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Abstract 

 Morphological evolution and swelling were observed in the zinc phthalocyanine (ZnPc) layer on a 

quartz crystal microbalance (QCM) sensor treated with annealing. The morphology affects the swelling 

during analyte injection. The swelling effect can shorten the QCM sensor recovery time. The ZnPc layer 

was deposited on the surface of the polystyrene/QCM by evaporation technique. The annealing process was 

conducted for 1 h at 3 temperature variations: 100, 150, and 220 °C. The swelling experiments were carried 

out by injecting PBS and Tris-HCl solution into the layer. The surface morphology characterization of ZnPc 

was observed using an SEM/EDX before and after swelling. The morphological evolution from the network 

into fibers change to disentangled of the ZnPc molecular chain and broke into a shorter fiber. The 

diffractogram revealed a monoclinic phase for the samples annealed at 100 and 150 °C. On the other hand, 

the sample annealed at 220 °C showed a triclinic phase. The formation of ZnPc crystal confirms the 

disordering structure leading to the morphology change. Further, the ZnPc fibers swell after the injection 

of PBS and Tris-HCl. Tris-HCl injection at high temperature annealing (220 °C) resulted in fiber tattering. 

Investigations on diffusion mechanisms were conducted by measuring the change in frequency. The ionic 

strength of the solutions controlled the diffusion. The PBS diffuses faster than the Tris-HCl into the ZnPc 

layer. 
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Introduction 

 Quartz Crystal Microbalance (QCM) is a mass sensor capable of measuring mass changes that occur 

on its surface based on shifts in the resonant frequency formulated by the Sauerbrey equation [1]. QCM is 

widely applied as a biosensor [2,3] and gas sensor [4-8]. Using the QCM as a sensor requires an active layer 

on its surface to increase the sensor response, selectivity, sensitivity, and measurement reproducibility of 

analytes. One of the most applied active sensor layers is made of polymeric materials. This polymer material 

was chosen because it has the advantages of high sensitivity, responding quickly to analytes, and operating 

at room temperature. This ability is mainly due to sorption interactions between the polymer layer and the 

analyte. Analytes that diffuse into the coating can cause swelling [9]. Besides the sorption alone, the 

swelling shifts the resonant frequency more significantly. This change affects the increase in sensor 

sensitivity. 

Swelling is influenced by 2 factors, the layer and the liquid analyte properties [9]. The former 

properties include morphology [10-12], cross-linking [13,14], wettability [15] and layer thickness [16]. 

While the latter comprises the molecular weight of the analyte [17], the affinity between substrate-liquid 

[18], solution concentration [19], ionic strength [20], and layer polarity [15]. Besides, research conducted 

by Al-Anbakey 2013 showed that the swelling effect in polyacrylic acid (PAA) is controlled by temperature 

[21]. The swelling is caused by the internal energy and entropy of the PAA layer, which increases in 

proportion to the increase in temperature, encouraging the diffusion of more and more analytes. 

Recently, conductive polymers such as metal phthalocyanine (MPc) have received much attention 

because of considerable variation in molecular structure [22-24]. Phthalocyanine (Pc) is an organic 

compound that can be modified by replacing 2 hydrogen atoms in the center with metal atoms or other 

compounds [23]. Replacing hydrogen atoms with metal atoms will produce its derivative compounds called 

metal phthalocyanine (MPc). The widely used metal types are transitional metals, such as Zn, Cu, Fe, Co, 

and Ni [24,25]. Zinc phthalocyanine (ZnPc) is 1 type of Zn metal cation in its central cavity [26]. ZnPc 

comprises a phthalocyanine (C32H16N8) ring with a transition metal core (Zn). All interactions π and core-
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shell in the phthalocyanine branches are dominated by Van Der Waals bonds, making these molecules 

easily interact with liquid analyte molecules [27,28]. In addition, ZnPc molecules can also trigger the 

emergence of physical interactions such as π and π* orbitals [29]. These advantages make the ZnPc a 

suitable biosensor active layer [30-32]. 

Our previous research showed the swelling effect observed in the CuPc using a quartz crystal 

microbalance (QCM) sensor layer injected with a liquid analyte [10,33]. The swelling effect observed by 

the injection of PBS and Tris-Cl increases the analyte absorption and the change in the QCM oscillation 

frequency. The pattern of continuous frequency changes indicates the diffusion of the liquid molecules into 

a thin layer on the surface of the QCM. The swelling ability is required to improve the sensor performance. 

