher TPA
cross sections attributing to the intramolecular charge transfer between
the porphyrin moiety and the Gn fragment compared to these of the
corresponding Gn  molecules, especially the TPP-NHCO-G3,
TPP-NHCO-G4 and TPP-NHCO-G5 molecules, which have considerable
TPA cross sections, that is, 3241.1, 3738.8 and 3904.3 GM, respectively.
Thus, the hybrid molecules are more attractive to be applied as the
two-photon absorption materials in optical limiting and two-photon
fluorescence microscopy (TPFM) fields. Besides, to make it clear how
the molecular size and the introduction of porphyrin affect the TPA
process, the approximate sum-over-states (SOS) expression is used to
analyze the intrinsic reasons for the changing trends of the TPA cross
sections of the investigated molecules. It suggests that the introduction of
porphyrin results in the My, values (the transition dipole moment between
the ground state and intermediate state) of the TPP-NHCO-Gn (n=1 — 5)
molecules becoming more and more close to these of the My, values (the
transition dipole moment between the intermediate state and final state)
as the gradual increase of n accompanying apparently enlargement of the
TPA cross sections, revealing that the increase of the transition dipole
moments is the dominant factor of the enlargement of the J.. Values.

Moreover, it is also found that the hybrid molecules not only display the
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respective properties of porphyrin and Gn, but also show their distinctive
characteristics because of the interaction between the two parts. Overall,
we forecast that the TPA features of the porphyrin-Gn (TPP-NHCO-Gn)
hybrid molecules are better than graphene-like (Gn). We expect this study
can provide some theoretical basis for the synthesis of the novel TPA

materials based on graphene for further applications.
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Graphene-based (Gn) hybrids with porphyrin possess improved solubility and good
nonlinear optical properties, especially excellent two-photon absorption (TPA)

features.
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