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Three kinds of high soluble phthalocyanine complexes were synthesized in cyclic tetramerisation 

reaction of a dicyano benzene component and different metal ions(Pb
2+

,Ni
2+

,Cu
2+

) for the first time. 

The products were characterized by IR、GC/MS、1
HN MR and elemental analysis respectively. The 

electronic absorption spectra in solution of the complexes and the spin-coated films were compared. 

The thin films were characterized by AFM and SEM. The gas sensing properties of spin-coated films 

were determined to NO2. The effects of central metal ions, film surface appearances and sensing 

temperature on gas sensing property have been studied. It can be concluded that 1,6,10,15,19,24,28,33-

octa-iso-pentyloxy-2,3-phthalocyanine lead spin-coated film showed good gas sensitivity to NO2. 
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1. INTRODUCTION 

Phthalocyanine and its metal derivatives are a P-type semiconductor, which has attracted 

interest obviously as gas sensing materials[1]. The electronic properties of MPc thin films are known 

to be affected by the adsorption of oxidization or reducing gas, which has lead to the studies and 

application of these materials in the field of gas sensing [2]. One important feature of the MPc gas 

sensor, compared with that of inorganic metal oxide, is that it can be operated at much lower 

temperature[3].  

A lot of researches on the gas sensitivity of CuPc and PbPc have been reported. Early in 1987 

Burr et al. used PbPc as the gate material for FETs. Among the metals Pcs, PbPc is the one that has 
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been most intensively studied [4–8].This material has been reported to be superior to other 

phthalocyanines. It had been reported that the response and reversibility of PbPc sensor can be 

improved by means of increasing the operating temperature [9]. CuPc films present similar features as 

that of PbPc films and the Pc material which is most intensively being studied [10-15]. 

Recently the sensing property of NiPc film towards NO gas was explored [16]. C.J. Liu et al. 

studied that the effect of surface morphology on the sensor current of a chemiresistor-type NO sensor 

based on the vacuum-deposited nickel phthalocyanine (NiPc) thin films[17]. 

To be used as a gas sensor, the MPc materials are always prepared in thin film form. 

Phthalocyanine thin films can be prepared in several ways, like spin coating technology, vacuum 

sublimation and Langmuir–Blodgett techniques. Among several methods, the spin coating technology 

is the easiest and feasible. 

Solubility of phthalocyanines is a key impact factor in spin coating technology. MPcs with 

substituents express better solubility than that without substituents. Our team has been focusing on gas 

sensitivity of MPcs spin-coated films with alkoxy substituents, for as much their powders showed good 

soluble in common organic solvents. Based on this, we fabricated the spin-coated films (their chemical 

structures are shown in Fig.1)and studied their gas sensitivity to NO2. 
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Figure 1. The structure of M(II)Pc(iso-PeO)8 

 

 

2. EXPERIMENT 

MPcs are synthesized from 1,2-dicyano-3-(2,2,4-trimethyl-3-pentyloxy) benzene and, 

anhydrous metal (Pb
2 +

, Ni
2 +

, Cu
2 +

) chloride in 1-pentanol solvent with 1,8-diazabicycio-[5.4.0]- 
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undec-7-ene (DBU) as the catalyst. The reaction mixture was refluxed for 6h in the presence of a 

nitrogen atmosphere. The reaction solvent was evaporated to half of the original volume by rotary 

evaporation. After the remained mixture was cooled to room temperature, methanol was added. The 

precipitated solid was collected by means of filtration and washed with methanol. The product was 

dried and purified by column chromatography.  

The thin films were fabricated by spin-coating on interdigital aluminum electrode of 50 µm 

electrode spacing and 10 finger pairs, quartz, glass and CaF2 substrates, respectively, in air 

(temperature 25℃, relative humidity 50-95%). MPcs films were prepared by spinning their benzene 

solution (6.5mg·ml
-1

) onto cleaned substrates at 3000 rpm for 15s. 

