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New Supramolecular Compounds Based on 

Porphyrin and Polyoxometalate: Synthesis, 

Characterization and Nonlinear Optical and Optical 

Limiting Properties  

Zonghai Shi,a Yunshan Zhou,*a,b Lijuan Zhang,*a Cuncun Mu,a Haizhou Ren,a Daf ul 
Hassan,a Di Yanga and Hafiz Muhammad Asifa 

Three new supramolecular compounds [H2TPP]1.5[SW11VO40].5CH3CN.4H2O 1, 

[H2TPP]2[SW10V2O40].4CH3CN.3H2O 2, [H2TPP][SW12O40].4H2O 3 composed of [H2TPP]2+ 

cation and vanadium substituted Keggin-type polyoxometalate (POM) anion [SW12-

nVnO40](2+n)- (n = 0 - 2) were prepared and characterized. The third-order nonlinear optical 

(NLO) and optical limiting (OL) properties of resulting hybrids were studied by using an 

Nd:YAG laser at 532 nm with a pulse duration of τ = 7 ns. The results demonstrate that all of 

these supramolecular compounds have significant nonlinear reverse saturated absorption, self-

defocusing behavior, and good OL performance, especially for compound 1, which has a 

second hyperpolarizability γ value of 7.05 × 10-29 (esu) and exhibits a comparable OL 

performance with the most well-known OL materials such as In(Pc*)Cl indicating that they are 

potentially excellent NLO materials. Remarkably, it was also observed that the degree of 

vanadium substitution in POM anions corresponding to different onset of reduction potential 

influences the NLO and OL properties of the resulting compounds: third-order NLO and OL 

properties of compound 2 is inferior to that of compound 1, and is better than that of 

compound 3. Both their second hyperpolarizability γ values and the OL performance were 

observed inversely proportional to the HOMO-LUMO gaps of the resulting compounds. The 

excited charge transfer from porphyrin to POM anions in the supramolecular compounds when 

exposed in laser is thought to play key role in the enhancement of NLO and OL response. 

 

1. Introduction 

Materials with nonlinear optical properties and fast response to 

laser as well as with merits such as small optical loss, high 

optical quality, good stability, low cost and ease of preparation, 

have attracted increasing attention owing to their potential 

applications in ultrafast optical switching, optical 

communication, optical modulators and optical limiting.1-5 In 

this context, a lot of studies, based on organic-6, inorganic-7, 

metal-organic-8, organic low-molecular-9, polymeric-10, 

organic-inorganic hybrid- materials11, etc., have been done. 

Among the NLO materials concerned, organic-inorganic hybrid 

materials have emerged as promising candidates due to 

integrating the virtues of both inorganic and organic materials, 

and been widely studied in the field of nonlinear optics in the 

past decade.12-14 

   Porphyrins are comprised of four pyrrole units linked together 

through their α-positions by methine bridges. The highly 

delocalized aromatic 18 π-electron system of porphyrins can 

give rise to a strong NLO response.15 They have been 

extensively investigated as being among the most promising of 

NLO materials due to their architectural flexibility, which 

allows tailoring of their physical, optoelectronic and chemical 

parameters in a broad range, having exceptional stability and 

processability features.16 The variety of methods were adopted 

to obtain the porphyrin-based material with excellent 

performance in NLO, wherein the grafting electron acceptor 

(such as multi-walled carbon nanotube, single-walled carbon 

nanotube, graphene, C60, ferrocene, etc.) to porphyrin forming 

organic-inorganic hybrid were proved to be one of the effective 

methods.17-21 

   On the other hand, polyoxometalates (POMs), a class of 

metal–oxygen cluster compound having remarkable structural 

diversity and chemical composition variety, have shown unique 

physicochemical properties and are used in various 

applications.22,23 In particular, POM anions are a kind of good 

electron acceptor and have the ability to undergo 

photoexcitation to perform electron transfers from LMCT by 
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trapping photogenerated electrons.24 Therefore, the 