This study observed the annealing effect on the morphology of the ZnPc layer and the swelling effects that 

occur by injecting with variations in the buffer type (PBS and Tris-CL). Observations were made through 

changes in the frequency of QCM sensor resonance due to the swelling effect.  

 

Materials and methods 

 The polystyrene (PS) interlayer is deposited using a spin coating method on the surface of the QCM 

10 MHz sensor with silver electrodes (purchased from PT Great Microtama). The PS interlayer layer 

increases the interaction between the QCM substrate and the thin layer of ZnPc. PS 192 g/mol obtained 

from Sigma Aldrich is dissolved in toluene solvents until a solution with a concentration of 6 % is obtained. 

The solution was dropped and spun on the QCM. The spinning was conducted for 60 s with a speed of 

3,000 rpm. The PS layer was annealed at 200 °C for 1 h to evaporate the solvent and produce a smooth 

surface.  

 

 

Figure 1 Vacuum thermal evaporation deposition system. 

 

 The deposition of ZnPc on the surface of the QCM sensor was carried out by the thermal evaporation 

method. The ZnPc powder (99 % purity) was purchased from Sigma Aldrich. A total of 5 mg of ZnPc 

powder is placed in a heating crucible 3 cm away from the surface of the QCM substrate. Then, the heater 

power supply voltage was raised gradually to 1.4 V. The ZnPc powder was evaporated for 5 min to form a 

thin layer on the surface of the QCM. Figure 1 shows the vacuum evaporation system used in this study. 

The thin layer of ZnPc was then annealed for 1 h with 3 temperature variations, i.e., 100, 150, and 220 °C. 

The morphology of the annealed ZnPc layers was observed using a FESEM/EDX Quanta FEG 650 type. 

The X-ray Bragg-Brentano diffraction technique was used to determine the crystalline structure of the 

ZnPc. The measurements were conducted using a Panalytical X’Pert3 powder XRD system with Cu-Kα 

radiation (λ = 1.543Å). The diffracted beam was picked up using a high-sensitivity RTMS detector 

(X’Celerator Scientific) at 0.0167 degrees for 10.16 s per step. The diffraction peaks of ZnPc were 

compared with the standard JCPDS-ICDD tables (PDF 00-039-1882). 
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Figure 2 Experimental setup for investigating swelling of ZnPc on QCM sensor. 

 

 The above measurements (Figure 2) were also carried out to observe the swelling effect of the ZnPc 

layer by injecting 50 µl of 2 types of buffer solutions: phosphate buffered saline (PBS) pH 7.4 and ultrapure 

1 M tris-hydrochloride buffer (tris-HCl) pH 7.5 a product of GIBCO made in the USA, for each variation 

of the annealing treatment. The study measured changes in the QCM frequency before and after the 

injection. The QCM was mounted in the cell and connected to an oscillator, as shown in Figure 2. A 

frequency counter was utilized to determine the resonance frequency of the QCM sensor. The QCM 

frequency measurement was carried out for an hour, which will then be plotted as a reference for the effect 

of annealing temperature on the swelling effect of the ZnPc layer on QCM. 

 

Results and discussion 

 The annealing treatment of the ZnPc at various temperatures causes the gradual decomposition of its 

fibrous structure. The morphological structure of the ZnPc layer before annealing is the fibrous network, 

as shown in Figure 3(a). There were no significant morphological changes for samples annealed at 100 °C 

(Figure 3(b)). The network was intact, but the fibers started to stretch, and the distance among them was 

wider. The fibers broke, and their tips were tapered at 150 °C of annealing. The fibers became much shorter 

and distributed in the layer. The phenomenon was more apparent in the samples annealed at 220 °C (Figure 

3(d)). Furthermore, the space among them became broader and broader (Figure 3(c)). The morphological 

changes suggest that the fibers are homogenously distributed at higher annealing temperatures. 
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Figure 3 The morphology of ZnPc; (a) before annealing, (b) annealed at 100 °C, (c) annealed at 150 °C, 

and (d) annealed at 220 °C. 

