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Abstract: In this research, two 4-styrylpyridines carrying an acceptor –NO2 (L1) or a donor –NMe2

group (L2) were axially coordinated to A4 ZnII porphyrins displaying in 5,10,15,20 meso position
aryl moieties with remarkable electron withdrawing properties (pentafluorophenyl (TFP)), and with
moderate to strong electron donor properties (phenyl (TPP) < 3,5-di-tert-butylphenyl (TBP) <

bis(4-tert-butylphenyl)aniline) (TNP)). The second order nonlinear optical (NLO) properties of the
resulting complexes were measured in CHCl3 solution by the Electric-Field-Induced Second Harmonic
generation technique, and the quadratic hyperpolarizabilities βλ were compared to the Density
Functional Theory (DFT)-calculated scalar quantities β||. Our combined experimental and theoretical
approach shows that different interactions are involved in the NLO response of L1- and L2-substituted
A4 ZnII porphyrins, suggesting a role of backdonation-type mechanisms in the determination of the
negative sign of Electric-Field-Induced Second Harmonic generation (EFISH) βλ, and a not negligible
third order contribution for L1-carrying complexes.

Keywords: 4-styrylpyridine; ZnII porphyrins; axial coordination; nonlinear optics; EFISH;
DFT calculations

1. Introduction

Since the beginning of the nineties, organometallic and coordination compounds have been
extensively studied as chromophores for second order nonlinear optical (NLO) applications. Indeed,
the introduction of a metal fragment in an organic environment allows a fine-tuning of its electronic
properties [1]. By changing the electronic configuration, the oxidation state and the coordination sphere
of the metal, new charge transfer (CT) transitions at low energy between the metal and the ligand
(such as ligand-to-metal, LMCT, or metal-to-ligand, MLCT) can occur, enhancing the NLO response [2,3].
A topic of considerable investigation has been the effect of the coordination to a metal center on the
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second order NLO properties of π-delocalized nitrogen-donor push–pull monodentate and chelating
polydentate ligands (such as pyridines [4], bipyridines [5], phenanthrolines [6], and terpyridines [7,8]).
In particular, when the metal center is ZnII, a remarkable enhancement of the second order NLO
response is recorded due to its inductive acceptor strength and its Lewis acid properties [5–8].

4-styrylpyridines have been coordinated to a variety of metal fragments, including carbonyl
moieties [4,9] and metal carbonyl clusters [10]. Through coordination, the modulus of their quadratic
hyperpolarizability β (which is the figure of merit of the second order NLO response) increases
significantly, with a sign that depends on the nature of the substituent in para position. Electron donor
groups lead to positive values, since the second order NLO response is dominated by an intraligand
CT transition (ILCT), whereas electron acceptors result in a negative sign, due to the predominance of
a MLCT transition [4,9].

Indeed, according to the “two-level” model developed by Oudar [11,12], the dipolar contribution
to the quadratic hyperpolarizability β of a molecule depends on the electronic CT transitions of mobile
polarizable electrons. Assuming that only one major CT dominates the second order NLO response,
the component of the tensor β along the CT direction (βCT) is (Equation (1)):

βCT =
3

2h2c2

ν2
egr2

eg∆µeg(
ν2

eg − υ
2
L

)(
v2

eg − 4υ2
L

) , (1)

where υeg is the frequency of the CT transition, reg the transition dipole moment, ∆µeg the difference
between the excited and the ground state dipole moments, and υL the frequency of the incident radiation.
Since all the terms in Equation (1) are positive, the sign of βCT is related to that of ∆µeg, which depends
on the β-dictating CT transition [9]. A useful way to evaluate βCT is solvatochromism [13].

The NLO response of porphyrin-based chromophores has been extensively investigated surveying
traditional substitution patterns as for meso [14–18] and β-pyrrolic [19–21] push–pull arranged systems.
The substituents position, the effect of the central metal atom, the solvent acidity, and the influence
of aggregates formation have been thoroughly studied in such systems. On the contrary, the NLO
properties of axially coordinated metal-porphyrins with both electron-donating and electron-accepting
ligands have been only roughly investigated. Although some studies on electronic properties of
axially coordinated A4 ZnII porphyrins were reported [22–24], only the effect of the coordination of
4-styrylpyridines carrying a –NMe2 donor or a –CF3 acceptor group to the axial position of ZnII, RuII,
and OsII 5,10,15,20-Tetraphenylporphyrin (TPP) complexes was investigated for NLO purpose [25],
with the latter being SHG-inactive due to the presence of a center of symmetry, which is lost by axial
coordination. The lack of the expected increase of the βmodulus of the ligand upon coordination was
attributed to a noticeable axial π-backdonation from the dπ orbitals of the metal to the π* antibonding
orbitals of the pyridine ligand, which is opposite to the σ-donation from the pyridine nitrogen atom to
the metal [26]. Furthermore, for coordination of both 4-styrylpyridines to ZnTPP, the solvatochromic
investigation provided a negative value of ∆µeg, and therefore of βCT, in contrast with the positive
β1907 experimentally measured by the Electric-Field-Induced Second Harmonic generation (EFISH)
technique [27,28]. However, the paper did not fully address this discrepancy and did not provide any
theoretical support to the experimental data.