combination of POMs and porphyrin forming porphyrin-POM 

supramolecular compounds may facilitate photogenerated 

electron transfer and further improve the NLO properties of 

porphyrin. So far, three theoretical studies are reported about 

the second-order NLO properties of the porphyrin-POM 

systems where the systems are found to possess remarkably 

large static second-order polarizabilities due to charge transfer 

between porphyrin and POMs.25-27 These studies demonstrate 

that the integration between Porphyrins and POMs are expected 

to produce new type of excellent NLO materials. We have 

recently reported third-order NLO properties of a type of 

hybrids28 composed of the keggin-type POM anions possessing 

different central heteroatoms and coordination atoms, namely, 

PMo12O40
3-, SiM12O40

4- (M = W, Mo) and PMo10V2O40
5-. 

While the research demonstrates that combination of POMs 

and porphyrins forming porphyrin-POM hybrids can 

significantly enhance third-order NLO susceptibility of 

porphyrins, a lot of work still needs to be done in order to have 

more deep insight in understanding inherent property-structure 

relationship and the rational design of POM-porphyrin systems 

having excellent potential as NLO materials.  

    Following our continuous efforts investigating NLO materials 

and their consequent practical applications29-36, we are 

especially interested in investigation on effect of heteroatom 

substitution in POM anions on the third-order NLO and OL 

properties of the resulting system. In this work, the Keggin-type 

POM anions, with same central heteroatom and coordination 

atom, but different degree of vanadium substitution, [SW12-

nVnO40]
(2+n)- (n = 0 - 2) (Fig. 1), were selected as a protype, and 

three supramolecular compounds 

[H2TPP]1.5[SW11VO40]
.5CH3CN.4H2O 1, [H2TPP]2[SW10 

V2O40]
.4CH3CN.3H2O 2, [H2TPP][SW12O40]

.4H2O 3 composed 

of [H2TPP]2+ cation (Fig. 1) and [SW12-nVnO40]
(2+n)- (n = 0 - 2) 

anion were prepared and characterized. While all of the 

resulting compounds showed significant nonlinear reverse 

saturated absorption, self-defocusing behavior, and good OL 

performance, vanadium substitution in POM anions 

corresponding to different onset of reduction potential was 

observed to influence the NLO and OL properties of the 

resulting compounds.  
2. Experimental 

 
Fig. 1 The vanadium-substituted Keggin-type POM anions [SW12-nVnO40]

(2+n)-
 (n = 0 

- 2) in polyhedral representation (A) (color code: W/VO6 octahedra, green; SO4 

tetrahedron, yellow) and divalent cations of porphyrin [H2TPP]
2+

 (B) used in this 

study. 

2.1 Instruments and Material 

IR spectra were recorded on a Nicolet 6700 spectrophotometer 

with KBr pellet in the range of 400-4000 cm-1. The UV-vis. 

spectra were recorded with a Shimadzu UV-2550 

spectrophotometer in the range of 200-800 nm. 

Thermogravimetric analyses were carried out on a TGAQ50 

instrument at a heating rate of 10 °C/min under air atmosphere. 

Elemental analyses for C, H and N were performed on Perkin-

Elmer 240C analytical instrument. ICP analyses for S, W and V 

were determined by ULTIMA type analytical instrument. 

Cyclic voltammograms (CV) were obtained on a CHI660B 

electrochemical analyzer in dry DMF at room temperature at 

the rate of 10 mV/s in the presence of 0.1 M [(n-butyl)4N]PF6 

as a supporting electrolyte. A glassy carbon electrode was used 

as a working electrode, Ag/AgCl as a reference electrode and a 

Pt wire as an auxiliary electrode. The scan range of the CV 

were selected carefully from the wide range (+2.5 V ~ - 2.5 V) 

to small range (present in the paper) to insure the peak used for 

calculating the HOMO or LUMO levels is the onset peaks. 

