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A B S T R A C T   

We prepared and investigated the SHG behavior in the solid state of the two isomorphic Nickel and Copper 
5,10,15,20-tetraphenylporphyrinate, that crystallize in the same acentric I42d space group. The compounds were 
synthesized and characterized, and the Second Harmonic Generation (SHG) response of powdered samples was 
measured employing a 1.907 μm pulsed laser radiation. During laser irradiation, for both compounds, a gradual 
increase of the intensity of the SH signal was observed until, after a few minutes, it reached a plateau of about 
fifty times (for the Ni-TPP) or ten times (for the Cu-TPP) the initial value. We attempted to understand the origin 
of this phenomenon both through experimental analysis and theoretical calculations. Absorption and vibrational 
spectroscopies, in solution and solid state, combined with powder X-ray diffraction, both before and after irra
diation, do not evidence any chemical degradation, phase transition or amorphization process. Theoretical 
calculations on little fragments of the Ni/Cu-TPP structure simulate appropriately the structural features of the 
complexes and their initial experimental SHG response. Magnetic balance measurement in the solid state before 
and after irradiation, in conjunction with DFT/B3LYP optimization of excited spin states and TDDFT calculations, 
highlight a change in the electronic and/or spin state due to the irradiation of the complexes.   

1. Introduction 

Bio-imaging experiments provided many structural, functional and 
mechanistic insights into biological processes at different levels of or
ganization: tissue, cellular, and subcellular levels [1]. In particular, 
two-photon microscopy [1–3], of which Second Harmonic Generation 
(SHG)-based microscopy is an example, revolutionized the bio-imaging 
field by enabling non-invasive, high-resolution imaging of living sam
ples in real time [4]. SHG microscopy is used in several applications, for 
example in probing cell–cell interactions, in scrutinizing cellular 
morphology, and even in recording waves of electrochemical activity of 
neurons in real time [1,2,5]. Moreover, since the observed signal scales 
with the square of the intensity of the incident light, the SHG microscopy 
provides excellent spatial resolution [4]. 

The SHG microscopy requires suitable nanoprobes, i.e. nanoparticles 
able to generate an SH signal at exactly half the wavelength of the 
incoming radiation [4]. Contrary to the probes that exploit fluorescence, 

since the signal is based on scattering rather than absorption, the SHG 
probes neither bleach nor blink, and the signal does not saturate with 
increasing illumination intensity [6]. This in principle permits to follow 
a biological process for a long time and, for this reason, the SHG-based 
nanoprobes are successfully employed for biological in vitro [7–10] and 
in vivo imaging [11]. 

In the last decades, for biological applications of SHG microscopy, 
several organic molecules were studied, since they are more bio- 
compatible with respect to inorganic compounds. In order to obtain 
high sensitivity and resolution in SHG microscopy, molecules with an 
electron-density distribution that can be highly distorted under the in
fluence of an optical field (high hyperpolarizabilities) are required [4]. 
Unfortunately, the organic molecules studied to date generally show 
only modest hyperpolarizabilities, limiting their use in bio-imaging. 

Porphyrins are macrocyclic heterocyclic organic compounds that 
were widely studied as biosensors, due to their fluorescence properties 
[12–15]. Porphyrins possess a prominent π-electron delocalization, 
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which can achieve a significant enhancement of hyperpolarizability by 
metal insertion at the ring center or by functionalization of the molecule 
at the peripheral positions [22]. For this reason, they show also inter
esting Non Linear Optical (NLO) properties, particularly Second (SHG) 
and Third (THG) Harmonic Generation in solution or encapsulated in 
polymers [16–20] and were already considered for NLO bio-imaging 
[21,22]. At our knowledge, up to now the SHG behavior of porphyrins 
and their derivatives at the solid state was not studied in depth. 

Mandatory for a crystalline material to display the SHG property, is 
the absence of the inversion center in the crystal structure and also to 
eschew some special combination of symmetry elements [23]. 

In our previous work [24], we studied the SHG behavior of powdered 
samples of the Cobalt 5,10,15,20-tetraphenylporphyrinate (Co-TPP), 
that crystallizes in the acentric I42d space group. We observed a peculiar 
response, i. e. during a Nd:YAG pulsed laser irradiation a gradual in
crease of the intensity of the SH signal was observed, until it reached a 
plateau of about fifty times the initial value. The enhancement of the 
SHG efficiencies of the Co-TPP complex is imputable to an electronic or 
spin transition, that occurs when the Co-porphyrinate is irradiated. 

In order to enhance the comprehension of the phenomenon, in this 
work we decided to study the SHG behavior of Nichel- and Copper- 
5,10,15,20-tetraphenylporphyrinates (NiTPP and CuTPP, respectively, 
Scheme 1), that are isomorphous (i.e. same crystal structure) with 
CoTPP and show the same peculiar SHG behavior. 

We synthesized and characterized the two compounds with single 
crystal (XRD) and powder (XRPD) X-ray diffraction, UV–Vis, and IR 
spectroscopy in solution and solid state, EPR spectroscopy, magnetic 
balance, and we measured the SHG response of powdered samples with 
a 1.907 μm pulsed laser radiation. Furthermore, theoretical calculations 
were performed at the B3LYP/ 6–31G(d) level of theory on fragments of 
the crystal structure, in order to estimate the first-order static hyper
polarizability and second order susceptibility, that are correlated to the 
SHG response. The TDDFT method was also applied to the same systems, 
and the results were compared to the electronic spectra of the 
complexes. 