The EFISH technique allows the determination of the quadratic hyperpolarizability through
Equation (2):

γEFISH = µ0βλ(−2ω;ω,ω)/5kT + γ(−2ω;ω,ω, 0). (2)

µ0βλ(−2ω; ω, ω)/5kT is a quadratic dipolar orientational contribution in which µ0 is the ground
state molecular dipole moment and βλ is the projection along the dipole moment direction of the
vectorial componentβvec of the quadratic hyperpolarizability tensor working at an incident wavelength
λ. γ(−2ω; ω, ω, 0) is a purely electronic cubic contribution that is a third order term at frequencyω of
the incident light, which is usually negligible for asymmetric dipolar chromophores. However, for
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some A4 ZnII porphyrins with a substituent in β-pyrrolic position, it was recently shown that this
approximation cannot be made [21].

βCT and βλ can be safely compared when the direction of the CT and of the dipole moment are
almost coincident, as for 4-styrylpyridines axially coordinated to ZnTPP.

The purpose of the present research is to deepen the previous investigation [25] by considering
from both an experimental and a theoretical point of view the impact that A4 ZnII porphyrin cores
with different electron density might have on the second order NLO properties of 4-styrylpyridines
bound in axial position.

As ligands, we have chosen an acceptor –NO2 (L1) and a donor –NMe2 group (L2) (Figure 1),
equipped with a strong electron withdrawing –NO2 and a strong electron donor –NMe2 group,
respectively. The arrows emphasize the direction conventionally assumed for the ground state dipole
moment (from the negative to the positive pole of the molecule, Figure S1), which is opposite to the
CT direction.
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In order to have a comprehensive understanding of the role of the metal complex, four A4 ZnII

porphyrin cores with increasing electron density were selected (Figure 1). More in detail, the ZnII

porphyrins display in 5,10,15,20 meso position aryl moieties with remarkable electron acceptor properties
(pentafluorophenyl (TFP)), and with moderate to strong electron donor properties (phenyl (TPP) <

3,5-di-tert-butylphenyl (TBP) < bis(4-tert-butylphenyl)anilines) (TNP)).
L1 and L2 have been coordinated to all the four porphyrin cores, and their EFISH quadratic

hyperpolarizabilities βλ have been compared to the Density Functional Theory (DFT)-calculated
scalar quantities β||, which derive from the full β tensor and correspond to 3/5 times βλ (β|| = (3/5)
Σi(µiβi)/µ, where βi = (1/5) Σj(βijj + βjij + βjji)) [29]. Our combined experimental and theoretical
approach sheds light on the different interactions involved in the second order response of L1 and L2
axially coordinated to A4 ZnII porphyrins, suggesting a role of backdonation-type interactions in the
determination of the negative sign of EFISH βλ, and a not negligible third order contribution to the
second order NLO response for L1-substituted complexes.

2. Results and Discussion

2.1. Synthesis of L1 and L2 Axially Substituted A4 ZnII Porphyrins

The fabrication of push–pull porphyrin systems showing a meso-substitution pattern on
5,15-positions is commonly known far from being trivial. Indeed, the asymmetric 10,20-diaryl
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substituted porphyrin core requires two reaction steps to be achieved and the further insertion
of electron-donating and accepting pendants in 5,15-meso positions involves a tedious multistep
pathway [30]. Instead, the β-pyrrolic substituted porphyrins, consisting of a more symmetric
tetraaryl-substituted porphyrin core, are promptly accessible through a one-pot cyclo-condensation
step among pyrrole and selected aldehydes [31,32]. However, the functionalization of β-pyrrolic
positions and the subsequent introduction of proper substituents complicates the synthetic route [33,34].