NLO properties were performed by using an EKSPLA NL303 

Q-switched Nd:YAG laser at 532 nm with a pulse duration of τ 

= 7 ns, a repetition rate of 10 Hz and the intensity of the light at 

focus E0 being 6.4 uJ. The laser beams were focused into the 

sample placed in a quartz cell with a 1-mm-path-length 

spectroscopic cell, the waist ω0 was measured to be 19 µm. The 

linear transmittance of the far-field aperture S was measured to 

be 0.25. The value of n0 was measured to be ca. 1.429 for all 

the samples. The samples were proved to be stable towards air 

and laser light under the experimental conditions. Before the 

measurements, the system was calibrated using CS2 as 

reference. OL performances of all the samples in DMF were 

tested by using an EKSPLA NL303 Q-switched Nd:YAG laser.  

Tetraphenylporphyrin (TPP),37 (n-Bu4N)3[SVW11O40] (SWV1), 

(n-Bu4N)4[SV2W10O40] (SWV2), and (n-Bu4N)2[SW12O40] 

(SW)38 were prepared according to the literature methods. All 

the other chemicals were purchased from Aladdin Industrial 

Inc., were of analytical grade and used without further 

purification. Solvents were used as received or dried using 

standard procedures. 

2.2 Preparation of compounds [H2TPP][ClO4]2 and 1 – 3 

   [H2TPP][ClO4]2: TPP (180 mg) was dissolved in 20 mL 

tetrahydrofuran (THF). The green solid powder appeared 

simultaneously after 6 mL of concentrated perchloric acid was 

added. The product was collected by vacuum filtration and 

washed with water and THF, respectively, and air-dried (200.2 

mg, 85% based on TPP). Anal. Calcd for C44H32N4Cl2O8: C, 

64.65; N, 6.86; H, 3.92%. Found: C, 64.38; N, 6.98; H, 4.13%. 

   [H2TPP]1.5[SW11VO40]
.5CH3CN.4H2O 1: [H2TPP][ClO4]2 

(67.5 µmol, 54.9 mg) and SWV1 (30 µmol, 104 mg) were 

dissolved in 17 mL of CHCl3 and 10 mL of CH3CN, 

respectively. The green solid powder appeared simultaneously 

after mixed the two solutions with stirring. The product was 

collected by vacuum filtration and washed with CHCl3 and 
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CH3CN, respectively, and air-dried (106.8 mg, 70% based on 

SWV1). Anal. Calcd for C76H71N11O44SW11V: C, 23.72; H, 

1.85; N, 4.00; S, 0.83; W, 52.59; V, 1.32 %. Found: C, 23.98; 

H, 1.82; N, 4.29, S, 0.71; W, 52.38; V, 1.28 %.  

   [H2TPP]2[SW10V2O40]
.4CH3CN.3H2O 2: [H2TPP][ClO4]2 

(34 µmol, 27.6 mg) and SWV2 (15 µmol, 53.8 mg) were 

dissolved in 15 mL of CHCl3 and 7.5 mL of CH3CN, 

respectively. The green solid powder appeared simultaneously 

after mixing the two solutions with stirring. The product was 

collected by vacuum filtration and washed with CHCl3 and 

CH3CN respectively, and air-dried (55.6 mg, 65% based on 

SWV2). Anal. Calcd for C96H82N12O43SW10V2: C, 28.35; H, 

2.02; N, 4.13; S, 0.79; W, 45.24; V, 2.51 %. Found: C, 28.15; 

H, 2.07; N, 4.08; S, 0.93; W, 45.36; V, 2.29 %.  

   [H2TPP][SW12O40]
.4H2O 3: [H2TPP][ClO4]2 (45 µmol, 36 

mg) and SW (30 µmol, 100 mg) were dissolved in 15 mL of 

CHCl3 and 10 mL of CH3COCH3, respectively. The green solid 

powder appeared simultaneously after the two solutions were 

mixed with stirring. The product was collected by vacuum 

filtration and washed with CHCl3 and CH3COCH3, 

respectively, and air-dried (59.1 mg, 50% based on SW). Anal. 