2. Experimental 

2.1. Synthesis of Nickel(II)- and Copper(II)-5,10,15,20- 
tetraphenylporphyrinate (Ni-TPP and Cu-TPP) 

All solvents and raw materials were used as received from 

commercial suppliers (Sigma-Aldrich and Alfa Aesar) without further 
purification. 

Ni-TTP and Cu-TPP were synthesized according to the method re
ported by Girolami et al. [25]. The powder obtained was purified by 
dissolution in dichloromethane and re-crystallization through partial 
evaporation of the solvent. The crystalline powder was filtered and 
washed with a few drops of dichloromethane. The purity of the com
pounds was checked by absorption (Fig. S4 in Supplementary materials), 
vibrational- spectroscopies, and powder X-ray diffraction (XRPD). 

2.2. Single crystal X-ray diffraction (XRD) 

The crystals suitable for XRD were obtained by slow evaporation of 
the dichloromethane solution. X-ray diffraction data were collected at 
room temperature using the Atlas S2 Rigaku-Oxford Diffraction Gemini 
R-Ultra diffractometer equipped with using the mirror mono
chromatized Cu-Kα (1.5418 Å) radiation. The CrysAlisPro package [26] 
was used for data collection and integration, SHELXT [27] for resolu
tion, SHELXL [28] for refinement and Olex2 [29] for graphics. Hydrogen 
atoms were found in the difference Fourier maps, nevertheless they were 
calculated and refined with riding coordinates and fixed Uisoat 1.2 times 
of the Ueq of the connected C atoms. 

The interested reader can find further details on crystal data, data 
collection, least-squares refinements and CIF files (CCDC 
2130188–2130189) in the Supplementary materials (Tables S1, S2, 
Figs. S1–S3). 

2.3. Powder X-ray diffraction (XRPD) 

The Powder X-ray diffraction patterns (XRPD) were collected with 
the same diffractometer of the XRD data collection. The powders were 
prepared by mixing 3.00 mg of each Ni-TPP and Cu-TPP sample with 
0.50 mg of ZnO and the solid mixture was ground in an agate mortar. 
Then it was compacted with paraffin oil and modelled as a ball of ca. 
0.45 mm diameter (less than the diameter of the X-ray beam). Each ball 
was glued on a glass capillary and mounted on the goniometer head of 
the instrument. Each powder pattern was collected by rotating the 
samples 60◦, and with an exposure time of 60 s. 

2.4. Absorption and vibrational spectroscopies 

For the optical characterization of the Ni-TPP and Cu-TPP complex, 
UV–Vis absorption spectra were recorded on a Cary60 spectrometer 
using dichloromethane solutions (10− 5 M). Moreover, diffuse reflec
tance UV–Vis spectra of the powdered Ni-TPP and Cu-TPP were recorded 
by an Agilent Cary 100 UV–Vis spectrophotometer equipped with an 
integration sphere. 

Attenuated total Reflectance-Fourier-Transform-Infrared (ATR- 
FTIR) spectra of the powdered Ni-TPP and Cu-TPP were recorded on a 
Cary 630 spectrophotometer. 

2.5. Magnetic balance and electron paramagnetic resonance (EPR) 

Magnetic susceptibility measurements were carried out with the 
Johnson Matthey Magnetic susceptibility Balance using Evans’ method. 

EPR spectra of solid Ni-TPP and Cu-TPP before and after irradiation 
were recorded at 77 K in a X-band Bruker-EMX instrument equipped 
with a cylindrical cavity operating at 100 kHz field modulation (mi
crowave frequency 9.3 GHz, microwave power 10 mW, modulation 
amplitude 6 Gauss). 

2.6. Computational methods 

The calculations were performed with the GAUSSIAN16 program 
[30–32]. All geometries were optimized by gradient-based techniques 
[33,34] with no symmetry constraints at the DFT B3LYP level of theory 

Scheme 1. Chemical scheme of M-5,10,15,20- tetraphenylporphyrinate 
(M=Ni/Cu). 
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[35], in conjunction with the 6–31G(d) basis set for the C, H, and N 
atoms [36]. For Ni and Cu the LANL2DZ basis was used [37]. All critical 
points were characterized as energy minima by calculating their 
analytical frequencies. The total dipole moment, polarizability, and the 
first order hyperpolarizability were calculated at the same level of 
theory. 

Since ab initio volume calculations based on numerical Monte Carlo 
integration introduce a large degree of error, to compute the molar 
volume in a more quantitative way, tight convergence in the self- 
consistent field procedure and increased density of points for more ac
curate integration were employed, and ten different volume calculations 
on the optimized geometries at the B3LYP level of theory with the op
tions scf=tight, volume=tight, and iop(6/45=500,6/46=1) were aver
aged [38]. To explain the SHG behavior of the irradiated complex, we 
employed the time-dependent density functional theory (TD-DFT) [39, 
40] with the same functional and basis set used for describing the 
excited states. In order to analyze the shapes of the molecular orbitals, 
the Gaussview 6.0 [41] was used. 