Since the synthetic strategy of axially coordinated porphyrins is of a great value, the poor interest
devoted on such class of porphyrins is quite surprising. Their fabrication relies on a less demanding
synthetic strategy than that of β- and meso-substituted porphyrins by involving three effective and
straightforward steps (Scheme 1): (a) cyclization of the core; (b) metalation; (c) axial coordination
of metal center with proper ligands. As for β-pyrrolic substituted derivatives, the symmetric
tetraaryl-substituted porphyrin core is easily attainable. Further, the coordination metals are typically
inserted in the tetrapyrrolic core to quantitatively yield the desired metal complex. Finally, proper
ligands can be successfully connected to the metal porphyrins by a simple axial-coordination step.
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Scheme 1. Schematic synthetic pathway for the preparation of A4 ZnII porphyrins axially coordinated
with 4-styrylpyridine ligands.

Except TPP, which was purchased from chemical vendors, the investigated free-base porphyrins
TBP [30] and TFP [35] were synthesized as reported elsewhere. The acid-catalyzed Lindsey
method [36] to prepare a porphyrin ring from aldehyde and pyrrole was adapted to the desired
macrocycles. The following metalation step quantitatively determined the ZnII-complexes by refluxing
the corresponding free-base porphyrin with Zn(OAc)2 in CHCl3. TBP was successfully obtained
(43% yield) from pyrrole and 3,5-di-tert-butyl-benzaldehyde in CH2Cl2 with trifluoroacetic acid (TFA)
as catalyst and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as oxidant before undergoing a
metalation step [30]. TFP synthesis instead required a BF3·OEt2-catalyst in anhydrous CH2Cl2 to
enable the condensation between pyrrole and pentafluorbenzaldehyde, and refluxing the solution
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to oxidize the macrocyclic ring (61% yield)
before the subsequent zinc complexation [35,37]. Unlike TBP and TFP porphyrins, TNP nucleus was
only obtained as Zn-complex from the following preparation strategy. A first cyclization step from
p-bromobenzaldehyde and pyrrole yielded the p-bromophenyl substituted porphyrin core which was
subsequently coordinated with a ZnII metal ion. A multiple Buchwald–Hartwig amination of the
resulting metal-porphyrin successfully provided the ZnTNP metal complex [38].

While the electron-donating ligand L2 was purchased, the electron-accepting ligand L1 was
designed and synthesized with the purpose of combining their electronic effect with the above-
mentioned electron-deficient and electron-rich porphyrins. L1 was obtained by adapting an elsewhere
reported procedure for similar stilbazole-based ligands [10] (see Supporting Information). Finally,
L1 and L2 were coupled with the four ZnIIporphyrins TPP, TBP, TNP, and TFP by refluxing CH2Cl2
solutions of the proper components from 3 h to 72 h depending on the specific combinations between
porphyrin and ligands.

Axial coordination enabled to address the main issues related to the poor overall reaction yields of
fabrication of porphyrins with more complicated architectures. The synthetic efforts indeed were largely
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reduced by overcoming the more sensitive steps, namely, the functionalization and the subsequent
covalent bonds formation at the periphery of porphyrin rings.

Thus, the trivial structural engineering demands of axially coordinated porphyrins allowed
us to provide a prompt access to a large array of chromophores, offering a reasonable basis for a
comprehensive screening of their NLO properties.

2.2. 1H-NMR and UV–Vis Spectroscopy

The 1H-NMR spectra of the axially substituted A4 ZnII porphyrins show a remarkable shielding
effect for the protons in α-position of the pyridine nitrogen atom of the ligand, due to the local magnetic
cone produced by the anisotropic interaction of the π-conjugated system of the porphyrin core with the
magnetic field. For example, for free L1 in CDCl3, they are at 8.59 ppm (Figure S2), and they downshift
to 3.74 for ZnTPP-L1 (Figure S3), 4.39 ppm for ZnTBP-L1 (Figure S4), and 2.44 ppm for ZnTFP-L1
(Figure S5). A comparable shift was reported for the axial coordination to ZnTPP of a ligand analogous
to L1, but with a –CF3 instead of a –NO2 group (4.43 ppm) [25].

Moreover, the 1H-NMR spectra show that the axial coordination of the 4-styrylpyridine to the
porphyrin occurs with retention of the (E)-configuration of the double bond of the ligand. Indeed,
the coupling constant between the olefinic hydrogens is 16.0 Hz, as expected for a trans arrangement.

Finally, some 1H-NMR signals appear broadened, as typically observed after complexation of
free-base porphyrins with metals and with the axial coordination of pyridine ligands [39].

We investigated L1, L2, and the axially coordinated ZnII porphyrins by UV–Vis absorption
spectroscopy. The spectra in CHCl3 solution are reported in the Supporting Information (Figures S6–S10),
while the corresponding experimental data are summarized in Table 1.

Table 1. Electronic absorption data in CHCl3 solution of ligands acceptor –NO2 (L1) and donor –NMe2

(L2) and of the axially coordinated A4 ZnII porphyrins.