FT-IR spectra were recorded as KBr pellets over the range 4000– 400 cm
-1

 using a Bruker 

instrument system (Equinox 55). Elemental analyses were performed with an elemental analyzer (PE-

2400). UV–VIS spectra were measured by means of using a Perkin-Elmer Lambda 900 UV/VIS/NIR 

spectrometer with the resolution of 0.05nm. MALDI-TOF mass spectra were determined using LDI-

1700 (Linear Scientific Inc). Themorphology of surface was examined with an atomic force 

microscope (Digital instrument Nanoscope IIIa).  

The electrical resistance of the spin-coated film under various gas concentrations was measured 

with ZC 36 type high resistance meter at room temperature and 50℃, respectively. The temperature 

was controlled with a constant temperature-controlled instrument. In a typical run, nitrogen was first 

introduced into the test chamber at a flow rate of 500 ml/min for at least 30 mins. Then some amount 

of nitrogen dioxide was injected into the chamber by a microsyringe. Finally, the chamber was flushed 

with pure nitrogen until complete desorption. The sensitivity (S) is: S = Ra/Rg, where Raand Rg are the 

resistance of the testing film measured in air and in a nitrogen diluted NO2 gas, respectively.  

 

 

 

3. RESULTS AND DISCUSSION 

MPcs were synthesized in 1-pentanol by the cyclic tetramerisation reaction between different 

metal ions (Pb
2+

, Ni
2+

and Cu
2+

) and 2,3-dicyano-1,4-di(iso-pentyloxy) benzene. These compounds 

were confirmed by elemental analysis, FT-IR spectra, MS spectra and UV-VIS spectra. The elemental 

analytical data identify well with their formulae: PbPc(iso-PeO)8 for C72H96N8O8Pb: C, 61.38 ; H, 6.87 

; N, 7.95%; found: 61.42; H, 6.82; N, 7.90%; MS: m/e (1408.3), CuPc(iso-PeO)8 for C64H80N8O4Cu: 

C, 68.35 ; H, 7.65 ; N, 8.86%; found: C, 68.40; H, 7.66; N, 8.82 %; MS: m/e (1263.0), NiPc(iso-PeO)8 

for C64H80N8O4Ni: C, 68.32 ; H, 7.68 ; N, 8.89%; found: C, 68.40; H, 7.62; N, 8.83%; MS: m/e 

(1258.0). MALDI-TOF mass spectra of the M(II)Pcs. The IR spectra of MPcs powders and films are 

summarized in Table. 1. It can be seen that the absorption bands of spin-coated films and films are 

similar in the main frequencies. It indicated molecules arrangement in spin-coated film was out of 

order. But, the relative intensity of certain absorption bands, such as υC=C, υC=N(macrocycle) changed 

obviously from the power and film. These phenomena indicate that molecules in spin-coating film are 

arranged more closely. The interaction forces among the molecules are increased and the macrocycle 

vibration can be decreased.  
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The electronic spectra of M(II) Pcs in chloroform solutions and the spin-coated films are given 

in Fig. 2. There are series of Soret-band in the ultraviolet region and Q-band absorption in the visible 

region in chloroform solution, which can be attributed to π(a2u)-π
*
(eg) and π(a1u)-π

*
(eg), respectively. 

The differences of Q-band can be observed in the spin-coated film and in solutions. It can be seen that 

the Omax of Q-band of the Pb(II)Pc(iso-PeO)8, Cu(II)Pc(iso-PeO)8 and Ni(II)Pc(iso-PeO)8 in solution 

are at around 694, 707 and 702nm, which are red-shifted to around 708, 717 and 709nm and broadened 

in spin-coated films. It suggests that the phthalocyanine molecules form J-aggregate in spin-coated 

film according to the molecular excitation theory [18].  