2.7. SHG measurements 

The SHG efficiency was determined by the Kurtz–Perry powder 
technique, [42] using a nanosecond Nd:YAG pulsed (10 Hz) laser, whose 
1.064 μm fundamental wavelength was shifted to 1.907 μm by stimu
lated Raman scattering in a high-pressure hydrogen cell. The SH signal 
generated by ground samples in capillary tubes was collected by an 
elliptical mirror, detected by a photomultiplier, and compared to the 
ground sucrose signal collected in the same conditions (sucrose displays 
an SHG equal to 0.7 that of KDP in the same conditions). 

3. Results and discussion 

3.1. SHG measurements 

Powders of Ni-TPP and Cu-TPP were ground separately in an agate 
mortar for a long time, in order to obtain solid particles of the same 
dimension, and thus limiting differences on the SHG response due to the 
crystal dimension. The same mechanical process was performed on 
powders of sucrose, the substance used as a standard in SHG measure
ments. All the ground powders were sealed into different capillaries and 
irradiated with the 1.907 μm pulsed laser radiation, to measure the SHG 
efficiency with respect to the sucrose. As already observed for Co-TPP 
[24], the initial efficiency of the two samples was of the same order of 
the sucrose, but after few seconds under laser irradiation it gradually 
increased, reaching a plateau at approximately fifty times for Ni-TPP 
and ten times for Cu-TPP of the initial value. Thus, the final intensity 
of Ni-TPP is similar to Co-TPP, while that of Cu-TPP is one fifth lower. 

By visually analyzing the powders in the capillaries of both Ni-TPP 
and Cu-TPP, a darker spot was observed in correspondence of the 
point where the laser hit the samples, as already observed for Co-TPP. By 
repeating the measurement on the same spot, the SH intensity is equal to 
the value of the plateau for both compounds, and it remains stable for a 
long time (it has been regularly checked for two months). However, by 
moving the capillary to the not-irradiated powder, the same behavior of 
increasing of SHG under irradiation was again observed. Furthermore, 
we also noticed that the powders blew up into the capillary during the 
laser irradiation, especially for the NiTPP compound. 

In order to understand the origin of this phenomenon, first of all we 
investigated the possibility of a photodegradation, and/or a phase 
transition and/or an amorphyzation process. 

3.2. UV–Vis spectroscopies in the solid state 

In order to investigate a possible photodegradation process, UV–Vis 
absorption spectra before and after irradiation were recorded. Since the 
investigated porphyrinates show the SHG peculiar property in the solid 

state, we performed this analysis on powdered material, without any 
modifications of the sample before the laser irradiation. 

Fig. 1 shows the UV–Vis spectrum obtained by the powder of Ni-TPP. 
The y-axis shows the magnitude F(R). The figure was originally recorded 
as a percentage of reflectance and has a negative value compared to the 
reference. F(R) is directly proportional to the Kubelka–Munk function 
and is the inverse of (1—reflectance), so it is easily comparable to the 
absorbance reported for data in solution. The main peaks of Ni-TPP are 
found at 350, 520, and 619 nm. Instead of an intense band between 380 
and 500 nm, there are two peaks at 350 and 427 nm. This splitting may 
depend on the interaction between two or more molecules of the crys
talline aggregate, which results in two or more excitonic transitions with 
high transition moments [43–45]. 

Fig. 2 shows the UV–Vis spectrum obtained by the powder of Cu-TPP. 
The main peaks are found at 350, 530, and 629 nm. Again, instead of an 
intense band in the region between 380 and 500 nm, there are two peaks 
at 350 and 472 nm. 

Figs. 1 and 2 also reported the comparison between the powder 
before (black lines) and after (red lines) the irradiation described in the 
previous section. As it is possible to notice, in the solid state the UV–Vis 
absorption spectra show no significant changes, both in the number and 
in the wavelength of the bands after the irradiation, as opposite to the 
Co-TPP, exhibiting some differences. In fact, we noticed that for the Co- 
TPP the darker color of the spot after irradiation is a permanent con
dition, while for Ni-TPP and Cu-TPP the darker spots disappeared after 
few seconds, and thus a variation of the UV–Vis spectra could not be 
expected. 

3.3. ATR-FTIR spectroscopies in solid state 

The ATR-FTIR spectra of Cu/Ni-TPP, both before and after irradia
tion, are shown in Figs. 3 and 4. All the principal expected bands, as 
predicted from previous studies [46,47] have been detected. 

For both complexes, the 3020–3051 range is visible the absorptions 
of CH stretching of the phenyl groups. The two spectra, in the range 
between 1500 and 600 cm− 1 showed many bands, which reflect the 
complexity of porphyrin ring. Particularly, for NiTPP (Fig. 3) the bands 
between 413 and 466 cm− 1 are attributable to in-plane rotational mo
tion of the pyrrole rings, including the wagging of the phenyl groups. For 
Cu-TPP (Fig. 4) the corresponding bands are red shifted, and are located 
at 408–443 cm− 1. For Ni-TPP, the bands between 517 and 557 cm− 1 are 
attributable to out-of-plane skeletal deformation of the phenyl groups, 
and the corresponding bands for Cu-TPP are in the same range (522–560 
cm− 1). For Ni-TPP, the bands between 650 and 695 cm− 1 are attribut
able to the expansion of the phenyl groups. In the same range we find the 
corresponding bands for Cu-TPP. For both complexes, the bands be
tween 710 and 834 cm− 1 are attributable to the wagging of the H atoms 
of both the phenyl groups and the macrocycle. The band at 1006 cm− 1 

(for Ni-TPP) or at 1004 cm− 1 (for Cu-TPP) is attributable to the in-plane 
bending deformation of the phenyl rings. For both complexes, at 1070 
cm− 1 we find a band attributable to the rocking of the H atoms on the C 
atoms on the ring. The band attributable to the in-plane structural 
deformation of the pyrrole ring is found at 1350 cm− 1 for Ni-TPP and 
1344 cm− 1 for Cu-TPP. The band attributable to the rocking of the H 
atoms on the phenyl rings and to the symmetric stretching of the two 
opposite C-C bonds in the C-C-C units is found at 1400 cm− 1 for both 
complexes. No differences are detectable, both in the number and in the 
wavelength of the bands, before and after irradiation, confirming the 
results of UV–Vis analysis. 