Compound Ligand Band
λmax (nm)

Soret or B Band
λmax (nm)

QIV Band
λmax (nm)

QIII Band
λmax (nm)

QII Band
λmax (nm)

QI Band
λmax (nm)

L1 332
L2 376

TFP 412 506 583 637 657
ZnTFP 419 551 584

ZnTFP-L1 321 419 551 585 627
ZnTFP-L2 419 480 550 585 617

TPP 418 515 550 589 646
ZnTPP 422 553 594

ZnTPP-L1 319 421 553 594
ZnTPP-L2 422 553 594

TBP 421 518 554 592 648
ZnTBP 424 552 595

ZnTBP-L1 329 424 552 595
ZnTBP-L2 372 424 552 595

ZnTNP 306 438 559 605
ZnTNP-L1 310 433 559 603
ZnTNP-L2 305 434 559 603

L1 and L2 show one electronic absorption band due to a π→π* internal transition for the former,
whereas a n→π* ILCT transition from the –NMe2 donor end to the pyridine ring for the latter [10,40,41].

The UV–Vis spectra of the free porphyrins and of the corresponding ZnII complexes display
the typical pattern expected on the basis of the Gouterman’s “four orbital model” [42]: an intense
(ε ~ 105 M−1 cm−1) Soret or B band at about 412–440 nm, due to the S0→S2 transition (from the
ground to the second excited state), and four (for free bases) or two (for the ZnII complexes) weaker
(ε ~ 104 M−1 cm−1) Q bands in the range 500–660 nm, due to S0→S1 transitions (from the ground to
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the first excited state). The complexation to the metal ion induces a slight bathochromic shift of the B
band (3–7 nm; 168–406 cm−1). A similar red shift occurs for the QIII and QII bands in ZnTPP and for
the QII band in ZnTBP. Conversely, for the electron-poor TFP core, the QIII and QII bands experience a
remarkable hypsochromic shift (30–50 nm; 996–1425 cm−1) after complexation to ZnII.

Despite the reported red shift of the B and particularly of the Q bands in a ZnTPP series
with donor moieties in axial position [43,44], the UV–Vis spectra of the axially substituted ZnII

porphyrins investigated here match those of the unsubstituted complexes. ZnTNP-L1 and ZnTNP-L2
are exceptions since they show a slight blue shift of the B (4–5 nm; 210–264 cm−1) and of the QII (2 nm;
55 cm−1) band in comparison to ZnTNP.

When a 4-styrylpyridine is coordinated in axial position of a metal porphyrin, three possible
interactions can occur (Figure 2): (i) an axial σ-donation from the pyridine nitrogen atom to the
metal center, when R is a donor group [26]; (ii) an axial π-backdonation from the dπ orbitals of the
metal to the π* antibonding orbitals of the 4-styrylpyridine ligand, when R is an acceptor group [26];
and (iii) a peripheral π-backdonation from the dπ orbitals of the metal to the π* orbitals of the
porphyrin ring [43,44].

Inorganics 2020, 8, x FOR PEER REVIEW 6 of 13 

excited state). The complexation to the metal ion induces a slight bathochromic shift of the B band 
(3–7 nm; 168–406 cm−1). A similar red shift occurs for the QIII and QII bands in ZnTPP and for the QII 
band in ZnTBP. Conversely, for the electron-poor TFP core, the QIII and QII bands experience a 
remarkable hypsochromic shift (30–50 nm; 996–1425 cm−1) after complexation to ZnII. 

Despite the reported red shift of the B and particularly of the Q bands in a ZnTPP series with 
donor moieties in axial position [43,44], the UV–Vis spectra of the axially substituted ZnII 
porphyrins investigated here match those of the unsubstituted complexes. ZnTNP-L1 and ZnTNP-
L2 are exceptions since they show a slight blue shift of the B (4–5 nm; 210–264 cm−1) and of the QII (2 
nm; 55 cm−1) band in comparison to ZnTNP. 

When a 4-styrylpyridine is coordinated in axial position of a metal porphyrin, three possible 
interactions can occur (Figure 2): (i) an axial σ-donation from the pyridine nitrogen atom to the 
metal center, when R is a donor group [26]; (ii) an axial π-backdonation from the dπ orbitals of the 
metal to the π* antibonding orbitals of the 4-styrylpyridine ligand, when R is an acceptor group 
[26]; and (iii) a peripheral π-backdonation from the dπ orbitals of the metal to the π* orbitals of the 
porphyrin ring [43,44].  

 
Figure 2. Possible interactions in axially substituted metal porphyrins. 

