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ABSTRACT: The macrocyclic ring of expanded porphyrins presents a conformational versatility that
leads to original structural motifs and generates unique Hiickel-to-Mobius topological switches. These
systems can act as optoelectronic materials and their range of applicability depends on the high values
of the nonlinear optical properties (NLOP) and the large differences between the Hiickel and Md&bius
structures. With the aim to design new topological switches with the optimum NLOP, we have
performed a DFT computational study on the effect of three different geometric and electronic factors of

the meso-substituents: i) their electron-withdrawing and -releasing character; ii) their distribution along
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the porphyrin ring; and iii) the length of the conjugation path. In this work, we report the electronic and
vibrational contributions to static and dynamic NLOP of the Hiickel and M6bius conformations of 18
meso-substituted [28]-hexaphyrins. These systems can achieve first and second hyperpolarizabilities
values around 1 x 10° and 2 x 107 a.u., respectively, and differences between the Mobius and Hiickel
conformations around 4 x 10* and 5 x 10° a.u., respectively. From our results, we conclude that
efficient NLOP topological switches can be obtained from push-pull porphyrins with a n-conjugated
spacer and a strong electron-withdrawing and -releasing groups located on opposite sides of the skeleton

ring.

1) INTRODUCTION

A molecular switch is a molecule that can be interconnected between two or even multiple states
in response to external stimuli.>” The peculiar structural versatility of the expanded porphyrins, such as
flexibility of the skeleton ring, metallation, and nature of the meso-substituents, allow them to achieve
different conformers.2? These structures present distinct optical, electronic, and magnetic properties
and can be switched between them using chemical and physical modifications (oxidation and reduction,
polarity of solvent, temperature, and degree of protonation) or changing the electronic state by
photoexcitation (from the ground state to the first singlet and triplet states).**® Therefore, the expanded
porphyrins can be considered as molecular switches.

The first reported dynamic switch between Hiickel antiaromatic and Mobius aromatic
conformations was reported for A,D-di-p-benzi[28]hexaphyrin(1.1.1.1.1.1) by Latos-Grazynski and co-
workers.® In some solvents (alcohols and aliphatic hydrocarbons), only the Hiickel structure is observed
in the M NMR spectrum. On the other hand, in other solvents (in chloroform and N,N-
dimethylformamide) the Mobius conformation is the dominant one (an intermediate situation is
obtained using dichloromethane and benzene). Moreover, the ratio of the Mobius conformer increases
when the temperature decreases. The meso-aryl-substituted [28]hexaphyrins(1.1.1.1.1.1) synthesized by
Kim, Osuka, and co-workers also show an equilibrium between several antiaromatic planar Huckel and
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twisted Mobius aromatic structures depending on the environmental conditions and therefore presenting
interesting switching features.!’”-'® When the temperature is decreased to -100°C in THF, the Mdbius
conformation becomes the predominant species. In the solid state, both planar Hiickel and twisted
Mobius can be obtained depending upon the meso-substituent and crystallization solvent. A similar
solvent-dependent switching behavior was found for the meso(heptakis)pentafluorophenyl-
[32]heptaphyrin.?° It is worth noting that intramolecular hydrogen bond interactions between imine-type
and amine-type pyrroles (NH---N) play a crucial role in the relative stability of the expanded porphyrin
conformers and, therefore, acid-base reactions can also be used to interconnect different conformers.?+24

In the expanded porphyrins, it has been observed a relationship between molecular topology,
aromaticity, and two-photon absorption (TPA) properties. Indeed the TPA cross-section values have
been used as an approximate experimental measure of aromaticity in macrocyclic m—conjugated
systems.?>?6 Then, these Hiickel-to-Mdbius topological switches can also potentially behave as
molecular optical switches.?” Their range of applicability will be based on the high values of the
nonlinear optical properties (NLOP) and the large differences between the Huckel and Madbius
structures. For this purpose, it has been well-established in the literature that the computational theory-
aided design can be a useful tool to optimize the molecular electro-optic performance.?®44

Recently, several works*° have evaluated the NLOP of Hiickel and Mdbius topologies. For
instance, the present authors studied the electronic and vibrational contributions to static and dynamic
NLOP of the Hiickel-Md&bius switch of the bianthraquinodimethane modified [16] annulene®®®" and
A,D-di-p-benzi[28]hexaphyrin(1.1.1.1.1.1).2% Our previous results indicated that these systems present
high NLOP values and large differences between the Hiickel and Md&bius structures, pointing out their
potential use as optical switches. Kundi et al.>® analyzed the gas phase one- and two-photon absorption
properties of the first two excited states of the triply twisted M6bius annulene molecule®® and five model
systems substituted with different donor and acceptor groups using the response theory and two-state
model approaches. It was found that the unsubstituted molecule is completely two-photon inactive and it

becomes active with the introduction of strong donor-acceptor groups. In 2016, Sun and co-workers®*
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studied the electronic polarizability and first hyperpolarizability of five different conformations of
[26]hexaphyrin(1.1.1.1.1.1) and their corresponding [28]hexaphyrin structures, concluding that the
magnitude of their NLOP depend on the conformer type (i.e. triangular-shape f° < eight-shape f° <
Mdbius-shape /). And very recently, Islam and Lone®® computed the electronic NLOP of five
octaphyrin derivatives (different meso-susbstituents were considered) with a twisted double-side Hiickel
topology at CAM-B3LYP level. They concluded that the incorporation of electron-donating groups on
the octaphyrin skeleton increases their NLOP.