3.4. Powder X-ray diffraction (XRPD) 

Since the photo-degradation phenomenon was ruled out by the 
spectroscopic characterization, we considered a possible phase transi
tion or a partial amorphization of the powders under the laser beam. The 
formation of a different crystalline phase after irradiation would change 
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completely the peaks positions and intensities in the powder patterns, 
while the amorphization process would reduce the intensities with 
respect to a standard and, possibly, widen the peaks. In Fig. 5 are re
ported the XRPD patterns of the powders both before and after irradi
ation, compared to the XRPD patterns calculated from the XRD 
structures; in each powder sample, an equal amount of ZnO as standard 
was mixed, and the patterns were scaled on its higher intense peak. 
Fig. 5 shows that no differences between patterns before and after 
irradiation can be observed, leading to the conclusion that no structural 
modifications or partial amorphization of the samples can be consid
ered, as already shown for the CoTPP sample. Furthermore, these results 
indicate a strong chemical and structural stability of the porphyrinates 
to the irradiation with the high power pulsed laser beam, and that also in 
these cases we have to investigate the eventuality of an electronic and/ 
or spin state induced by the laser beam. 

In order to further investigate a possible imperceptible variation of 
the structure, we attempted to irradiate a single crystal of Ni-TPP and 
Cu-TPP, but, as in the case of Co-TPP, the crystals under examination 
blew up quite immediately after the irradiation, and they were divided 
into many crystalline fragments that were scattered in the capillary. 

3.4.1. Magnetic balance 
The magnetic moments of Ni- and CuTPP were determined with the 

magnetic balance before and after irradiation on three M-TPP samples, 
irradiated in different times. In addition, for each sample five different 
measurements were made on one of the irradiated samples at intervals 
of one week. 

For the NiTPP compound, the results of the measurements on the 
non-irradiated samples are consistent with the literature data, [48] that 
determined it to be a singlet. Instead, the irradiated Ni-TPP samples 

Fig. 1. UV–Vis absorption spectra of solid Ni-TPP before and after irradiation.  

Fig. 2. UV–Vis absorption spectra of solid Cu-TPP before and after irradiation.  
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show a significant increase in magnetic moment, starting from an initial 
diamagnetic condition and reaching values between 5.16 and 6.28 BM 
(Bohr Magnetons). This behavior is similar to what was observed for the 
Co-TPP compound, which showed an increase in magnetic moment from 
pre-irradiation to post-irradiation from 2.0÷2.8 BM to 5.3÷8.2 BM. 

Measurements carried out at regular time intervals, both for Co-TPP 
and Ni-TPP, have shown that the magnetic property is conserved over 
time, as is the enhancement of the SH emission. These results demon
strate that during the laser irradiation of the samples, a change of the 
spin state takes place for both complexes, i. e. they are excited into a 
high-spin or higher electronic state, maintaining this condition over 
time. 

The situation of Cu-TPP is different. Also in this case we performed 
measures before and after irradiation in order to determine the magnetic 
moment, but we noticed that the magnetic moment did not change. The 
values are lying between 2.75 and 2.05 BM for every samples. This is 
consistent with the reported data [49], which attributed to Cu-TPP the 
doublet spin state. Thus, in the case of Cu-TPP, we do not observe a 
change of the spin state after the exposure to the laser. These results lead 
us to hypothesize that the enhancement of the SH signal is not neces
sarily connected to an increase in the magnetic moment. 

Fig. 3. ATR-FTIR spectra of Ni-TPP before (back) and after (red) irradiation with the 1.907 μm Raman Shifted radiation of a Nd:YAG pulsed laser. The details of the 
1700-400 zone are shown in the upper left of the figure. 

Fig. 4. ATR-FTIR spectra of Cu-TPP before (black) and after (red) irradiation with the 1.907 μm Raman Shifted radiation of a Nd:YAG pulsed laser. The details of the 
1700-400 zone are shown in the upper left of the figure. 
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3.5. EPR 

EPR spectrum of Cu-TPP recorded at room temperature (RT) showed 
the typical axial pattern of a Cu(II) ion complex in a square planar ge
ometry with dx2-y2 ground state and the spectral parameters, obtained by 
simulation of the experimental spectrum, (g// = 2.19; g⊥ = 2.05 A// =

208 Gs; A⊥ = 38 Gs) are in agreement with the literature [49]. More
over, as reported in Fig. 6, no spectral changes were observed after 
irradiation, in accordance with the unchanged values of the magnetic 
moment obtained with the magnetic balance. 

Analogous experiments with Ni-TPP did not reveal any EPR signal, as 
expected from a diamagnetic system, both before and after irradiation. 
In this case, however, it should be noted that the increase in the value of 
the magnetic moment observed at the magnetic balance does not give 
rise to transitions observable at the EPR, neither at RT nor at 77 K. 