When R is a donor group, σ-donation prevails with an accumulation of electron density on the 
metal center, which can be dissipated from the metal to the porphyrin core through peripheral d-π* 
backdonation. As a result, a red shift of the absorption spectrum of the axially substituted metal 
porphyrin is expected in comparison to the unsubstituted one [43,44]. The lack of such a 
bathochromic shift in the spectra of our axial complexes suggests a significant role of the axial π-
backdonation from ZnII to the ligand, thanks to the energetically available π* antibonding orbitals 
of the 4-styrylpyridine. Therefore, the competition between peripheral and axial backdonation 
flattens out any spectroscopic effect that an axial coordination may produce. 

2.3. Experimental and Theoretical Investigation of the Second Order NLO Properties 

We performed EFISH measurements of L1, L2, and of the axially substituted A4 ZnII 
porphyrins on a 10−3 M solution in CHCl3 with a 1907 nm incident wavelength. Ground state dipole 
moments (μ0) and β|| (that is equal to 3/5 β1907) were computed by Density Functional Theory (DFT) 
and Coupled Perturbed DFT (CP-DFT) M06-2X/6-311G (d) calculations. The details on both 
methodologies are in the Materials and Methods Section, and Table 2 collects the data. 

Table 2. Experimental Electric-Field-Induced Second Harmonic generation (EFISH) μ0β1907 values 
(10−3 M solution in CHCl3), and theoretical μ0 and β|| values of ligands L1 and L2 and of the axially 
coordinated A4 ZnII porphyrins. 

Compound μ0β1907 μ0 calc (μ0 EF a) β1907 (β1907 EF b) β|| (β|| EF d) 

Figure 2. Possible interactions in axially substituted metal porphyrins.

When R is a donor group, σ-donation prevails with an accumulation of electron density on the
metal center, which can be dissipated from the metal to the porphyrin core through peripheral d-π*
backdonation. As a result, a red shift of the absorption spectrum of the axially substituted metal
porphyrin is expected in comparison to the unsubstituted one [43,44]. The lack of such a bathochromic
shift in the spectra of our axial complexes suggests a significant role of the axial π-backdonation from
ZnII to the ligand, thanks to the energetically available π* antibonding orbitals of the 4-styrylpyridine.
Therefore, the competition between peripheral and axial backdonation flattens out any spectroscopic
effect that an axial coordination may produce.

2.3. Experimental and Theoretical Investigation of the Second Order NLO Properties

We performed EFISH measurements of L1, L2, and of the axially substituted A4 ZnII porphyrins
on a 10−3 M solution in CHCl3 with a 1907 nm incident wavelength. Ground state dipole moments (µ0)
and β|| (that is equal to 3/5 β1907) were computed by Density Functional Theory (DFT) and Coupled
Perturbed DFT (CP-DFT) M06-2X/6-311G (d) calculations. The details on both methodologies are in
the Materials and Methods Section, and Table 2 collects the data.
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Table 2. Experimental Electric-Field-Induced Second Harmonic generation (EFISH) µ0β1907 values
(10−3 M solution in CHCl3), and theoretical µ0 and β|| values of ligands L1 and L2 and of the axially
coordinated A4 ZnII porphyrins.

Compound µ0β1907
(×10−48 esu)

µ0 calc (µ0 EF a)
(D)

β1907 (β1907 EF b)
(×10−30 esu)

β|| (β|| EF d)
(×10−48 esu)

L1 +310 2.67 +116 11
ZnTFP-L1 −1680 0.29 nd c

−3
ZnTPP-L1 −540 0.36 nd 7
ZnTBP-L1 −880 0.68 nd 7
ZnTNP-L1 −733 0.70 nd 12

L2 +250 6.59 +38 d 37
ZnTFP-L2 −980 10.63 (1.61) −92 (2.42) 75 (2.0)
ZnTPP-L2 −280 9.84 (1.49) −28 (0.74) 65 (1.75)
ZnTBP-L2 −860 9.64 (1.46) −89 (2.34) 64 (1.73)
ZnTNP-L2 −606 9.31 (1.41) −65 (1.71) 60 (1.62)

a µ0 EF = µ0,complex/µ0,L2. b β1907 EF = β1907,complex/β1907,L2. c nd = not determined. d β1907 = +35 × 10−30 esu from
Reference [10]. d β|| EF = β||,complex/β||,L2.

It should be noted that µ0 of L1 is significantly greater than that computed, at the same level
of the theory, for the previously investigated 4-styrylpyridine carrying a –CF3 instead of a –NO2

group [10] equal to 0.44 D. Moreover, the dipole of L2 is comparable to the one previously obtained by
HF/6-311++G** calculations (6.06 D) [4].