Calcd for C44H40N4O44SW12: C, 14.81; H, 1.12; N, 1.57; S, 0.90; 

W, 61.85 %. Found: C, 15.00; H, 1.08; N, 1.54; S, 0.72; W, 

61.93 %. 
3. Results and discussion 

The IR spectra of [H2TPP][ClO4]2, parent POMs (SWV1, SWV2, 

and SW) and compounds 1 - 3 are shown in Fig. S1. The 

observed major IR bands and their assignments along with 

mode number are listed in Table S1. All the N-H, C-H and C=C 

stretching vibration of benzene ring, as well as C=N stretching 

vibration of pyrrole ring, characteristic infrared bands in the 

780 – 1190 cm−1 region assigned to S-Oa, W=Ot, W-Oc-W and 

W-Ob-W stretching vibrations (Table S1)38 are found in the IR 

spectra of compounds 1 - 3, indicating that the structures of 

[H2TPP]2+ and POM anions remain intact in the resulting 

porphyrin−POM hybrids. The bands with lower intensities 

observed at 700 – 1600 cm−1 and near 3300, 3100 cm−1 further 

confirm the presence of the organic moieties [H2TPP]2+ in the 

porphyrin-POM hybrids (Fig. S1). Compared the IR spectra of 

the resulting supramolecular porphyrin-POM compounds with 

those of parent POMs, the vibrational bands of the S-Oa, W-Ot, 

W-Ob-W and W-Oc-W bond have a red-shift for all hybrids 

implying that these bonds are weakened to some extent due to 

the drastic interaction between the [H2TPP]2+ and POMs 

anions. 

   The electronic properties of the resulting compounds 1 - 3 in 

DMF are studied by UV-vis spectroscopy (Fig. S2). All the 

hybrid compounds have absorption peaks around 266, 416, 513, 

547, 590 and 645 nm. The peak at 266 nm can be assigned to 

the tungsten-oxygen charge transfer absorption3 8,  the 

absorption peak around 416 nm can be attributed to the 

porphyrin Soret band, while the four typical weak absorptions 

peaks appearing at 513, 547, 590 and 645 nm are assigned to Q 

bands39. This further indicates that the porphyrin-POM hybrids 

have been successfully synthesized, and the structure of both  

 
Fig. 2. TG curves of compounds 1 - 3. 

POMs anions and [H2TPP]2+ are maintained in the porphyrin-

POM hybrids. Obviously, the absorption bands positions and 

intensity of the POMs and [H2TPP]2+ do not show significant 

changes as compared to the individual reactants, and no 

additional band is observed (Table S2). This result indicates the 

lack of strong electronic interaction in the ground state between 

the [H2TPP]2+ and POMs anion in the dilute solution.40 

   In order to investigate the thermostability and confirm the 

molecule formulas of compounds 1 - 3 given by elemental 

analyses, we performed thermogravimetric analyses. The TG 

curves of compounds 1 - 3 are shown in Fig. 2. Compounds 1 - 

3 lose all of the organic part, lattice solvent and water 

molecules in one step. From 28 to 520 ℃, the weight loss of 

compound 1 is 31.76 % with two corresponding exothermal 

peaks at 330 and 501 °C in DTA curve, respectively, which is 

corresponded to loss of 4 lattice water, 5 lattice CH3CN and 1.5 

TPP (calculated value: 31.27 %). Compound 2 loses 36.45 % in 

weight in the temperature range of 28 - 475 ℃, corresponding to 

loss of 2 TPP, 3 water and 4 CH3CN (calculated value: 35.99%) 

with two corresponding exothermal peaks at 299 and 484 °C in 

DTA curve, respectively. From 28 to 500 ℃, compound 3 loses 

19.54 % in weight corresponding to loss of 1 TPP and 4 water 

(calculated value: 19.38 %) with two corresponding exothermal 

peaks at 352 and 484 ℃ in DTA curve, respectively. 

Thermogravimetric analyses of compounds 1 - 3 match well 

with the element analyses results. From Fig. 2, it is observed 

that the organic part [H2TPP]2+ of compounds 1 - 3 begins to 

decompose at 325, 280 and 340 ℃, respectively.41 The 

thermostability of compounds 1 - 3 are decreasing in following 

order: 2 ＜  1 ＜  3, which reflects the drastic interaction 

between the porphyrin cations and the POM anions in solid 

state. The more negative charges the POM anions [SW12-

nVnO40]
(2+n)- (n = 0 - 2) have, the more drastic interaction 

between anions and cations in the hybrid compounds resulting 

lower decomposition temperature. 