3.6. Computational results 

In order to perform theoretical calculations, small fragments of Ni- 
TPP and Cu-TPP were selected starting from the X-ray structures. 
These fragments are composed of two rings, cut from the crystallo
graphic structures (Fig. 7). 

For both fragments, calculations were performed on the spin state 
(singlet for Ni-TPP and doublet for Cu-TPP), suggested by the experi
mental data [50]. The Cartesian coordinates of both fragments are re
ported in the Supplementary materials (Tables S3 and S4). Since sucrose 
is the reference compound for the SHG measurements, the same type of 
calculations was carried out also on a model of sucrose, composed of 
four sucrose units selected from the crystal structure downloaded from 
the Cambridge Structural Databank [51]. 

In Tables 1 and 2 are reported the theoretical geometrical parameters 
around the metal atom, compared to the corresponding XRD parame
ters. The bond differences between the XRD structures and the theo
retically optimized geometries, are small and range from 0.03 Å for the 
Ni-N bond in Ni-TTP to a maximum of 0.06 Å for the Cu-N bond in Cu- 
TTP. About the bond angles, for Ni-TPP they are very similar to the 
experimental data and the maximum difference is about 0.12◦ for the 
angles N-Ni-N, while for Cu-TTP some differences are greater than one 
degree for the N-Cu-N angles. 

In Table 3 are reported the root mean-square deviations (RMSD), 

Fig. 5. XRPD patterns of powders of Ni/Cu-porphyrinates before and after irradiation with the Nd:YAG pulsed laser, mixed with those of ZnO, compared to the XRPD 
patterns calculated from the XRD structure, and to the ZnO pattern calculated for the P63mc structure from the ICSD databank (ZnOcalc). The patterns of the Ni/ 
CuTPP powders were scaled on the peaks’ intensity of ZnO. 

Fig. 6. EPR spectra at RT of Cu-TPP before and after irradiation.  

Fig. 7. Fragment of M-TPP (M=Ni, Cu) composed of two porphyrinate rings 
selected from the X-ray structures. 
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calculated with the Olex2 software, of the atomic positions of the por
firinate ring with respect to the mean plane of the ring (that includes all 
N and C atoms, except those of the phenyl rings) both in the optimized 
fragments, and obtained from XRD structure. As it can be observed, for 
Ni-TPP the RMSD is very close to the experimental value, while for Cu- 
TPP the calculation provides a little more planar structure. Effectively, 
in the Ni-TPP theoretical geometry the Ni-N bond distances are very 
close to the experimental data (see Table 1) and thus the calculated Ni- 
TPP molecules show substantially ruffled porphyrin cores. Instead, for 
Cu-TPP the calculated Cu-N bond distances are slightly longer than the 
experimental ones (see Table 1) and the porphyrin cores result more 
planar. These results are consistent with what was already observed for 
the Co-TPP, i.e. the greater is the length of the M-N bond, the greater is 
the deviation from planarity of the porphyrin core. 

To validate better our model, we compared the IR theoretical spectra 
obtained by analytical frequency calculations with the experimental 
ATR-FTIR spectra (already discussed in Section 3.3). The positions and 
assignments of the principal bands are reported in Tables 4 and 5. Figs. 8 
and 9 show the theoretical spectra compared to the experimental ones. 
All the data were normalized with respect to the highest peaks, and no 
convolution was applied to the theoretical data. As can be seen, all the 
expected bands (see Section 3.3) were found. Minor differences in 
relative intensities and positions are attributable to the simplicity of the 
model. The only notable differences are found in the band attributable to 
the C-H stretching of the phenyl groups, which ranges between 3181 and 
3216 cm⁻1 instead of between 3027 and 3052 cm⁻1 for Ni-TPP. In the 

corresponding Cu-TPP model, the C-H stretching band ranges between 
3182 and 3216 cm⁻1 instead of 3019–3059 cm⁻1. However, it is impor
tant to bear in mind that the spectra are calculated by using the har
monic approximation, and it is well known that mainly the high- 
frequency vibrations are affected by anharmonicity [46]. 

In Table 6 are reported all fragments’ computed values of the dipole 
moment μ, the mean polarizability α, and an estimate of the intrinsic 
molecular hyperpolarizability (β) in absence of any resonance effect 
represented by a third rank tensor. The twenty-seven components of the 
3D matrix can be reduced to ten components according to Kleinman 
symmetry. The Gaussian16 output file provides the main ten compo
nents (βxxx, βxxy, βxyy, βyyy, βxxz, βxyz, βyyz, βxzz, βyzz, and βzzz), whose 
values for the studied compounds are reported in Supplementary ma
terials (Tables S7 and S8). The magnitude of the total first hyper
polarizability (βtot) can be defined as, 

βtot =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
βxxx + βxyy + βxzz

)2
+
(
βxxy + βyyy + βyzz

)2
+
(
βxxz + βzyy + βzzz

)2
√

(1) 

The relationship between the macroscopic second-order 

Table 1 
Relevant distances (Å) around the metal atom for Ni-TPP and Cu-TPP from X-ray 
data and B3LYP/6–31G(d) calculations. All theoretical distances are averaged 
for the chemically equivalent bonds of the fragments.   