Herein, we report a theoretical investigation of the electronic and vibrational contributions to
static and dynamic NLOP of the Huckel and Mobius conformations of the meso-hexakis(2,6-
difluorophenyl)[28]hexaphyrin(1.1.1.1.1.1) synthesized by Sankar et al.} and other seventeen
[28]hexaphyrin models (see Schemes 1-5 for their structure and nomenclature used throughout the
whole text). In order to understand the main factors that enhance the NLOP of these topological
switches, three different factors of the meso-substitutents are studied: i) their electron-withdrawing and -
releasing character; ii) their distribution along the porphyrin ring; and iii) length of the conjugation path.
Additionally, a longer term aim is to guide and motivate experimental research groups that work in this
field to synthesize new topological switches with the optimum NLOP.

(Insert Schemes 1-5 around here)

2) COMPUTATIONAL METHODS
The evaluation of the static electronic contribution to dipole moment, u®, linear polarizability, a®,
first hyperpolarizability, 3¢, and second hyperpolarizability, y¢, were performed at the M05-2X*° and
CAM-B3LYP® levels with the 6-31G, 6-311G(d), and 6-31+G basis sets®*%? using the GAUSSIAN 09
program package.®® All calculations were carried out in the gas phase. In a previous work we
investigated the relevance of the solvent effect in the evaluation of the expanded porphyrins NLOP.*

However, herein, we wanted to focus on analyzing the effect of the expanded porphyrins meso-
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substituents on the NLOPs. In a similar way to our previous article,>® the inclusion of the diffuse
functions hindered the self-consistent field convergence. That’s why 6-31+G has only been used for one
expanded porphyrin to evaluate the basis set convergence. In order to avoid the incorrect electric field
dependence of the electronic structure modelled by most of DFT exchange functionals,®-% we used the
hybrid M05-2X and long-range corrected CAM-B3LYP functionals. We have previously showed that
these two methods provide a semiquantitative description of the NLOPs at a reasonable computational
cost for expanded porphryins.*®° Whereas the key of the good performance of M05-2X on the NLOP
calculations is the large fraction of exact Hartree-Fock (HF) exchange included by this hybrid
functional, the success of CAM-B3LYP is based on introducing a growing fraction of exact HF
exchange when the distance between electrons in the electron repulsion operator increases.

ué, af, and B¢ were analytically evaluated for all the methodologies. In contrast, y¢ was obtained
by finite field differentiation of 5. The numerical differentiation was carried out for field strengths of
+0.0002, +£0.0004, +0.0008, and +0.0016 a.u. The smallest field magnitude that produced a stable
derivative was selected using a Romberg method triangle.®”% The symmetry restrictions have not been
considered in the optimization process and the X-ray structures of Hzerph and M2 erph have been used as
the initial geometry of the optimization process!’ (the remaining structures were built from these). The
most stable network of intramolecular NH---N hydrogen bond interactions between imine-type and
amine-type pyrroles was chosen for Hiickel and M6bius structures, as shown in our previous study.5%

The average isotropic (hyper)polarizabilities are defined by following equations:’*

d=§z Qi » (1)

i=x,y,z
_ 1
B = Sl Z wi(Bijj + Bjij + Byji) 2)
iL,j=x,y,z
and
1
V=1 Z Yiijj t Vijij + Vijji - (3)
L,j=x,y,z



In order to simplify the analysis of the results, all discussed NLOP values throughout the whole
text are average isotropic (hyper)polarizabilities. Indeed, the main goal of this work is to enhance the
NLOP of the studied expanded porphyrin switches with a theory-aided design, and the average isotropic
hyperpolarizabilities are the best parameters to measure at molecular level the NLOP.