   The stoichiometries of compounds 1 - 3 have also been 

investigated by the Job’s plot analysis using the absorption
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Fig. 3 the Job’s plots analysis for [H2TPP]

2+
 and [SVW11O40]

3-
 (A), [SV2W10O40]

4-
 (B) and [SW12O40]

2-
 (C) (λ = 419 nm). The red dash lines show the maximum values of XPor

  
Fig. 4. Z-scan curves of compounds 1 - 3 and [H2TPP][ClO4]2 in DMF (A: open-aperture curves; B: closed-aperture curves; black: compound 1 (1.98 × 10

-4
 mol⋅L

-1
); red: 

compound 2 (1.51 × 10
-4

 mol⋅L
-1

); green: compound 3 (3.02 × 10
-4

 mol⋅L
-1

); pink: [H2TPP][ClO4]2 (2.92 × 10
-4

 mol⋅L
-1

); the open triangles indicate the measured data; the 

solid curves are theoretical fits). (Note: The concentrations deliberately selected herein  can guarantee the linear transmittance of DMF solutions of compounds 1 – 3 

and   [H2TPP][ClO4]2 being 0.7 at 532 nm). 

changes at 419 nm (Fig. S3). The analytical solutions of 

varying porphyrin/POMs molar ratios were prepared by 

keeping the total molarity of porphyrin and POMs constant (5 × 

10-6 mol.L-1). In this context, the corrected absorbance, Y, is 

defined as:42 

)( POMPOMPorPor XXCbAY εε +−=
                  (1)

 

where A is the measured optical absorbance of the solution at 

419 nm (Fig. S3), C = [porphyrin] + [POM] is the total 

concentration, b is the optical path length, XPor = [porphyrin]/C 

and XPOM = [POM]/C is the mole fraction of porphyrin and 

POMs, εPor (2.9 × 105 L⋅mol-1⋅⋅⋅⋅cm-1) and εPOM (3.6 × 102, 5.1× 

102 and 2.5 × 102 L⋅⋅⋅⋅mol-1⋅⋅⋅⋅cm-1 for SWV1, SWV2 and SW, 

respectively) are the molar extinction coefficients of the 

porphyrin and POMs at 419 nm, respectively. Thus, Y 

represents a deviation of the absorbance of the solution from 

the additivity of absorbance for the porphyrin and the POMs. 

   The Job’s plots were obtained by plotting Y against XPor (Fig. 

3). The plots, with three maximums at a mole fraction of 0.6, 

0.67, 0.5, confirm unequivocally the formation of the 1.5:1, 2:1, 

1:1 complexes between [H2TPP]2+ and [SVW11O40]
3-, 

[SV2W10O40]
4- and [SW12O40]

2- respectively, matching well 

with elemental analyses and TG results.42 

   The Z-scan curves along with corresponding fits for 

compounds 1 - 3 and [H2TPP][ClO4]2 are shown in Fig. 4. 

Reasonably good matches between observed experimental data 

and theoretical curves are observed. The results suggest that the 

experimentally detected NLO effects have an effective third-

order characteristic. All of the compounds have notable 

nonlinear reverse saturated absorption (RSA) under the open-

aperture configuration corresponding to a positive nonlinear 
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absorption coefficient β (Fig. 4A), a property that is widely 

applicable in the protection of optical sensors.43 Each of 

theclosed-aperture Z-scan curves for compounds 1 - 3 and 

[H2TPP][ClO4]2 have a peak-valley configuration 

corresponding to a negative nonlinear refractive index and a 

characteristic self-defocusing behavior of the propagating wave 

in the compounds (Fig. 4B). Since pristine DMF and parent 

POMs have negligible third-order NLO effect (Fig. S4) under 

the same experimental conditions, the porphyrin moieties are 

considered to be the only source for NLO properties of 

resulting porphyrin-POM hybrids.  
   The following formula are used to calculate the third-order 
nonlinear refractive index n2 (esu), nonlinear absorption 
coefficient β (esu) and optical nonlinear susceptibility χ(3) 