Ni-TPP 
(XRD) 

Ni-TPP 
(B3LYP) 

Cu-TPP 
(XRD) 

Cu-TPP 
(B3LYP) 

M-N1 1.93(1) 1.961 1.970(6) 2.027 
M-N11 1.93(1) 1.961 1.970(6) 2.030 
M-N12 1.93(1) 1.961 1.970(6) 2.030 
M-N13 1.93(1) 1.962 1.970(6) 2.027  

1 (2-X,1-Y,+Z 

2 (1/2+Y,3/2-X,3/2-Z) 

3 (3/2-Y,-1/2+X,3/2-Z) 

Table 2 
Relevant bond angles (degree) around the metal atom for Ni-TPP and Cu-TPP 
from X-ray data and B3LYP/6–31G(d) calculations. All theoretical angles are 
averaged for the chemically equivalent bonds of the fragments.   

Ni-TPP 
(XRD) 

Ni-TPP 
(B3LYP) 

Cu-TPP 
(XRD) 

Cu-TPP 
(B3LYP) 

N11-M-N12 179.7(7) 179.67 178.4(5) 179.70 
N12-M-N1 90.000(5) 90.00 90.011(7) 90.06 
N11-M-N13 90.000(3) 90.03 90.011(9) 89.98 
N13-M-N1 179.7(7) 179.82 178.4(5) 179.61 
N11-M-N1 90.000(6) 90.00 90.011(9) 89.87 
N12-M-N13 90.001(4) 90.00 90.010(7) 90.16  

1 (2-X,1-Y +Z) 

2 (3/2-Y,-1/2+X,3/2-Z) 

3 (1/2+Y,3/2-X,3/2-Z) 

Table 3 
Root mean square deviations RMSD (Å) of the atomic positions with respect to 
the mean plane of the porphyrin ring for Ni-TPP and Cu-TPP fragments. For the 
B3LYP geometries the values of both porphyrinate molecules are reported.   

Ni-TPP Cu-TPP 

B3LYP 0.243 - 0.246 0.156 - 0.155 
XRD 0.272 0.229  

Table 4 
Assignments of the principal vibrational bands, ATR-FTIR compared with the 
B3LYP/6–31G(d) model, for Ni-TPP.  

NiTPP 

ATR-FTIR 
(cm− 1) 

B3LYP/6–31G(d) 
(cm− 1) 

Assignment 

413–466 418.65–474.87 In-plane rotational motion of the pyrrole rings, 
including wagging of the phenyl groups 

517–557 510.75–581.01 Out-of-plane skeletal deformation of the phenyl 
groups, 

650–695 634.8–653.20 Expansion of the phenyl groups 
710–725 714.90 – 

742.60 
Wagging of the H atoms of the phenyl groups 

740–834 751.87–817.08 Wagging of H atoms on the phenyl rings and 
macrocycle, including twisting of the 
macrocycle 

1006 1016.90–1017.78 In-plane bending deformation of the phenyl 
rings 

1077 1070.19–1070.80 Rocking of the H atoms on the C atoms on the 
ring 

1350 1344.25–1350.96 In-plane structural deformation of the pyrrole 
1440 1412.73–1412.72 Rocking of the H atoms on the phenyl rings and 

symmetric C–C-C bond stretching 
3027 - 3052 3181.79–3215.81 C-H stretching of phenyl  

Table 5 
Assignments of the principal vibrational bands, ATR-FTIR compared with the 
B3LYP/6–31G(d) model, for Cu-TP.  

CuTPP 

ATR-FTIR 
(cm− 1) 

B3LYP/6–31G(d) 
(cm− 1) 

Assignment 

408–443 412.36–414.38 In-plane rotational motion of the pyrrole 
rings, including wagging of the phenyl groups 

521–560 568.97–576.52 Out-of-plane skeletal deformation of the 
phenyl groups, 

656 651.35–651.85 Expansion of the phenyl groups 
710 -739 715.13–781.32 Wagging of the H atoms of the phenyl groups 
832 806.09–859.64 Wagging of H atoms on the phenyl rings and 

macrocycle, including twisting of the 
macrocycle 

1004 1016.58–1017.52 In-plane bending deformation of the phenyl 
rings 

1069 1036–1044.74 Rocking of the H atoms on the C atoms on the 
ring 

1344 1300.24–1318.63 In-plane structural deformation of the pyrrole 
1440 1485.44–1490.30 Rocking of the H atoms on the phenyl rings 

and symmetric C–C-C bond stretching 
3019–3059 3182.24–3215.11 C-H stretching of phenyl  
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susceptibility, the quantity correlated to the second harmonic intensity, 
and the microscopic hyperpolarizability is given by the following 
equation [52]: 

χ(2) = βNF (2)  

where N is the number of particles per unit volume and F is the local field 
factor. F depends upon the crystal symmetry and is related to the crys
tal’s refractive index. Values between 1 and 2 are generally reported 
and, in particular for saccharides, this value range between 1.5 and 1.6 
[53]. 

Since our interest is focused on the trend of the ratio χ(2) /χ(2)
sucrose, we 

Fig. 8. ATR-FTIR spectrum of Ni-TPP (black line) compared with theoretical data (red dotted line).  

Fig. 9. ATR-FTIR spectrum of Cu-TPP (black line) compared with theoretical data (red dotted line).  

Table 6 
Computed dipole moments μ (Debye), mean polarizabilities 〈α〉 (a.u.), first static 
hyperpolarizabilities βtot (10− 3◦ cm5 esu− 1), second order susceptibilities χ(2) 

(pm V− 1), second order susceptibilities ratios with respect to sucrose values.   