The vibrational (hyper)polarizabilities can be computed using the perturbation treatment of Bishop
and Kirtman (BK)"?>"* or its variational counterpart based on the analytical response theory proposed by
Christiansen et al.”>” One alternative approach to compute the vibrational hyperpolarizabilities that can
be linked to the BK method is the nuclear relaxation (NR) approach.”®8 The NR method takes into
account the effect of the field-induced change of the equilibrium geometry on the molecular energy.’88!
In the NR approach, the leading vibrational contributions to NLOP are given by the nuclear relaxation
(P™) contributions, which arise from the change in the electronic energy caused by the field-induced
relaxation of the equilibrium geometry. Higher-order terms, usually smaller than P™ and that are not
computed here, come from the field-induced perturbation of the zero-point energy.828

The infinite optical frequency (IOF) approximation is a very efficient approach to compute the
vibrational hyperpolarizabilities at a satisfactory accuracy.34% It assumes that the optical frequency tend
to the infinite limit (w — o), which simplifies the expressions of the dynamic P"" contributions to
Pockels (B™ (—w; , 0)yo), Kerr (™ (—w;»,0,0),_), field induced second harmonic generation
(FISHG, y"(-2w;®,®,0),5,), and intensity dependent refractive index (IDRI,
Y™ (—o; ®, —0, ®) ) Nonlinear optical phenomena.88!

The field-induced vibrational coordinates (FI1Cs)®-% methodology has been used for the analytical
calculation of P"™. The FICs are defined as the change of the equilibrium geometry caused by static
applied field. The FICs radically reduce the number of n'-order derivatives required to compute the
nuclear relaxation hyperpolarizabilities. For instance, for evaluating the average value of nuclear
relaxation contribution to Kerr effect second hyperpolarizabilities of the expanded porphyrins studied
here, using normal modes the number of required third derivatives to be computed is about 5x10%

whereas using FICs the analytical formulas only involve 9 third derivatives.®
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3) RESULTS AND DISCUSSIONS

Table 1 contains the electronic and nuclear relaxation static polarizabilities and first and second
hyperpolarizabilities, and the IOF approximation to dynamic Pockels, Kerr, FISHG, and IDRI nuclear
relaxation hyperpolarizabilities for the Hickel and Mo0bius structures of meso-hexakis(2,6-
difluorophenyl)[28]hexaphyrin(1.1.1.1.1.1) (Hz6rph and Mzerpn). The NLOP have been evaluated at
CAM-B3LYP and M05-2X levels using the 6-31G, 6-31+G, and 6-311G(d) basis sets. In analogy to our
previous work with the A,D-di-p-benzi[28]hexaphyrin(1.1.1.1.1.1),%° the agreement between the results
obtained with the three basis sets and two DFT methods are good enough for the required accuracy to
achieve the main goal of the present study; i.e. for @® and y° the maximum relative error represents less
than 10% and 20% of the property, respectively. For the vibrational contribution to static and 10F
dynamic molecular NLOP, the selection of the basis and DFT method is slightly more relevant, since
the differences lie in the 1%-34% range. The first hyperpolarizabilities of M2erph have not been
considered in the previous analysis of the maximum relative errors because this conformation presents
very small values, even though the differences for f¢are smaller than 30%. On the basis of these results
and in agreement with our previous studies,*** we can conclude that a semiquantitative picture of the
differences between the electronic and vibrational contributions to the NLOP of Hiickel and Mobius
[28]hexaphyrin conformers can be provided by the CAM-B3LYP/6-31G and M05-2X/6-31G levels of

theory with an affordable computational cost.
(Insert Table 1 around here)

Table 1 shows that the vibrational contribution to static and IOF dynamic NLOP can be either
larger or comparable in size than the electronic contribution. For instance, at CAM-B3LYP/6-311G(d,p)
level for the Mazerpn  (H2erpn)  structures the 7™ (—w;®,0,0),-./7°(0;0,0,0) and
T (—0; 0, —0, ®) ,-/7°(0; 0,0,0) ratios are 0.9 and 2.7 (0.7 and 1.9), respectively. As a consequence,

it is necessary to consider the sum of the electronic and vibrational contributions (i.e. @ = a® + a™",
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B = Be + Bnr, and y =¥° +7™") to reproduce correctly the (hyper)polarizabilities of these aromatic
systems. Another important point to address from the results of Table 1 is the high values of NLOP
obtained, e.g. the wvalues of #7°(0;0,0,0) + ¥y (-0;®,0,0),,, and ¥°(0;0,0,0) +
T (—0; 0, —0,0) 45, are 2.10 x 10° and 3.48 x 10° au. (2.51 x 10° and 4.85x 10° a.u.),
respectively, for the Hzerph (M26rph) Structure at CAM-B3LYP/6-311G(d,p) level. Moreover, important
differences are observed between the total § and y of Hiickel and Mdbius structures. For instance, at
CAM-B3LYP/6-311G(d,p) level, the maximum difference between conformers is 1.37 x 10® a.u.,
measured for ¥°(0;0,0,0) + ¥ (—w; ®, —®, ®) ,—. Then, we conclude that the [28]-hexaphyrin

topological switches present the potential to become optical switches with high NLOP.