Upon coordination to the axial position of the ZnII porphyrins, an increase of the µ0 value of L2
occurs, with enhancement factors (µ0 EF = µ0,complex/µ0,ligand) in the range of 1.41–1.61. The computed
µ0 are substantially the same regardless of the porphyrin core, suggesting that, when the σ-donation by
the donor-substituted 4-styrylpyridine is remarkable, the core acts as a buffer of the metal ion electron
density through the peripheral d-π* backdonation mechanism (Figure 2). Accordingly, a closer look at
the axial complexes with L2 shows that the µ0 and µ0 EF values follow the trend based on the different
electron properties imparted to the porphyrin macrocycles by the substituents in 5,10,15,20 meso
positions. As the core becomes more electron-poor (ZnTNP < ZnTBP < ZnTPP < ZnTFP), its ability to
dissipate the metal ion electron density by peripheral backdonation increases slightly, pushing up µ0

and µ0 EF.
On the other hand, when L1 is coordinated to the axial position of the ZnII porphyrins, the µ0

values experience a huge decrease and essentially vanish for all the compounds. This is quite surprising
since for the ligand similar to L1, carrying a –CF3 instead of a –NO2 acceptor group, coordination to
ZnTPP led to a remarkable increase of µ0 [25]. Apparently, in the present case, the higher electron
acceptor properties of the –NO2 moiety (Hammett σpara = 0.78 vs. 0.54 for –CF3) [45] result into
the quasi-cancellation of the ground state dipole moment of the axially coordinated Zn porphyrins.
This could be ascribed to the axial π-backdonation from the metal towards the pyridinic nitrogen
atom (see Figure 1), counteracting the polarity (from –NO2 to Npy) of the free ligand in the same way
as described for 4-nitropyridine-1-oxide in comparison to 4-nitropyridine [46]. The µ0 of ZnTFP-L1,
which is the lowest among the series, supports this hypothesis, since the pentafluorophenyl rings
in meso position impart a significant electron depletion to the core, thus enhancing the Lewis acid
properties of the ZnII ion.

The axial coordination of L2 to ZnII porphyrins maintains and emphasizes the ground state charge
distribution in agreement with an enhancement of the polarity (from Npy to –NMe2) in comparison to
the free ligand. The opposite relative orientation of the ligands’ dipole moment with respect to the
metal-porphyrins reflects also into significantly different Zn–Npy distances, which are longer by about
0.02 Å for the L1-complexes with respect to the L2 ones (Table S1).

In agreement with the above considerations, the calculatedβ|| values for L2-complexes are positive,
because the second order NLO response of L2 is dominated by a n→π* ILCT transition along the dipole
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moment axis, which is enhanced by σ donation to the ZnII porphyrin core. As expected [6], the β||

value of L2 increases upon coordination, with enhancement factors (β|| EF = β||,complex/β||,ligand) that
are in the range of 1.62–2.0 and follow the trend of the µ0 EF.

On the other hand, in accordance with the quasi-null µ0, the values of β|| computed for the ZnII

porphyrins with axially coordinated L1 are very low and with no enhancement in comparison to the
free ligand, as expected for a significant axial π-backdonation. Furthermore, when L1 is in combination
with ZnTFP, CP-DFT calculations provide a β|| with a negative sign, associated with an inversion of the
dipole moment direction thanks to the very electron-poor porphyrin core.

The experimental EFISH β1907 of L1 and L2 are positive, as expected, and the value recorded for
L2 is in nice agreement with the computed β|| and with the experimental value already reported in
the literature [10].

Conversely, all the axial porphyrins display a negative EFISH second order NLO response in
accordance to the former research that reported a negative βCT (provided by solvatochromism)
for the coordination to ZnTPP of L2 and of the ligand similar to L1, but with a –CF3 instead of a
–NO2 group [25].

Since a negative value of βCT (and of β1907) arises from a negative ∆µeg (Equation (1)), the CT
transition mainly responsible for the second order NLO response of our ZnII porphyrins with L1 and
L2 in axial position leads to a decrease of the excited state dipole moment in comparison to the ground
state one.

Thus, for L2-substituted complexes, we ought to assume that the key role in the determination of
the sign of the EFISH response is played by the peripheral d-π* backdonation (Figure 2), which favors
a charge dissipation on the π-delocalized system of the porphyrin macrocycle, with a lowering of the
dipole moment in the excited state. Moreover, our data confirm that no enhancement of the β1907 of L2
occurs for coordination to ZnTPP (Table 2 and Reference [25]), whereas its second order NLO response
increases when it is in axial position of the other ZnII porphyrins, reaching the highest absolute value
in combination to the most electron-poor core (ZnTFP). This is in agreement with an axial interaction
mainly dominated by σ-donation, followed by peripheral backdonation, as discussed also for the
dipole moments.