 

Table 1. The main IR frequencies and related assignment of MPcs compounds 

 
R wavenumber(cm

-1
) Assignment 

Pb      Cu     Ni Pb     Cu    Ni 

(KBr) Spin-coating  film 

3089 3186 3088    υC-H (benzene) 

2953 2956 2951 2955 2954 2956 υC-H (-CH3) 

2925 2925 2917 2926 2920 2925 υC-H (-CH2-) 

2866 2870 2868 2869 2875 2870 υC-H (-CH3) 

   1729 1751 1731 υC=O 

1660 1645 1672    υC=C,υC=N 

1593 1586 1604 1595 1601 1587 υC=C (macrocycle) 

1484 1489 1498 1470 1499 1489 υC=N (macrocycle) 

1384 1385 1385 1399 1382 1385 υC=C (pyrrole) 

1365 1368 1363 1345 1363 1368 υC=N (pyrrole) 

1329 1335 1328 1311 1314 1327 υC-C 

1272 1279 1287 1252 1275 1279 υC-C 

1244 1243 1261 1235 1210 1246 υC-O-C 

1145 1136 1133 1116 1130 1136 βC-H (benzene) 

1063 1067 1071 1082 1070 1067 βC-H (benzene) 
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Figure 2. Electronic spectra of M(II)Pcs (left: Chloroform solution, right: spin-coating film) 
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We also studied the influence of different metal ions on the Omax of Q-band in solution. From 

Fig. 2, it is clearly shown that the absorption peak was red-shifted from nickel(II) and copper (II) to 

lead (II). The results in our experiments can be explained as followed: the metal ion was connected 

with the nitrogen atom of macrocycle. According to the modern molecule orbit theory [19], if the 

electron clouddensity of molecule internal nitrogen atom of phthalocyanine is  increased, that will lead 

to the red shift of absorption peak of the Q-band. This ability increases along with the decrease of the 

positive electricity ability of metal ion. The positive electricity ability of metal ion is in the order of 

nickel (II) > copper (II)> lead (II), so the maximum absorption of M(II)Pcs is lead(II) > copper(II) > 

nickel(II).  

 

 

 

a                            b                             c 

 

Figure 3. AFM images of spin-coated films.(a) Pb(II)Pc(iso-PeO)8; (b) Cu(II)Pc(iso-PeO)8; (c) 

Ni(II)Pc(iso-PeO)8 

 

The solubility of M(II)Pcs in some organic solvents, such as benzene, chloroform and 

dichloromethane is > 2 % (wt).  

 

     

a                            b                             c 

 

Figure 4. SEM images of spin-coated films.(a) Pb(II)Pc(iso-PeO)8; (b) Cu(II)Pc(iso-PeO)8; (c) 

Ni(II)Pc(iso-PeO)8 
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These results showed that the M(II)Pcs were highly soluble, which gave these M(II)Pcs 

potential application for gas sensor by using spin-coating technique. Further interesting results have 

obtained by means of AFM and SEM measurements (Fig. 3 and Fig. 4). The AFM micrographs 

indicate that spin-coated films of Pb(II), Cu(II) and Ni(II)(iso-PeO)8 were uniform, smooth and dense 

on glass. with a mean roughness of 0.324 nm, 0.165 nm and 0.256 nm, respectively. The porous 

structure which is in favour of absorbing small gas molecules can be seen in Fig. 4. Moreover, the 

spin-coated films of PbPc(iso-PeO)8 produced films with aggregate structure analogous to films of 

PbPc obtained from the vacuum deposited by J.C. Hsieh.[6]. 

The gas sensitivity of MPcs is based on their electronic conductivity, namely the difference of 

energy level between valence band and conduction band. Central metal ions have many influences on 

the HOMO, LUMO and energy level structure of the complexes, sequentially do the gas sensitivity. In 

order to discuss this influence, we chose the metal(II) phthalocyanines with the same 

substituent(pentyloxy) and different metal ions(Pb,Cu,Ni).To fabricate the spin-coated films the same 

concentration solvent were chosen. The gas sensitivity were determined at different temperature to 

NO2.Gas sensitivity as a function of operating temperature of MPc(iso-PeO)8 films to NO2 is in Fig.5. 
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Figure 5. Gas sensitivity as a function of operating temperature of MPc(iso-PeO)8 films to NO2 

 

From Fig 5 it can be seen the sensitivity(Ra/Rg) of the spin-coated films of PbPc(iso-PeO)8 and 

NiPc(iso-PeO)8 increased firstly, then declined during the experiment temperature range to 