The introduction of the FICs has radically reduced the number of first-, second-, and third-order
derivatives required to measure the vibrational contribution of the NLOP. Nevertheless, it still implies a
considerable computational effort if a large set of systems is studied, e.g. all NR contributions at CAM-
B3LYP/6-311G(d,p) level of the Huckel and Mdobius structures displayed in Table 1 require in total 26
frequency calculations. Nevertheless, the evaluation of @™ (0;0), B"T(—m; ®,0)y-e, and
Y (—o; 0, —0,0),-, requires only a single frequency calculation at the equilibrium geometry.
Moreover, the values of ¥ (—w; ®, —®, ®) ., displayed in Table 1 indicate that they can be used as a
satisfactory estimation of the magnitude of the vibrational contributions to y. Then, we can conclude
that a semiquantitative description of the magnitude of the total @, 8, and 7 can be obtained with the
evaluation of  a@°(0;0) +a™(0;0), B°(0;0,0) +B" (—»;® 0)ys., and  ¥°(0;0,0,0) +
YV (—o; 0, —0, ®) .- properties, respectively, at the CAM-B3LYP/6-31G or M05-2X/6-31G levels of
theory. Unless indicated otherwise, all the remaining NLOP values discussed in the text have been

evaluated using the M05-2X/6-31G methodology.

The NLOP results of [28]-hexaphyrins with hydrogen, fluorine, and methyl as meso-substituents

are collected in Table 2 (see Schemes 2 and 3 for the nomenclature used). Four push-pull models with



different distributions of the F and CHs meso-substituents along the expanded porphyrin have also been
considered. The first two arrangements (HcHs F a, McHs Fa, HcHs Fb, MlcHs Fb, and M2cHs F b
structures) only contain one fluorine and one methyl meso-substituent located on opposite sides of the
skeleton ring; while the third (HcHs F ¢, M1cHs F ¢, and M2chs F ¢) and fourth (HcHs F d, MlcHs F g,
and M2chs_r_d) distributions present three fluorine and three methyl meso-substituents, and two fluorine
and two methyl meso-substituents, respectively. In the three later models, two different Mobius
conformers are considered; i.e. in M1 (M2) structure, the twisted side of the Mdbius conformation

contains the fluorine (methyl) meso-substituents.
(Insert Table 2 around here)

The replacement of the 2,6-difluorophenyl with hydrogen as meso-substituent implies a reduction
of NLOP values by a factor ca. 2. It is pertinent to note that the NLOP values of H4 and Mn will
represent our reference model. The y values of the Hiickel (M&bius) structures with methyl and fluorine
groups as meso-substituents are slightly larger than the H4 (Mn) ones. The maximum y value is 2.82 X
10° a.u. (5.92 x 10°+2.23 x 10° a.u.) and it has been obtained for the Mchs structure. All the
topological switches of Table 2 present important y differences between Hiickel and Mdbius structures,
which lie in the range 4.8 X 10° (McH3_F a VS. HcHa F a) and 1.0 X 10® (MlcHs F c Vs. HchHs F ¢) a.u.
The latter difference value implies ca. 60% of ¥ HcHs_rF_c, emphasizing its potential as optical switches.
The first hyperpolarizability presents large differences between Hickel and Mdbius conformers (three
orders of magnitude), mainly because most of the Huckel conformations present small or null (by
symmetry) S values. The only exceptions are the  of Hcha Fa and Hchs F ¢, with total values of
2.40%x10% and 1.50x10% a.u., respectively. The Mlchs r c structure shows the maximum g value of
Table 2 with 6.21 x 103 a.u. Among the four push-pull models with different distributions of the F and
CHs meso-substituents, the Hiickel (Mobius) structures present similar NLOP values and also similar

NLOP differences between the Huickel and Mdbius conformers. Therefore, the number of the methyl



and fluorine meso-substituents in the porphyrin ring shows a minor role in the NLOP enhancement of

these topological switches.

The methyl and fluorine groups have weak electron-withdrawing and -releasing character,
respectively, and in consequence, they only provoke small modifications in the response to an external
electric field of the expanded porphyrin ring. Then, the next step was to consider the same four push-
pull models, but with a strong electron-withdrawing and -releasing character such as nitro and amino
groups, respectively. The NLOP results of these Hiickel and Mobius conformers are collected in Table
3. An important increase of the optical response properties is observed in the four topological switches
(see also Scheme 3). At M05-2X/6-31G level, the 5 and 7 values of the MnH2 noz_a Structure increase
about 16.0 and 1.6 times, respectively, with respect to their counterparts for Mu. Then, we conclude that
to achieve the NLOP enhancement of this type of porphyrin ring it is more important the nature of the
meso-substituents than their number. According to the results of Table 3, the 8 (7) values range from
—2.65 x 103 (1.42 x 10°) to 2.47 x 10* (4.10 x 10°) a.u. For HnHz no2 a and Mnr2 no2 a, the
nonlinear optical properties have also been evaluated at M05-2X/6-311G(d) level and comparable
results have been obtained, being the differences of 8 and 7 between the two basis sets used, 6-31G and