(esu).44 

0
∆

0.25
) - 0.406(1= φS

V-P
T∆        (2) 

0γIeffkL=0∆φ                                 (3) 

0
e

L
Leff αα )/0

--(1=                       (4) 

)/(
40

=)(2 W
2

mγ
π

0
cn

esun                   (5) 

where, ∆TP-V is the normalized peak-valley difference, ∆φ0 is 

the phase shift of the beam at the focus, K = 2π/λ is the wave 

vector, I0 (unit: W/m2) is the intensity of the light at focus, Leff 

is the effective length of the sample defined in terms of the 

linear-absorption coefficient α0 and the true optical path length 

through the sample, n0 is the linear refractive index, and γ is 

optical Kerr constant. The conversion can be realized between 

n2 (esu) and γ (m2/W) by eq (5).  
When the sample is measured under open aperture, the 
normalized transmittance T (z, s = 1) can be expressed as  

∑
∞

0=
1)+(

)](
0

-[
 =1)=,(

2
3

m
m

zq

szT

m

             (6) 

Where 
)+(1

=)(

2
0

2
0

0

z

z

LβI
zq

eff , β is nonlinear absorption 

coefficient. 
From eq (6) we can get β. From eq (7), we can get the third-

order optical nonlinear susceptibility χ(3). 

2
3

3
2

2

(3)
)

64
(+)

160
(=

π

λβn
γ

π

cn
χ 00 c

      (7) 

The molecular second hyperpolarizability γ of the samples was 

calculated by following equation:45 

LNc

χ
=γ

(3)

                               (8) 

Where n0 is the linear refractive index of sample, Nc is the 

molecular number density per cubic centimetre, and L is the 

local-field correction factor, which may be approximated by 

[(n0
2 + 2)/3]4.45 

   Using eqs (5), (6), (7) and (8), the nonlinear refractive index 

n2, nonlinear absorption coefficient β, third-order optical 

nonlinear susceptibility χ(3) and second hyperpolarizability γ 

(based on [H2TPP]2+) are calculated (Table 1). The data listed 

in Table 1 not only show that compounds 1 - 3 have large χ(3) 

and second hyperpolarizability γ values but also show that the γ 

values of compounds 1 - 3 (γ (1), γ (2), γ (3)) are improved 

when compared with that of [H2TPP][ClO4]2. In addition, it is 

observed that third-order NLO properties of compound 2 

having anion [SW10V2O40]
4- is inferior to that of compound 1 

having anion [SW11VO40]
3-, better than that of compound 3 

having anion [SW12O40]
2-. This observation clearly shows that 

the POMs with different degree of vanadium substitution 

impose remarkable effect on the third-order nonlinear optical 

properties of resulting porphyrin-POM hybrid systems. 

   The energy dependent transmission measurement results of 

compounds 1 - 3 and [TPP][ClO4]2 are shown in Fig. 5A. From 

Fig. 5A we can know that the transmission is significantly 

reduced respectively from 70% to 24.1%, 23.0%, 26.4%, 27.2%

  

Fig. 5 Nonlinear transmission measurements (A) and optical limiting properties (B) of compounds 1 (black), 2 (red), 3 (blue) and [H2TPP][ClO4]2 (pink) in DMF with 
the linear transmittance of 0.7 at 532 nm. 
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for compounds 1 - 3 and [H2TPP][ClO4]2 when the input 

fluence is reached at 0.88 J/cm2, and the transmission then 

remain nearly constant in the fluence range of 0.88 - 2.15 J/cm2. 

Interestingly, the transmission shows a drastically decrease 

when the input fluence is up to 2.15 J/cm2 and rapidly keep 

nearly constant again at ca. T = 7%. So far, sseveral 

mechanisms such as electron delocalization and thermal effect 

and so on have been reported to be responsible for the optical 

limiting activity of the materials. In our case, when input 

fluence is lower than 2.15 J/cm2, the decrease and the following 

constant in transmission might be attributed to the nonlinear 

RSA and refraction arising from the π-conjugated electron 

delocalization of porphyrin.46 When input fluence is greater 

than 2.15 J/cm2, the drastically decrease in transmission imight 

be due to the contribution of thermal effect to the NLO 

properties.47,48 It is clear from the above result that the 

porphyrin-POM supramolecular compounds can strongly 

attenuate intense, potentially dangerous optical beams, while 

exhibiting high transmittance for low-intensity ambient light, 

and are potential candidates in the field of OL.  