Ni-TPP Cu-TPP 

μ 0.0208 0.5012 
<α> 1238 1253 
βtot 0.2 1.3 
χ(2) 0.0(4) 0.2 
χ(2)⁄⁄ χ(2)

sucrose 0.0(2) 0.1  
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assumed F = 1. The ratios between the second-order susceptibility of the 
compounds and that of sucrose is also reported, together with the ratios 
between the corresponding SHG intensities, in order to compare the 
computational results with the experimental measurements. 

Both M-TPP fragments have rather high polarizability values, but 
very low hyperpolarizability and optical susceptibility, as already 
observed for Co-TPP in our previous work. In particular, Ni-TPP shows 
values of dipole moment, hyperpolarizability and optical susceptibility 
very close to zero, while the optical susceptibility value of Cu-TPP is 0.1 
with respect to the standard. However, the ratios of optical susceptibility 
with respect to sucrose are all extremely low. These results are in 
agreement with the experimental SHG efficiencies of Ni-TPP and Cu-TPP 
before the irradiation with the laser. 

Considering the results obtained from the magnetic balance for the 
irradiated Ni-TPP, we performed the geometry optimizations at the 
B3LYP/6–31G(d) on the same fragment showed in Fig. 7 in different spin 
excited states. Thus, we evaluated the variation of the hyper
polarizability (β) as a function of the number of unpaired electrons of the 
system. The resulted main geometrical parameters are shown in Tables 7 
and 8, and the values of the dipole moment, polarizability and hyper
polarizability as a function of the number of unpaired electrons are 
shown in Table 9. All geometrical parameters and all components of 
vectors and tensors are reported in Supplementary materials (Tables S5, 
S6, S9, S10). The geometrical parameters of the excited spin states 
(Tables 7 and 8) are very similar to the geometry of the ground state 
(Tables 1 and 2), in agreement with the experimental XRPD data that do 
not detect structural changes for the irradiated sample. Instead, the 
polarizability values (Table 9) show small changes as a function of the 
spin state, and the dipole moments changes by an order of magnitude 
from 0 to 2 or 4 unpaired electrons. On the contrary, for the Co-TPP both 
the dipole moment and the polarizability values slightly changed as a 
function of the spin state. Furthermore, for the Ni-TPP the hyper
polarizability changes by an order of magnitude from 0 to 2, and in
creases by a further order of magnitude from 2 to 4 unpaired electrons. 
This is coherent with what previously observed in Co-TPP, for which the 
hyperpolarizability changes by an order of magnitude from 2-3 to 4-5 
unpaired electrons. These results are in agreement with the experi
mental data of the magnetic balance, in which the irradiated sample has 
a high SHG emission and a rather high magnetic moment, compatibly to 
the excited spin states. 

TDDFT calculations were performed on both Ni-TPP and Cu-TPP in 
the ground state, in order to calculate the UV–Vis spectra to compare 
with the experimental ones recorded in the solid state. As shown in 
Tables 10 and 11, the theoretical and experimental UV–Vis spectra are in 
good agreement. In the theoretical spectrum of Ni-TPP (Table 10), in the 
range 711–718 nm there are forbidden transitions (f = 0), associated to a 
change in the spin. As already reported, these theoretical transitions are 
all at zero oscillator strength, but actually in the experimental spectra 
we found a low intensity transition (722 nm), visible both before and 
after laser radiation (see Fig. 1). This is coherent with the results found 
for Co-TPP, already discussed. These results lead us to think that all 
these spin forbidden transitions can occur, and that they are permanent. 

Different is the situation for the Cu-TPP. As reported in Sections 3.5 
and 3.6, this complex doesn’t show any change of the magnetic moment 
or magnetic behavior, and thus we do not expect transitions associated 
with a change in the spin, that could explain an exited state induced by 
the laser radiation. In the theoretical spectra of Cu-TPP (Table 11), we 
found forbidden transitions in the range 786–788 nm. These transitions 
are also present in the experimental spectra in the range 803–837 nm 
(see Fig. 2), with low intensity peaks, both in the spectrum recorded 
before and after laser irradiation (821 nm). 

In Fig. 10 is reported the plot of the molecular orbitals principally 
involved in the transition found at 788 nm. This transition shows 
oscillator strength equal to zero (f = 0), and a value of the operator S2 

equal to 2.018, consistent with a doublet, that is the ground state of Cu- 
TPP. In this transition, the mainly involved orbitals are the 337B 

Table 7 
Relevant distances (Å) around the metal atom for Ni-TPP in different spin 
excited states, calculated at the B3LYP/6–31G(d) level. The number of unpaired 
electrons in the fragments is given in columns. All theoretical distances are 
averaged for the chemically equivalent bonds of the fragments.  

Ni-TPP XRD 0 2 4 

M-N11 1.93(1) 1.961 1961 2012 
M-N12 1.93(1) 1.961 1961 2008 
M-N1 1.93(1) 1.961 1961 2010 
M-N13 1.93(1) 1.962 1961 2007  

1 (2-X,1-Y,+Z) 
2 (1/2+Y,3/2-X,3/2-Z) 
3 (3/2-Y,-1/2+X,3/2-Z) 

Table 8 
Relevant bond angles (degree) around the metal atom for Ni-TPP in different 
spin excited states calculated at the B3LYP/6–31G(d) level. The number of un
paired electrons in the fragments is given in columns. All theoretical angles are 
averaged for the chemically equivalent bonds of the fragments.  