6-311G(d), smaller than 30%.
(Insert Table 3 around here)

Similarly to the results displayed above, important 8 and  differences (ca. 1 x 10* and 1 x 10°
a.u., respectively) between Hickel and Madbius structures are found in Table 3. In addition, it is

important to remark that M1 and M2 conformers also present non-negligible differences, which open up
a wide array of options for the possibility of a three-level optical switching. For example, the y (,8_)
values of the HnH2 No2 ¢, M1NH2 No2 ¢, and M2nH2 no2 ¢ structures are 2.37 x 10°, 1.92 x 10°, and

3.70 x 10° a.u. (3.92 x 103, 5.00 x 103, and 1.10 x 10* a.u.), respectively. Therefore, a push-pull
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model with strong electron-withdrawing and -releasing groups located on opposite sides of the

expanded porphyrin allows designing an efficient Hiickel-Mobius topological switch.

In order to enhance even more the NLOP performance of these [28]-hexaphyrins, it has been
considered four different m-conjugated links (p-phenylene, phenyl acetylene, pyrrole, and pyrrole
acetylene) between the amino and nitro groups and the expanded porphyrin (see Schemes 4 and 5).
According to the above results, only two meso-substituents (one with electron-withdrawing character
and the other with electron-releasing character) have been added in the skeleton ring. In Table 4, one
can see that the introduction of n-conjugated spacers provokes an important enlargement of the NLOP
values and also their corresponding differences between Hickel and Mdobius structures. For each p-
phenylene, pyrrole, and acetylenes units added as bridges, § and ¥ values increase around 100%. For
instance, in the MccphnH2_ccphnoz a Structure, the obtained 5 and 7 results imply an increment about 62
and 10 times, respectively, with respect to Mn ones. Moreover, the 8 and 7 differences between
MccphnHz ccphnoz a and  HecephnHz cophnoz a conformers are 3.49 x 10* and 5.62 x 10°  a.u.,
respectively, whose values represent an increase by factors ca. 23 and 7, respectively, with respect to the

differences obtained for Mn and HH.

In Table 4, the § () values range from 1.36 x 10* (4.84 x 10°) t0 9.54 x 10* (2.06 x 107) a.u.
and the B (y) differences between Hiickel and Mobius structures range from 3.98 x 103 (1.43 x 10°)
to 4.76 x 10* (7.12 x 10°) a.u. Finally, in the expanded models with the possibility of two different

Mobius conformers, it is worth noting that relevant NLOP variations also are found between them. For
example, the y (E) values of the HcephnHz_cephnoz b, M1ccphnHz_ccphno2z b, and M2ccphnH2_ccPhno2_ b
structures are 1.08 x 107, 8.67 x 10°, and 1.38 x 107 a.u. (4.72 x 10%, 3.10 x 10%, and 5.12 x 10*

a.u.), respectively.

(Insert Table 4 around here)
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Last but not least, it is worth mentioning that for most of the topological switches here studied the
energetic difference between the Hiickel and Mobius conformers is quite small, ca. 3 kcal/mol, and
highly dependent on the meso-substituent, as shown previously.” This indicates that small energetic
variations in these expanded porphyrins can induce important changes in their topological and optical

properties.

4) SUMMARY AND CONCLUSIONS

In this work, we have performed a theoretical study of the electronic and vibrational contributions
to static and dynamic NLOP of the Huckel and Mdobius conformations of the meso-hexakis(2,6-
difluorophenyl)[28]hexaphyrin(1.1.1.1.1.1) synthesized by Sankar et al.}” and seventeen [28]hexaphyrin
models. With the aim of exploring the applicability of these molecules as optical switches and
understanding the main factors that enhance the NLOP of these topological switches, the effect of three
different factors of the meso-substituents were studied: i) their electron-withdrawing or electron -
releasing character; ii) their distribution along the porphyrin ring; and iii) length of the conjugation path.

The results highlight the following points:

a) With an affordable computational cost, a semiquantitative description of the magnitude of the
total @, B, and 7 can be obtained with the evaluation of @(0;0) + @ (0; 0), B°(0;0,0) +
B (—0; ®,0)yn, and 7°(0; 0,0,0) + 7 (—w; ©, —m, ®),, Properties, respectively, at the
CAM-B3LYP/6-31G or M05-2X/6-31G levels of theory.

b) For the NLOP enhancement of these topological switches, it is more important the electronic
nature of the meso-substituent (i.e. electron-releasing or electron-withdrawing) than the
number of meso-substituents in the porphyrin ring.

c) To obtain an expanded porphyrin switch with high NLOP values and important NLOP

differences between the different conformers, it is requested to design a push-pull molecule,
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with meso-substituents containing a m-conjugated link and strong electron-withdrawing and -
releasing groups located on opposite sides of the skeleton ring.

d) The meso-substituted [28]-hexaphyrins can achieve 8 and y values around 1 x 10> and 2 X
107 a.u., respectively, and differences between the Md&hbius and Hiickel conformations around
4 x 10* and 5 x 10° a.u., respectively. Therefore, due to these large differences between the
NLOPs of the Mdobius and Huckel conformations, these expanded porphyrins are excellent

candidates to design new efficient NLOP topological switches.