   Indeed, the solutions of the compounds in DMF (Fig 5B) 

show a typical transmittance profile of OL materials with a 

linear increase in output fluence followed by a decrease in the 

slope. For [H2TPP][ClO4]2, the deviation from linearity occurs 

at 0.093 J/cm2, whereas, for compounds 1 - 3 it occurs at 0.069, 

0.075 and 0.085 J/cm2, respectively. This demonstrates that 

compounds 1 - 3 show better limiting actions, which are 

superior to [H2TPP][ClO4]2 in terms of onset of OL.49 The OL 

thresholds, defined as the incident energy at which the 

transmittance is half of the initial linear transmittance,50,51 are 

calculated (Table 1). From Table 1, it is known that the OL 

thresholds of compounds 1 - 3 show the following tend: 

compound 3 ＞ compound 2 ＞ compound 1. The compound 1 

shows a comparable performance (0.28 J/cm2) with the most 

well-known OL material such as In(Pc*)Cl (0.27 J/cm2, 

obtained under the same experimental conditions as for the 

compounds 1 - 3),52 indicating that the porphyrin-POM hybrids 

are potentially rich OL materials based on nonlinear RSA and 

refraction.  

   It is well-know that NLO property is related to the transition 

energy of the product. The smaller transition energy leads to a 

larger charge transfer.53 Therefore, the larger charge transfer 

will come into being under the external electronic field and 

further leads to good nonlinear optical response. In our system, 

it is observed that the HOMO-LUMO gap Eg (transition energy) 

values of compounds 1 - 3 (derived from the absorption edges 

of the spectra by equation Eg = 1240/λ (λ is absorption edge, 

Fig. S5)54) increase in an order: Eg (1) ＜ Eg (2) ＜ Eg (3), while 

the second hyperpolarizability γ values and the OL performance 

decrease as follows: γ (1) ＞ γ (2) ＞ γ (3). This observation 

matches well with the experimental results observed in our 

previous work28 and other references.53,55 

   In order to get insight into the effect of POM anions on the 

third-order NLO and OL properties of the porphyrin-POM 

supramolecular compounds, the molecular orbitals levels of 

parent [H2TPP][ClO4]2 and parent POMs were calculated by 

cyclic voltammetry (CV) spectra (Fig. S6).54,56 It is evident 

from Fig. S6 that the introduction of V atom can increase the 

reduction potentials of the keggin type POM, however, the 

reduction potentials of these species do not vary monotonically 

with the number of vanadium atoms substituted. The mono-

vanadium-substituted species SWV1 exhibits the maximum 

reduction potential value (0.64 V) among the parent POMs, and 

SWV2 has a slightly greater reduction potential (0.07 V) than 

SW (-0.53 V). Thus, the order of the reduction potentials for 

these substituted species is SWV1 > SWV2 > SW. It should be 

noted that quite similar observation was also found in the 

vanadium-substituted species Hn+3PVnM12−nO40 (n = 0 – 3; M = 

Mo, W) where the reduction potentials of them are decreasing 

in the following order57: H4PVMo11O40 (0.261 V) > 

H5PV2Mo10O40 (0.233 V) > H6PV3Mo9O40 (0.168 V) > 

H3PMo12O40 (-0.082 V), H4PVW11O40 (0.224 V) > 

H5PV2W10O40 (0.050 V) > H6PV3W9O40 (0.045 V) > 

H3PW12O40 (-0.491 V). 

 

Table 1 The third-order nonlinear parameters obtained by Z-scan measurements, HOMO-LUMO gaps Eg, LUMO energy levels, and ∆E 
([H2TPP][ClO4]2 - POM). 