NO2(50ppm),reached the highest point at 50 ℃ .The relationship between temperature and the 

sensitivity showed the peak shape. The reason is probably that adsorb NO2 molecules needs an 

activation energy. The temperature is higher, the amount of the current carrier is bigger. It amounts to 

potential energy barrier of electronic transition fell, the conductivity strengthened. At the same time, 

the higher temperature, the bigger the amount of desorption .The decrease in the number of electron 

holes resulted in the decrease in number of the current carrier and it amounts to that the potential 

energy barrier is increased the conductivity is weakened. Besides, the spin-coated films at different 

temperature are very sensitive to contribution of electron-phonon interactions crucial role is played by 

contribution of electron subsystem electively interacting with the particular molecule and principal 

here is the values of the ground state dipole moments of the chromophore determined by 

http://dj.iciba.com/metallic/
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cations[20,21]. Additionally these films may be promising as materials for light emitting devices and 

photovoltaics. 

It can also be seen that the gas sensitivity of MPc(iso-PeO)8 films varied with the metal ion , 

with an order of lead(II) > nickel (II)>copper(II) in Fig. 5 , which is consistent with the date obtained 

for LB films by F. Armand [22] (Zinc>Nickel >Copper>Cobalt),and does not correlate with the date 

obtained for sublimed films by T.A. Jones [23](cobalt>copper>Zinc>Nickel). These results 

demonstrate that the structure has influence on the gas sensitivity to some extent, and at the same time, 

the surface morphologies of thin films also have many influences on the gas sensitivity. Moreover, the 

principal roles for the properties of films give also film-substrate interfaces determining nano-tapping 

levels[24]. 

The response-recovery curves characteristic of MPc(iso-PeO)8 films at room temperature and 

50℃ is in Fig.6 and Fig.7. The same point is that when the thin films exposed to NO2, the resistance 

decreased dramatically, namely, the conductivity increased and all manifested obvious P-type 

conductor characteristic. The different point is that at room temperature, the spin-coated films of 

MPc(iso-PeO)8 showed a poor sensitivity and reversibility in NO2. The reason is probably the 

desorption of chemisorbed NO2 molecules needs an activation energy [6,20]. No matter at room 

temperature or 50℃ the spin-coated film of PbPc(iso-PeO)8 expressed the best gas sensitivity to NO2. 

Even at room temperature the spin-coated film of PbPc(iso-PeO)8 shows sensitivity to minimum 

concentration 5ppm of NO2. It can be seen that the gas sensitivity of MPc(iso-PeO)8 films varied with 

the metal ion , with an order of lead(II) > nickel (II)>copper (II) in Fig. 6 or 7. From CuPc(iso-PeO)8 to 

PbPc(iso- PeO)8, although the metallic apparent value is the same, the net charge number on the whole 

shows accretion current. Thus, with the increase of central metal ion number, the capability of the ring 

of phthalocyanine donor electrons enhances. These complexes present to be oxidized easily. NO2 is a 

planar-π electron accepter, with the increase of d electron of the central metal, the sensitivity should 

increase in accordance with the order of experiment result. Besides, Pb(iso-PeO)8 molecule possess 

unique structure, lead ion stands out of conjugated phthalocyanine π-system. Most other 

phthalocyanine molecules are in the same plane. The special structure leads to the special 

semiconductor property. On the other hand, eight pentyloxy substituents have some influences on the 

electron density of phthalocyanine macrocycle, and sequentially affect the gas absorption and electron 

transfer. Pentyloxy is an intense donor, which strengthened the chemisorption with facile production of 

ionized states and charge carriers which are formed from strong charge transfer interactions between 

phthalocyanine macrocycle and NO2. Meanwhile the molecular configuration change for the large 

substituents. The steric effect of the substituents makes the space larger among molecules, which 

makes molecule plane anamorphic. The difference of energy level between valence band and 

conduction band take place changes, which result in the change of conductance. The gas sensitivity has 

been improved. Moreover the dissolvability of the complexes has been improved because of the 

introdudtion of large substituents, which is beneficial to fabricate spin-coating films. The interspace 

induced by the steric effect of the substituents is propitious to adsorption and desorption to NO2.It is 

also found in AFM and SEM pictures. The porous structure is in favor of adsorption, diffusion and 

desorption of gas molecules. Therefore the response-recovery ability of the spin-coated film of 