 

 The microstructure ordering of ZnPc was investigated using the XRD, as shown in Figure 4. The 

untreated sample diffractogram shows only the SiO2 substrate crystalline structure. The absence of the ZnPc 

peak indicates that the layer is amorphous. Crystallization of the ZnPc was observed at low angle 2θ = 5 ° 

to 2θ = 11 ° [26,29,34] The diffraction peaks after the annealing were found at 2θ = 6.62 °, 2θ = 6.94 ° and 

the weak reflection at 2θ = 9.63 °. The samples annealed at 100 and 150 °C exhibit a monoclinic phase. 

The phase is characterized by the peak at 2θ = 6.94 ° and 2θ = 9.63 ° related to the (200) and (202) plane, 

respectively. A decrease in the intensity value of the monoclinic phase in the (200) crystal plane occurs up 

to an annealing temperature of 150 °C. Higher temperature annealing resulted in phase transformation into 

triclinic, which can be confirmed with the (100) peak at 2θ = 6.62 ° [34]. The transformation indicates the 

disordering of the crystal, which trigger the morphological evolution.  
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Figure 4 Diffractogram of ZnPc layer; (a) untreated, (b) annealed at 100 °C, (c) annealed at 150 °C, and 

(d) annealed at 220 °C. 

 

The layer experiencing molecular stretching due to annealing is crucial in sensor analyte detection. 

The stretched layer increases porosity, which can also be the entrance of the analyte molecules to be 

absorbed into the ZnPc layer. This analyte molecule absorption is closely related to the swelling ability of 

the ZnPc layer. The swelling of the layer was studied by observing the surface morphology change and 

measuring changes in the QCM frequency after the injection of buffer solutions, i.e., PBS and Tris-HCl. 

The SEM images in Figure 5 show the annealed ZnPc layer swelling after the injection of PBS and Tris-

HCl. The observations also noticed the broadening of space among the fibers. Detailed studies on the slight 

change of the sample annealed at 100 °C reveal that limited interactions between the layer and the buffer 

caused only small diffusion into the fiber. The buffer solutions diffuse more in the samples annealed at 150 

°C, indicated by the significant widening/swelling of the fibers. The ZnPc layer accommodates a larger 

driving force of the buffer molecules, pushing them into the fibers. Further broadening of inter-fiber space 

was also facilitated for these samples. An interesting phenomenon was observed for the samples annealed 

at 220 °C, where the SEM image shows extreme shortening and deformation of fibers due to the injection 

of PBS solution. The PBS molecules with immense ionic strength and molecular weight constantly diffuse 

and disentangle the ZnPc polymer chains. 
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Figure 5 The morphology of ZnPc layer (I-a) injected with PBS after annealed at 100 °C, (I-b) injected 

with PBS after annealed at 150 °C, (I-c) injected with PBS after annealed at 220 °C; and (II-a) injected with 

Tris-HCl after annealed at 100 °C, (II-b) injected with Tris-HCl after annealed at 150 °C, (II-c) injected 

with Tris-HCl after annealed at 220 °C. 

 

This result suggests that morphological changes are significant. Exaggerated morphological changes 

were observed for the samples injected with Tris-HCl buffer solution, showing the tattered fiber with 

embedded structures. This phenomenon can be related to the phase transformation and the interaction with 

the Tris-HCl. 

The morphological evolutions directly affect the resonance frequency of the QCM (Figure 6). A 

sudden change of mass on the sensor’s surface due to the buffer injection causes the resonance frequency 

of the QCM sensor to fall significantly in the first minute. The buffer molecule that is injected will then 

diffuse into the ZnPc layer. As a result, there is a continuous decrease in frequency during the diffusion 

process. The continuous reduction in the frequency of QCM resonance indicates that there has been a 

swelling effect on the thin layer of ZnPc due to interaction with the buffer solution. 
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Figure 6 The QCM frequency response after the deposited ZnPc injected with (a) PBS and (b) Tris-HCl. 

 

As shown in Figure 6, the annealing temperature resulted in a different trend for PBS and Tris-HCl. 