To conclude, we expect that the theoretical results and conclusions presented in this paper will
motivate the experimental research groups that work in this field to synthesize new topological switches

with optimum NLOP based on the meso-substituted [28]-hexaphyrins studied here.
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Scheme 1: Switching topology scheme between Hickel and Moébius conformers of the meso-substituted [28]hexaphyrins. For more details see

Schemes 2-5.



X1=H, F. CH,

Scheme 2: Representation and nomenclature of Hiickel and Mobius topologies of four different [28]hexaphyrins considered in this work.
22



X2 X3

X4

X6

X5

HCH3_F_a; MCH3_F_a : X1=CHj, X4=F, X2=X3=X5=X6=H

M 1CH3_F_b

M2¢,5 ¢, 1 X3=F, X6=CHg, X1=X2=X4=X5=H

M 1CH3_F_C

IVIZCHS_F_C

HCH3_F_d; MlCH3_F_d : X2=X3=CHj;, X5=X6=F, X1=X4=H

Heps kb . X3=CH,, X6=F, X1=X2=X4=X5=H

Heons £ o . X2=X3=X4=CH,, X1=X5=X6=F

1 X2=X3=X4=F, X1=X5=X6=CH;

M2

cha £ g | X2=X3=F, X5=X6=CHj, X1=X4=H

H

M2 No2 a - K1=NH3, X4=NOy
X2=X3=X5=X6=H
X1=X3=X4=X6=H
M2,112 No2 b © K2=NOy, X5=NH,, X1=X3=X4=X6=H

H

NH2_NO2_a’

H M1

NH2_NO2_b* ' “NH2_NO2_b

M1

NH2_NO2. ¢ ° X2=X3=X4=NH,

X1=X5=X6=N0O,
M2,11r n03 o * X2=X3=X4=NO,, X1=X5=X6=NH,
Hyna no2 d MInna No2 g - X2=X3=NH,, X5=X6=NO,
X1=X4=H
: X2=X3=N0O,, X5=X6=NH, X1=X4=H

NH2_NO2_c?

M2NH2_N02_d
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Table 1: Electronic and nuclear relaxation polarizabilities and first and second hyperpolarizabilities for the Hiickel and Mobius topologies of
meso-hexakis(2,6-difluorophenyl)[28]hexaphyrin(1.1.1.1.1.1) (Hz6rph and Mzerpn) calculated using 4 different levels of theory. All quantities are

in atomic units.

CAM-B3LYP/6-31G CAM-B3LYP/6-311G(d) CAM-B3LYP/6-31+G MO05-2X/6-31G

Properties H26rph M2,6rph H26rph M2,6rph Hzerph 2P Ma2,6Fph ° Hzerph 2P M2,6Fph °
a@¢(0;0) 9.63x10? 9.75x10? 1.02x10° 1.00x10° 1.06x10° 1.05x10° 9.56x10? 9.81x10?
a™(0;0) 1.95x102 1.63x10? 1.83x10? 1.55x102 2.45x10? 2.00x10? 2.13x10? 1.81x10?
£¢(0;0,0) 0.00x10° 1.38x10° 0.00x10° 1.13x10° 0.00x10° 1.47x10° 0.00x10° 1.26x10°

B (0;0,0) 0.00x10° 2.26x103 0.00x10° 3.68x10?
L (—0; @, 0) g 0.00x10° 2.50x10° 0.00x10° 1.87x10° 0.00x10° 1.88x103 0.00x10° 2.91x10°
7€(0;0,0,0) 1.29x10° 1.39x10° 1.21x10° 1.32x10° 1.42x10° 1.53x10° 1.36x10° 1.41x10°

7 (—w; ©,0,0) 00 8.59x10° 1.21x108 8.95x10° 1.19x10°8
7 (—20; ®, ®, 0) 4500 -1.44x10° -1.95x10°  -1.25x10°  -1.85x10°

7 (—0; 0, —0, ®) 450" 1.84x10° 3.69x10° 2.27x10° 3.53x10° 2.05x10° 3.91x10° 1.73x10° 3.81x10°