PbPc(iso-PeO)8 is the best of three.  

http://www.iciba.com/manifest/


Int. J. Electrochem. Sci., Vol. 8, 2013 

  

7051 

-200 0 200 400 600 800 1000 1200 1400 1600 1800 2000

4.0x10
6

6.0x10
6

8.0x10
6

1.0x10
7

1.2x10
7

1.4x10
7

1.6x10
7

1.8x10
7

3

2

1

NO
2
 in

NO
2
concentration:

 20ppm

 

 Time (s)

R
e
si

st
a

n
c
e
 (


)

3

2

NO
2
 in

NO
2
 in

N
2
 in

N
2
 in

1

N
2
 in

 
Figure 6. Response-recovery curves characteristic of MPc(iso-PeO)8 films at room temperature:(1) 

PbPc(iso-PeO)8; (2) NiPc(iso-PeO)8; (3) CuPc(iso-PeO)8 
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Figure 7. Response-recovery curves characteristic of MPc(iso-PeO)8 films at 50℃:(1) PbPc(iso-

PeO)8; (2) NiPc(iso-PeO)8; (3) CuPc(iso-PeO)8 

 

In order to discuss the selectivity of the spin-coated film of PbPc(iso-PeO)8, gas sensitivity 

were determined to CH3CH2OH, CH3COCH3 and NH3. The data showed in Table 2 including the 

sensitivity to NO2. We can find out the gas sensitivity to NO2 is the best in four. 

 

Table 2. The main IR frequencies and related assignment of MPcs compounds 

 

Concentration/40ppm CH3CH2OH  CH3COCH3 NH3 NO2 

Sensitivity 0.87 0.92 0.76 3.75 

 

 

4 CONCLUSION 

Three kinds of MPc(iso-PeO)8(M=Pb,Ni,Cu) complexes with good solubility in organic 

solutions were synthesized for the first time. The relative thin films were prepared by spin-coating 
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method. The influence of different metal ions and the testing temperature on NO2 gas sensitivity were 

studied. M(II) Pcs complexes had potential application as a gas sensor by means of using spin-coating 

due to their good solubility, fast response and recovery characteristics at 50℃, and PbPc(iso-PeO)8 

would be suitable for gas sensor to NO2 because of its high sensitivity, good reversibility and linear 

relationship between sensitivity of PbPc(iso-PeO)8 spin-coating films and the concentration of NO2. 

They also may be promising as materials for light emitting devices and photovoltaics. 

 

 

ACKNOWLEDGEMENTS 

This work was supported by the National Natural Science Foundation of China (No.60772019 and 

No.51078101), Harbin Technical Innovation Scholarship Special Found (2010RFXXG009) and 

Provincial Science and Technology Agency (No.12533042). The authors would like to thank all the 

teachers in the investigations of the samples.  

 

 

References 

 

1. T. Sizun, M. Bouvet, Sensors and Actuators B, 159 (2011) 163-170. 

2. Z. Ahmad, S. M. Abdullah, Sensors and Actuators A, 179 (2012) 146-150. 

3. X. Wang, S. Ji, Sensors and Actuators B, 160 (2011) 115-120.  

4. Y. Sadaoka, T.A. Jones, G.S. Revell and W. Gopel, J. Mater. Sci., 25 (1990) 5257-5268. 

5. D. Campbell, R.A. Collins, Thin Solid Films, 295 (1997) 277-282. 

6. J.C. Hsieh, C.J. Liu and Y.H. Ju, Thin Solid Films, 322 (1998) 98-103. 

7. Ho, KC, Chen, CM, Sensors and Actuators B, 108 (2005) 418-426. 

8. B Wang, X.Q. Zhou, Sensors and Actuators B, 171-172 (2012) 398-404 

9. B. Bott, T.A. Jones, Sensors and Actuators B, 5 (1984) 43-53. 

10. S. Dogo, J.P. Germain and C. Maleysson, Thin Solid Films, 219 (1992) 251-256. 

11. O. Berger, W.J. Fischer, B. Adolphi, S. Tierbach, V. Melev and J.Schreiber, J. Mater. Sci.: Mater. 

Electron, 11 (2000) 331-346. 