The interpretation of the high and negative µβ1907 data for the axial complexes with L1 is more
intriguing. A low µ0 is not inconsistent with a high quadratic hyperpolarizability, since the latter
depends on ∆µeg (Equation (1)). Therefore, even when µ0 is small, a high value of the excited state
dipole moment is enough to reach a significant second order NLO response. However, when the µ0 of
the solute is negligible, the EFISH technique is hardly feasible.

Very recently, some of us reported a not negligible contribution to γEFISH of the third order term
γ(−2ω;ω,ω,0) in Equation (2) for some A4 ZnII porphyrins with a substituent in β-pyrrolic position [21].
In particular, CP-DFT calculations provided large and negative γ|| values (γ|| = γ(−2ω;ω,ω,0)) for
two chromophores having µ0 = 0.6 D, which is of the same order of magnitude as the ones of the
L1-substituted axial porphyrins investigated here. Hence, we suggest that the EFISH second order NLO
response of the latter might be affected by a significant and negative contribution of the electronic third
order cubic term, which exceeds the value of the dipolar orientational contribution µ0βλ/5kT. Therefore,
apparently, coordination of a 4-stryrylpyridine with a strong electron withdrawing group in the axial
position of an A4 ZnII porphyrin, being dominated by axial π-backdonation, leads to a quasi-null
dipole moment, and therefore, to a chromophore with important third order properties. The very high
value recorded for ZnTFP-L1, albeit the lowest dipole moment within the series, is unexpected and
prompts us to deepen the present investigation with further DFT calculations and Third Harmonic
Generation (THG) measurements, which will be the topic of another paper.
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3. Materials and Methods

3.1. General

All reagents and solvents were purchased from Sigma-Aldrich (Merck Life Science S.r.l., Milan,
Italy) and used as received, except for NEt3 (freshly distilled over KOH) and CH2Cl2 anhydrous for
the synthesis of TFP (freshly distilled over CaH2). Milli-Q water was collected from the Millipore
apparatus, equipped with 0.22 µm filters. Glassware was flame-dried under vacuum before use
when necessary. Microwave assisted reactions were performed using a Milestone Micro-SYNTH
instrument (Milestone Srl, Sorisole, Italy). Silica gel for gravimetric chromatography (Geduran Si
60, 63–200 µm) and for flash chromatography (Kieselgel 60, 0.040–0.063 mm) were purchased from
Merck (Merck KGaA, Darmstadt, Germany). 1H-NMR spectra were recorded on a Bruker AMX 300
and on a Bruker Avance DRX-400 (Bruker Italia S.r.l., Milan, Italy) in CDCl3 or in THF-d8 to enhance
resolution (Cambridge Isotope Laboratories Inc., Tewksbury, MA, USA). Elemental analyses were
carried out with a Perkin-Elmer CHN 2400 instrument in the Analytical Laboratories of the Department
of Chemistry at the University of Milan. Electronic absorption spectra were recorded in CHCl3
solution at room temperature on a Shimadzu UV 3600 spectrophotometer (Shimadzu Corporation,
Kyoto, Japan). The starting A4 ZnII porphyrin complexes were prepared as reported in literature [30].
The experimental details on the synthesis and characterization of the investigated axial compounds are
reported in the Supplementary Materials.

3.2. EFISH and THG Measurements

The second order NLO responses of the axially coordinated A4 ZnII porphyrins with L1 and
L2 ligands were measured by the EFISH technique [27,28] in the Department of Chemistry of the
University of Milano (Milano, Italy) through a prototype apparatus made by SOPRA (Paris, France).
For each chromophore, measurements were performed on freshly prepared solutions in CHCl3 at
10−3 M concentration. The 1907 nm laser incident wavelength was chosen because its second harmonic
(at 953 nm) is far enough from the absorption bands of the chromophores to avoid possible enhancement
of the second order NLO response due to resonance effects. The incident beam was obtained by Raman
shifting of the 1064 nm emission of a Q-switched Nd:YAG laser in a high-pressure hydrogen cell
(60 bar). A liquid cell with thick windows in the wedge configuration was used to obtain the Maker
fringe pattern originated by the harmonic intensity variation as a function of the liquid cell translation.
In the EFISH experiments, this incident beam was synchronized with a direct current field applied
to the solution, with 60 and 20 ns pulse duration, respectively, in order to break its centrosymmetry.
The comparison of the harmonic signal of the chromophore solution with that of the pure solvent
allowed the determination of its second order NLO response (assumed to be real because the imaginary
part was neglected). The µ0β1907 values reported in Table 2 are the mean values of 12 successive
measurements performed on the same sample and are defined according to the “phenomenological”
convention [47]. The experimental error on the EFISH measurements is 10–15%.