The trend for the PBS is steeper as the annealing increases. On the other hand, the one for the Tris-HCl is 

sloppier with the increase in annealing temperature. This trend demonstrates that the PBS buffer molecule 

diffuses and reaches saturation conditions longer than Tris-HCl. The diffusion is controlled by the analyte 

driving force and the ZnPc morphological restraining force. The time required by the swelling to reach 

saturation conditions differs depending on the amount of restrained force due to the ZnPc morphological 

change. 

The observations show that the annealed ZnPc layer with a temperature of 220 °C has the steepest 

frequency change trend when injected with PBS (Figure 6(a)). In contrast, the Tris-HCl solution shows the 

sloppiest trend (Figure 6(b)). This change was related to the long distance between the swollen fibers. The 

layer has a much larger area, increasing the interaction between the buffer molecule and the ZnPc layer. In 

addition, due to the widening on the surface of ZnPc, which was annealed at 220 °C, the buffer molecules 

can more easily enter the ZnPc layer. Further observation of the data presented in Figure 6(a) reveals that 

the QCM frequency changes to the PBS injection for the layer annealed at 220 °C were gradually increased, 

indicating the continued diffusion of PBS molecules. 

The widening of the fiber structure, the broadening distance between the fiber, and the high degree of 

chain mobility in the ZnPc annealed at 220 °C tend to have a smaller restrained force. The smaller force 

allows more diffusion of molecules. The ZnPc interacting with PBS will experience a larger frequency 

change than the Tris-HCl for the same treatment. However, diffusion is also affected by the ionic strength 

of the analyte molecules. The PBS ionic strength is higher than the Tris-HCl, providing more energy for 

PBS molecules to diffuse. The PBS has extra constituent ions, i.e., Na+, K+, and Cl-, while the Tris-HCl 

only comprises Cl- ions. In addition, the molecular weight and size of the larger PBS molecule due to 

phosphate ions can affect the swelling. The Phosphate ions will stretch the ZnPc chains, so more molecules 

can diffuse and increase the swelling effects that occur. 

Evidence of the diffusion of the buffer solution in the ZnPc layer can be seen from the EDX results 

of the ZnPc layer after observing the swelling effect (Figure 7). After the swelling effect occurs, there are 

PBS constituent elements, as shown in Figure 7(a), namely Cl, Na, and O, in the ZnPc layer injected with 

PBS buffer solution. The composition also aligns with the ZnPc layer injected with Tris-HCl buffer solution 

(Table 1), which found its constituent elements: Cl, C, N, and O.  

 

Table 1 The element composition of ZnPc from EDX results. 

Element of ZnPc injected 

with PBS 
Wt% 

Element of ZnPc with injected 

Tris-HCl 
Wt% 

Zn 2.61 Zn 1.69 

C 81.11 C 80.79 

O 10.76 O 8.55 

Cl 2.37 Cl 1.22 

P 1.03 N 7.75 

Na 1.07 - - 

K 1.05 - - 
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 The PBS ionic strength, more extensive than the Tris-HCl, provides higher energy for PBS molecules 

to diffuse to break the ZnPc chain. In addition, due to phosphate ions, the larger PBS molecule’s molecular 

weight and size affect the swelling. The presence of phosphate ions will stretch the ZnPc chains so that 

more molecules can diffuse and cause more significant swelling. The distribution of ZnPc particles after 

being injected with PBS and Tris-CL indicates possible changes in the particle size due to the termination 

process and embedded ZnPc fibers. 

 

Conclusions 

 Our work showed that variation in annealing temperature from 100 to 220 °C activated gradual 

molecular decomposition resulting in ZnPc morphological changes. The dramatic morphological evolution 

started at the annealing temperature of 150 °C, where the molecular chain of the ZnPc disentangled and 

broke into a shorter fiber. The breaking created tapered fibers and broadened the inter-fiber space. The 

shortening and broadening were continued at 220 °C. The morphological changes at 220 °C were controlled 

by the disordering of monoclinic crystal into triclinic. The higher annealing temperature increases the 

frequency shift of the QCM injected with PBS and Tris-HCl solution. The different trend in frequency shift 

was caused by the solutions’ ionic strength, which also lead to further layer transformation. 

 By knowing the contribution of morphological changes to the frequency response, the annealing 

treatment can be used to control the layer diffusion behavior. On the other hand, this work has not explained 

the contribution of each surface mechanism and analyte character in depth, so further studies are needed. 
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