12. M.I. Newton, T.K.H. Starke, M.R. Willis, G. McHale, Sensors and Actuators B, 67 (2000) 307-

311. 

13. Y.L. Lee, W.C. Tsai, C.H. Chang, Y.M. Yang, Appl. Surf. Sci., 172 (2001) 191–199. 

14. Singh, AKA , Debnath, AK, et.al. TALANTA, 82 (2010) 1485-1489. 

15. Wang, B , Zuo, X , et.al, Sensors and Actuators B, 152 (2011) 191-195. 

16. K.C. Ho, Y.M. Tsou, Sensors and Actuators B, 77 (2001) 253–259. 

17. C.J. Liu, J.J. Shih and Y.H. Ju, Sensors and Actuators B, 99 (2004) 344–349. 

18. M. Fujiki, H. Tabei and T. Kurihara, J. Phys. Chem., 92 (1988) 1281-1285. 

19. Y.F. HOU, Z.W. WU and J.Z. HU, Chemistry Industry Press (1985) 243. 

20. E.Gondek, J.Niziol, A.Danel, P.Schlachcic, K.Plucinski, J.Sanetra and I.V.Kityk. Spectrochimica 

Acta A: Molecular and Biomolecular Spectroscopy, 75 (2010) 1501-1505.  

21. E.Gondek, E.Danel, Philosophical Magazine, 90 (2010) 2677-2685. 

22. F. Armand, H. Perez, S. Fouriaux, et.al, Syn. Metals., 102 (1999) 1476-1477. 

23. T. A. Jones, B. Bott, Sensors and Actuators B, 9 (1986) 27-37. 

24. J. Ebothé, A. El Hichou, B. El Idrissi,, M. Addou and J. Krasowski, Vacuum Science & Technology 

A, 21 (2003) 201-205. 

Author: Li Zan（1980-）a doctor in Harbin Institute of Technology, teacher of School of Science 

in Harbin University. 

 

© 2013 by ESG (www.electrochemsci.org) 

http://www.sciencedirect.com/science/article/pii/S0925400511006046##
http://www.sciencedirect.com/science/article/pii/S0925400511006046##
http://www.sciencedirect.com/science/journal/09254005
http://www.sciencedirect.com/science/article/pii/S0924424712002014##
http://www.sciencedirect.com/science/article/pii/S0924424712002014##
http://www.sciencedirect.com/science/journal/09244247
http://www.sciencedirect.com/science/article/pii/S0925400511006630##
http://www.sciencedirect.com/science/article/pii/S0925400511006630##
http://www.sciencedirect.com/science/article/pii/S0925400511006630##
http://www.sciencedirect.com/science/journal/09254005
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=3DiNnOa2ALbJe@8cIG@&author_name=Ho,%20KC&dais_id=1402928
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&colName=WOS&SID=3DiNnOa2ALbJe@8cIG@&field=AU&value=Chen,%20CM
http://www.sciencedirect.com/science/article/pii/S0925400512004443##
http://www.sciencedirect.com/science/article/pii/S0925400512004443##
http://www.sciencedirect.com/science/journal/09254005
http://www.sciencedirect.com/science/journal/09254005
http://www.sciencedirect.com/science/journal/09254005
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&colName=WOS&SID=3DiNnOa2ALbJe@8cIG@&field=AU&value=Singh,%20AKA
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=3DiNnOa2ALbJe@8cIG@&author_name=Debnath,%20AK&dais_id=10894352
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=3DiNnOa2ALbJe@8cIG@&author_name=Wang,%20B&dais_id=3349300
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=3DiNnOa2ALbJe@8cIG@&author_name=Zuo,%20X&dais_id=10065593
http://www.sciencedirect.com/science/journal/09254005
http://www.sciencedirect.com/science/journal/09254005
http://www.sciencedirect.com/science/journal/09254005
http://www.sciencedirect.com/science/journal/09254005
http://www.electrochemsci.org/