3.3. Computational Calculations

Geometry optimizations were performed with the 6-311G(d) basis set using the M06 functional [48]
due to its specific parametrization on organometallic complexes. Using the same basis set, SHG first
hyperpolarizabilities, i.e., the β(–2ω; ω, ω) tensors, were computed within the Coupled Perturbed
Kohn–Sham (CPKS) approach at the same frequency (1907 nm) used in the EFISH experiments.
The M06-2X functional [48], which has been recently recommended for hyperpolarizability calculations
of mid-size chromophores [49], was adopted for β calculation. The same functional was used for
determining the dipole moments µ0. A pruned (99,590) grid was selected for computation and use of
two-electron integrals and their derivatives. To get a meaningful comparison with the experimental
data, the scalar quantity β|| was derived from the full tensors β; β|| corresponds to 3/5 times βλ,
the projection along the dipole moment direction of the vectorial component of the β tensor, that is
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β|| = (3/5) Σi(µiβi)/µ, where βi = (1/5)Σj(βijj + βjij + βjji) [29]. All Density Functional Theory (DFT)
calculations were performed using the Gaussian16 suite of programs [50].

4. Conclusions

Two 4-styrylpyridines carrying an electron acceptor –NO2 (L1) or an electron donor –NMe2

group (L2), respectively, were axially coordinated to A4 ZnII porphyrins with aryl moieties
of increasing electron density in 5,10,15,20 meso position: pentafluorophenyl (TFP) < phenyl
(TPP) < 3,5-di-tert-butylphenyl (TBP) < bis(4-tert-butylphenyl)aniline (TNP). The EFISH quadratic
hyperpolarizabilities βλ were measured and compared to the DFT-calculated scalar quantities β||.
Our combined experimental and theoretical approach sheds light on the different interactions involved
in the second order response of L1 and L2 axially coordinated to A4 ZnII porphyrins, suggesting a role
of backdonation-type interactions in the determination of the negative sign of EFISH βλ, and a not
negligible third order contribution to the second order NLO response for L1-substituted complexes.

An increase of the ground state dipole moment of L2 occurs upon coordination, and the computed
µ0 values are the same regardless of the macrocycle, suggesting a remarkable axial σ-donation from
the pyridine nitrogen atom to the metal center, with an accumulation of electron density on this latter,
which can be dissipated through a peripheral metal→porphyrin dπ-π* backdonation.

On the other hand, when L1 is coordinated to the axial position of the ZnII porphyrins, the µ0

values essentially vanish, as expected for a significant axial π-backdonation from the metal towards
the pyridine nitrogen atom, counteracting the polarity (from –NO2 to Npy) of the free ligand.

In accordance, the computed β|| for L2 and the corresponding axial complexes are positive, with an
enhancement upon coordination, while the quasi-null µ0 of the ZnII porphyrins with L1 produces very
low β|| values and with no enhancement in comparison to the free ligand. Moreover, when L1 is in
combination with the most electron-poor core of the series (ZnTFP), CP-DFT calculations provide a β||

with a negative sign.
The EFISH measurements confirm a positive β1907 for L1 and L2, whereas all the axial porphyrins

display a negative second order NLO response in accordance to the negative βCT reported in a previous
research for the coordination to ZnTPP of L2 and of the ligand similar to L1, but with a –CF3 instead of a
–NO2 group [26]. Hence, we suggest that for L2-substituted complexes, the key role in the determination
of the sign of the EFISH response is played by the peripheral d-π* backdonation, which leads to a
decrease of the excited state dipole moment in comparison to the ground state one.

For L1-substituted complexes, the striking contrast between the almost vanishing µ0 and the high
and negative µβ1907 data prompts us to suggest that the EFISH second order NLO response might be
affected by a significant and negative contribution of the electronic third order cubic term γ(−2ω;ω,
ω, 0) to γEFISH, overwhelming the dipolar orientational contribution µ0βλ/5kT. Therefore, apparently,
the coordination of a 4-stryrylpyridine with a strong electron withdrawing group in the axial position
of an A4 ZnII porphyrin, being dominated by axial π-backdonation, originates a chromophore with
important third order properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/8/8/45/s1:
the synthesis and characterization of L1 and of the axially substituted ZnII porphyrins; the 1H-NMR spectra;
the UV–Vis spectra in CHCl3 solution; the optimized geometry of L1 and L2; the computed distances between Zn
and the pyridine nitrogen atoms.
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