& (¢(0;0,0), B™(0;0,0), and B (—w;®,0),,, properties are null by symmetry. ® The A" (0;0,0), 7 (—»;®,0,0),,. and
7V (—20; 0, ®,0),. properties have not been evaluated to economize the computational effort. © The [a?] terms were calculated using 3N-6
normal modes instead of the six first (x¥) and harmonic second-order (x5%,,) FICs in order to obtain the correct value for the non-diagonal
elements of the hyperpolarizabilities tensor (see Table | of Ref. 8 for more details). ¢ The [u?a] terms of Y25, ,(—; ®,0,0),. non-diagonal
components are approximate. The exact calculation of such square bracket terms requires using the three non-diagonal )(;j'lar, X2 har» @nd X%,ilar

second-order FICs as well as the six diagonal first-order and harmonic second-order FICs used here (see Table | of Ref. 88 for more details).
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Table 2: Electronic and nuclear relaxation polarizabilities and first and second hyperpolarizabilities for the Hiickel and Md&bius topologies of seven
different [28]hexaphyrin (H, F, CH3, CH3_F _a, CH3 _F b, CH3 F _c, and CH3_ F_d) evaluated at the M05-2X/6-31G level of theory. All
quantities are in atomic units.

Subst.? a€(0; 0) a" (0; 0) B°(0;0,0)° B (—w; ®,0)0n? 79(0;0,0,0) ¥ (~0; 0, =0, ®) g’
HH 5.28x10? 7.87x10* 0.00x10° 0.00x10° 5.59x10° 7.58x10°
MH 5.31x10? 5.14x10* 7.33x10? 8.10x10? 4.48x10° 1.71x10°
He 5.25x10? 7.22x10* 0.00x10° 0.00x10° 7.25x10° 7.65x10°
Mr 5.29x10? 5.18x10* 2.36x10° 9.19x10? 6.27x10° 1.75x10°

Hchs 6.17x10? 2.00x10? 0.00x10° 0.00x10° 8.15x10° 1.06x10°
McHs 6.18x10? 5.88x10* 1.55x10° 1.41x10° 5.92x10° 2.23x10°
HcHs F a 5.57x10? 9.12x10* 1.23x10° 1.17x10° 6.67x10° 8.75x10°
McHs_F a 5.54x10? 6.19x10* 1.24x10° 1.67x10° 5.47x10° 1.48x10°
HcHs F b 5.36x10? 7.36x10* 1.91x10" 2.13x10? 6.02x10° 6.91x10°
M1cHs F b 5.38x10? 5.33x10* 1.20x10° 1.29x10° 5.34x10° 1.55x10°
M2cH3 F b 5.35x10? 5.33x10* -1.04x10° -5.27x10? 5.40x10° 1.47x10°
Hcrs Fc 5.71x10? 7.78x10* 9.10x10? 5.93x10? 7.72x10° 8.81x10°
M1cHs F c 5.78x10? 5.72x10* 3.53x10° 2.68x10° 6.21x10° 2.06x10°
M2cH3 F ¢ 5.67x10? 5.40x10* -2.60x10° -1.64x10° 5.97x10° 1.81x10°
Hcrs F d 5.44x10? 6.61x10* 4.56x10* 2.22x10? 6.26x10° 6.79x10°
M1cHs F d 5.40x10? 5.41x10* 1.98x10° 1.25x10° 6.09x10° 1.53x10°
M2cH3 F d 5.38x10? 5.14x10* -2.49x10° -8.69x10? 5.68x10° 1.41x10°

& For more details of the used nomenclature see Scheme 1. ® Some $¢(0;0,0) and 8™ (—w; ®, 0),_., properties of the Hiickel conformations are
null by symmetry. ¢ The [a?] terms were calculated using 3N-6 normal modes instead of the six first (y§) and harmonic second-order (Xg{gar)
FICs in order to obtain the correct value for the non-diagonal elements of the hyperpolarizabilities tensor (see Table | of Ref. 88 for more details).
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Table 3: Electronic and nuclear relaxation polarizabilities and first and second hyperpolarizabilities for the Hickel and Md&bius topologies of a
[28]hexaphyrin with amino and nitro groups as meso-substituents located in four different distributions around the expanded porphyrin calculated
using the 6-31G and 6-311G(d) basis sets” and the M05-2X functional. All quantities are in atomic units.