Ni-TPP XRD 0 2 4 

N11-M1-N1[2] 179.7(7) 179,73 179,73 179,49 
N12-M1-N1 90.000(5) 90,01 89,98 90,04 
N11-M1-N1[3] 90.000(3) 89,98 90,01 89,95 
N13-M1-N1 179.7(7) 179,74 179,74 179,69 
N11-M1-N1 90.000(6) 90,03 89,98 89,94 
N12-M1-N1[3] 90.001(4) 89,98 90,06 90,06  

1 (2-X,1-Y, +Z) 
2 (3/2-Y,-1/2+X,3/2-Z) 
3 (1/2+Y,3/2-X,3/2-Z) 

Table 9 
Dipole moments μ (Debye), mean polarizabilities 〈α〉 (a.u.), first static hyper
polarizabilities βtot (10− 3◦ cm5esu− 1) computed for Ni-TPP on optimized ge
ometries of fragments with several excited spin states (0 unpaired electrons, 2 
unpaired electrons and 4 unpaired electrons).   

0 2 4 

μ 0.0208 0.4382 0.3479 
<α> 1239 1230 1263 
βtot 0.2 3.1 24.5 
χ(2) 0.0(4) 0,6 4,7 
χ(2)⁄⁄ χ(2)

sucrose 0.0(2) 0,4 3,4  

Table 10 
Theoretical and experimental electronic transitions (nm) for Ni-TPP. The width 
of the bands is reported in parenthesis.  

Ni-TPP Experimental Theoretical 

Soret bands 358 (348–368) 375 (350–376)  
515 385 (380–399) 

Q bands 519 (505–560) 523  
619 (592–601)  
655 644  
722 (711–718)  

Table 11 
Theoretical and experimental electronic transitions (nm) for Cu-TPP. The width 
of the bands is reported in parenthesis.  

Cu-TPP Experimental Theoretical 

Soret bands 349 (349–374) 377 (343–380)  
469 (457–476) 391 (385–404) 

Q bands 533 (522–558) 522–539  
623 (604–638) 573–612  
657 (649–662) 668–740  
821 (803–837) 786–788  
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(starting MO) and the 339B (arriving MO). As we can see in the figure, 
the starting molecular orbital is principally constituted by π orbitals of 
the ligand, and in the arriving molecular orbital there is a big contri
bution of the metal d orbitals. 

The plots of all the molecular orbitals mainly involved in the tran
sitions at 788 nm are reported in the Supplementary materials (section 
IV). By visualizing these plots, it is possible to see that all the forbidden 
transition follow the same scheme showed in Fig. 10. Therefore in all 
these transitions we observe a change in the electronic distribution of 
the orbitals, consistent with a charge transfer, previously observed for 
metal porphyrinates [54]. 

4. Conclusions 

The aim of this study was to analyze the Second Harmonic Genera
tion (SHG) behavior of Nickel(II)- and Copper(II)-5,10,15,20- 
tetraphenylporphyrin complexes in the solid state, that are isomor
phous of the analogue Cobalt porphyrinato, and exhibit a significant 
increase in the SHG efficiency during laser irradiation that persists over 
time, as previously observed for Co-TPP. The optical characterization 
through UV–Vis spectroscopy, both in solution and the solid state, 
coupled with the solid-state IR spectroscopy, ruled out the possibility of 
a photodegradation processes, while XRPD experiments excluded phase 
transitions or partial amorphizations of the samples. The magnetic 
susceptibility measurements and the EPR spectra provided additional 
insights: the Ni-TPP shows a significant increase in the magnetic 
moment after irradiation, corresponding to a substantial change in the 
spin state of the sample, as observed for the analogous Co-TPP. On the 
contrary, the Cu-TPP remains stable in terms of magnetic properties. The 
EPR results are consistent with those of the magnetic balance for Cu- 
TPP, while, surprisingly, for Ni-TPP the value of the magnetic moment 
observed at the magnetic balance does not give rise to transitions 
observable at the EPR, neither at RT nor at 77 K. Thus, the SHG behavior 
is not correlated to changes in the magnetic moment. 

The theoretical calculations, performed on Ni-TPP and Cu-TPP 
fragments, simulate the structural features of the complexes and their 
initial experimental SHG responses. The optimization of the Ni-TPP 
fragment with higher spin multiplicities yields higher hyper
polarizability values, and in particular the increase in hyper
polarizability is related to the enhance of unpaired electrons. Thus, these 
results support the proposed hypothesis in our previous work on Co-TPP: 
the enhancement of the SHG efficiencies of the metal-porphyrinates is 
attributable to an electronic or a spin transition, that occurs when they 
are irradiated. 

Theoretical UV–Vis spectra obtained from TDDFT calculations 
revealed forbidden transitions for both Ni-TPP and Cu-TPP. In the case 
of Ni-TPP, these transitions are spin-forbidden, in agreement with the 
change of the spin state observed experimentally after irradiation. In the 

case of Cu-TPP the transitions are symmetry-forbidden, again in agree
ment with the experimental data. 

In the UV–Vis spectra obtained experimentally from the powders of 
both samples, low intensity transitions are observed in the same range as 
those obtained theoretically. This supports the proposal of reaching a 
stable excited state over time following laser irradiation. 
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