Compounds limiting 
threshold 
(J/cm2) 

β × 10-5 
(esu) 

n2 × 10-10 (esu) χ(3) × 10-11 
(esu) 

γ × 10-29 

(esu) 
Eg 

(eV) 
ELUMO 

(eV) 
∆E 

([H2TPP][ClO4]2 - 
POM)a 

[H2TPP][ClO4]2 0.63 1.31 -1.74 3.35 5.78 1.88 -3.46  
compound 1 0.28 1.50 -2.22 4.15 7.05 1.84   

SWV1       -4.89 1.43 
compound 2 0.37 1.46 -2.09 3.94 6.59 1.86   

SWV2       -4.32 0.86 
compound 3 0.54 1.37 -1.97 3.77 6.29 1.87   

SW       -3.73 0.37 
In(Pc*)Cl 0.27b        

a∆E ([TPP][ClO4]2 -POM) = ELUMO ([H2TPP][ClO4]2) - ELUMO (POM), bCited from reference52 which were measured under the same experimental conditions as 
for the compounds 1 - 3.
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Fig. 6 Energy level and electron-transfer processes diagram of [H2TPP][ClO4]2, 

POMs molecules. Color code: blue, LUMO level; black, HOMO level. 

   According to the known equations,54,56 namely, ELUMO (eV) = 

-e (4.8 - EFOC + Ered) (Ered is the onset of reduction potential of 

POMs, EFOC = (Eox + Ered)/2 is energy level of ferrocene used as 

standard), and ELUMO (eV) = -e (4.8 - EFOC + Eox) + Eg (Eox is 

the onset of oxidation potential of [H2TPP][ClO4]2, EFOC = (Eox 

+ Ered)/2 is energy level of ferrocene used as standard, Eg is the 

HOMO-LUMO gap of [H2TPP][ClO4]2), the LUMO levels  of 

[H2TPP][ClO4]2 and parent POMs are calculated and listed in 

Table 1. From the data in Table 1, it is obvious that the LUMO 

level of the POMs is found lower than that of [H2TPP][ClO4]2, 

implying that excited electrons could inject from the porphyrin 

to the POMs58,59 and make the resulting porphyrin-POM 

hybrids more activated when exposed in laser, which results in 

the enhancement of nonlinear response. Thus, the porphyrin-

POM hybrids display higher third-order and OL response than 

the parent porphyrin. Meanwhile, it is observed that the 

discrepancy between LUMO levels of [H2TPP][ClO4]2 and that 

of POMs, ∆E ([H2TPP][ClO4]2 - POM) are decreasing in 

following order: ∆E ([H2TPP][ClO4]2 – SWV1) ＞  ∆E 

([H2TPP][ClO4]2 - SWV2) ＞ ∆E ([H2TPP][ClO4]2 - SW), while 

the γ values and the OL performances are decreasing as 

follows: compound 1 ＞ compound 2 ＞ compound 3. Thus, it 

can be deduced that the γ values are directly proportional to 

∆E([H2TPP][ClO4]2 - POM), while limiting thresh hold values 

are inversely proportional to ∆E([H2TPP][ClO4]2 - POM). In 

this context, low-lying LUMO levels of POMs, which can be 

further lowered by the introduction of V atom while not vary 

monotonically with the number of vanadium atoms substituted, 

are thought as the principle factor for the improved NLO and 

OL response in these porphyrin-POM systems. 

Conclusions 

In conclusion, three new porphyrin-POM hybrids showing 

significant nonlinear reverse saturated absorption, self-

defocusing behavior and excellent OL performance have been 

prepared and characterized. The vanadium-substitution in the 

Keggin-type POMs anion  is found to be beneficial for the 

improvement of third-order NLO and OL properties of resulting 

porphyrin-POM hybrids while not vary monotonically with the 

number of vanadium atoms substituted. The facile charge 

transfer from excited porphyrin to POMs in the hybrids is 

thought to be responsible for the enhancement of these 

properties. The present work donates important insight into the 

NLO properties of porphyrin−POM hybrids, and could provide 

a new guide for the design of NLO materials with enhanced 

NLO properties based on porphyrin-polyoxometalate hybrids. 
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