Subst.? a¢(0; 0) a™(0;0) B¢(0;0,0) B (—w; w, 0) oo ¥¢(0;0,0,0) ¥V (—w; 0, —, ®) ye®

s NO? o 5.94x10? 2.25x10? 7.89x10° 6.84x10° 9.42x10° 1.28x10°

St (5.99x10?) (2.31x10%) (4.28x10%) (5.91x10%) (7.13x10%) (1.10x10°%)
Mikia NO? & 6.31x10? 1.70x10? 7.71x108 1.70x10* 3.83x10° 2.97x10°

it (6.05x10?) (1.56x10?) (5.88x10%) (1.19x10% (3.80x10%) (2.55x10°)
HnH2_No2_b 5.83x10? 1.82x10? 4.98x10° 7.01x10° 9.81x10° 1.48x106
M1NH2_NO2 b 5.71x10? 1.36x10? 2.47x10° 3.46x10° 7.20x10° 1.57x10°
M2NH2_NO2_b 5.88x102 1.61x10? -3.13x103 4.79x10° 5.35x10° 3.56x10°
HnH2_No2_c 6.46x10? 3.44x10? 8.70x10! 3.83x10° 6.88x10° 1.68x10°
M1NH2_NO2_c 6.66x10? 2.74x10? 1.56x10° 3.44x103 1.19x10° 1.81x10°
M2NH2_No2_c 6.00x10? 2.00x10? 3.24x10° 7.79x10° 1.34x10° 2.36x10°
HnH2_NO2_d 5.90x10? 1.73x10? 3.12x108 5.22x10% 6.41x10° 1.43x10°
M1NH2_NO2_d 6.24x10? 2.21x10? 1.41x10° 1.60x10° 1.39x10° 1.28x106
IM2NH2_No2_d 5.39x10? 1.40x10? -7.25x10° 5.59x10° 6.50x10° 1.27x108

& For more details of the used nomenclature see Scheme 2. ® The values with the 6-311G(d) basis set are in parenthesis. ¢ The [a?] terms were
calculated using 3N-6 normal modes instead of the six first (y{*) and harmonic second-order (x5%,,.) FICs in order to obtain the correct value for
the non-diagonal elements of the hyperpolarizabilities tensor (see Table | of Ref. 88 for more details).
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Table 4: Electronic and nuclear relaxation polarizabilities and first and second hyperpolarizabilities for the Hiickel and Mdobius topologies of six
[28]hexaphyrin with different push-pull meso-substituents located in two different distributions around the expanded porphyrin calculated using
the 6-31G and 6-311G(d) basis sets” and the M05-2X functional. All quantities are in atomic units.

Subst.? ¢ (0;0) a™(0;0) B€(0;0,0)¢ B (—w; w, 0) oo ¥¢(0;0,0,0) ¥V (—w; 0, —, ®) ye®
HphNH2_PhNO?2 7.89x10? 1.79x10? 2.08x10* 7.85x10° 3.62x10° 2.49x10°
MphNH2_PhNO2 8.19x10? 1.38x10? 2.15x10* 1.47x10* 3.50x10° 5.74x10°

HooPhz COPINGR & 9.72x10? 2.52x10? 5.05x10* 1.01x10* 9.73x10° 5.23x10°
- - (9.81x10%) (2.61x10%) (3.06x10%) (3.83x10%) (6.13x10°) (5.23x10°)
Mecphni cepiNoa o 9.84x10? 1.92x10? 4.77x10* 2.28x10* 9.73x10° 1.09x107
- - (9.78x10%) (2.24x10%) (2.83x10%) (1.93x10% (6.54x10°) (9.44x10°)
HcephnHz_ccphnoz b 8.90x10? 1.99x10° 3.59x10* 1.13x10* 6.14x10° 4.64x10°
M1ccphnH2_CCPhNO2_b 8.20x10° 2.10x10? 1.15x10* 1.95x10* 2.09x10° 6.58x10°
M2ccpPhNH2_CCPhNO2_ b 8.64x10° 2.89x10° 2.04x10% 3.08x10* 3.87x10° 9.96x10°
HpyNH2_Pyn02 7.48x10? 2.01x10? 1.27x10* 9.48x10° 2.33x10° 2.51x10°
MpyNH2_PyNO2 7.93x10? 1.80x10? 1.52x10% 2.14x10* 2.68x10° 7.69x10°
HccpyNH2_ccpyNo2_a 8.89x10? 6.00x10? 2.47x10* 1.35x10* 5.11x108 6.63x10°
MccpyNH2_CCPyNO2_a 9.21x10? 4.12x10? 3.09x10* 3.37x10* 6.73x10° 1.21x107
HccpyNH2_ccpyNo2 b 8.27x10? 5.62x10? 1.75x10* 4.37x10* 3.43x10° 9.96x10°
M1ccpyNH2_ccPyNO2_b 7.92x10° 3.94x10? 1.35x10* 1.70x10* 2.17x106 6.79x10°
M2ccprynH2_ccPyNo2_b 8.11x10? 4.23x10? 3.90x103 9.70x103 1.85x10° 1.01x107

3 For more details of the used nomenclature see Scheme 3. ® The values with the 6-311G(d) basis set are in parenthesis. ¢ The [a?] terms were
calculated using 3N-6 normal modes instead of the six first (x{*) and harmonic second-order (x5%,,.) FICs in order to obtain the correct value for
the non-diagonal elements of the hyperpolarizabilities tensor (see Table | of Ref. 88 for more details).
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