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 Organic thin films were deposited onto a quartz crystal with pyromellitic dianhydride 
(PMDA) and oxydianiline (ODA) by vacuum evaporation with or without argon plasma, 
and adsorption properties on these thin films for volatile organic compounds (VOCs), 
i.e., acetone, acetaldehyde, toluene, methyl salicylate, and some types of alcohol, were 
evaluated using a quartz crystal microbalance (QCM), to investigate their potential as 
gas sensors.  The number of adsorbed gas molecules increased with decreasing molecular 
weight on each organic thin film.  Furthermore, the numbers of adsorbed gas molecules 
on the organic thin films deposited by vacuum evaporation with argon plasma were 
higher than those on the organic thin films deposited by vacuum evaporation without the 
plasma.  The numbers of adsorbed gas molecules on both the polyimide thin films with 
and without argon plasma decreased with increasing temperature in the adsorbed-gas-
measuring system.
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1. Introduction

 Polyimides (PIs) have excellent thermal stability, chemical stability and electrical 
properties.(1,2)  PI films have been used as an insulating layer in print circuit boards 
(PCBs).(3)  Vapor deposition polymerization (VDP) of PI has been reported.(4,5)  Two 
types of monomer are evaporated onto the surface of a substrate in a vacuum chamber in 
VDP.(6)  Many types of monomer are used for coating the PI thin films, e.g., Usui et al. 
reported the characterization of a PI thin film prepared by coevaporation with perylene - 
tetracarboxylic dianhydride and diaminododecane.(7)

 In addition, the quartz crystal microbalance (QCM) is one of the sensor devices that 
enable the measurement of nanogram-order changes in mass on the surface of a quartz 
crystal by the observation of frequency shifts.(8)  Therefore, the QCM method can be 
applied to different gas-sensing systems by selecting the appropriate electrode material 
to be formed on the quartz crystal as the detection layer.(9)

 Highly sensitive detection technologies for volatile organic compounds are required.  
The QCM method has been applied to the detection of gas molecules,(10–14) and it has 
been one of the effective methods for the detection of volatile organic compounds (VOCs).  
We have already reported that the adsorbed quantities of water, ethanol and acetone 
on a sputtered thin film prepared by reactive sputtering with nitrogen were larger than 
those on a sputtered thin film prepared by sputtering with argon,(15) and rf power and 
pressure during the sputtering affect the surface properties, i.e., adhesion, mechanical 
and tribological properties, of the thin film sputtered with argon.(16)  We also report on the 
adsorption properties of water and VOCs on the sputtered thin films deposited onto the 
QCM by rf sputtering with a PI target to characterize their surface properties.(17)

 Furthermore, we have already reported the molecular structures and surface 
morphologies of the pyromellitic dianhydride (PMDA), oxydianiline (ODA), polyamic 
acid (PAA) and PI thin films prepared by vacuum evaporation with or without argon 
plasma.  Many minute prominences, whose diameters were 100–2,000 nm at the base 
and heights were several hundreds of nm, can be observed at the surface of the PMDA 
and ODA thin films prepared by vacuum evaporation without Ar plasma.  However, these 
minute prominences cannot be observed at the surface of the PMDA and ODA thin films 
prepared by vacuum evaporation with Ar plasma.  The surface roughness of the PAA and 
PI thin films prepared by vacuum evaporation decreased owing to the presence of the 
plasma during the deposition.(18)  In addition, all of these organic thin films prepared with 
the plasma had hydrophilic surfaces compared with those prepared without the plasma.  
The surface roughness of these thin films has a smaller effect on the wettability than 
hydrophilic moieties.(18)

 In this paper, we report on adsorption properties for the VOCs on the organic thin 
films deposited by vacuum evaporation with or without argon plasma with polyimide 
precursors, PMDA and ODA, using a quartz crystal microbalance (QCM) method.
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Fig. 1. Schematic diagram of plasma assisted vacuum evaporation system.

2. Experimental Procedure

2.1 Deposition of organic thin films by vacuum evaporation
 Figure 1 shows a schematic diagram of the vacuum evaporation apparatus equipped 
with an rf coil.  After the PMDA and ODA were separately enclosed into Knudsen 
cells located 120 mm under a glass substrate, they were heated by tungsten heaters.  A 
QCM electrode was equipped on the glass substrate.  The temperatures of the cells 
were controlled by proportional integral differential controllers.(19)  The substrate was 
maintained at room temperature during the deposition.  Figure 2 shows a reaction 
scheme of PAA synthesis and conversion to PI.  The PAA was synthesized by the PMDA 
and ODA.  The PI was polymerized by the heat treatment of the PAA.  After the chamber 
was evacuated to a pressure of 1.0×10−2 Pa, the pressure in the chamber was maintained 
at 0.3 Pa by adjusting the main valve installed in the sputtering system.  Any gas was not 
introduced into the chamber for vacuum evaporation.  However, argon was introduced 
into the chamber for plasma-assisted vacuum evaporation.  After the cells enclosing 
PMDA and ODA were heated to 215 and 205°C, respectively, they were deposited onto 
the surface of the QCM electrode and formed a PAA thin film.  A PI thin film was formed 
by heating the PAA thin film at 300°C for 60 min in air.(20)

 The frequency of the power supply was 13.56 MHz, and the rf power supplied into 
the coil was 100 W.  The coating thickness of these organic thin films was about 300 nm.
 The thickness of these organic thin films was determined by measuring the height 
between the film and the glass slide with a profilometer, Surfcom 1400A-6® (Tokyo 
Seimitu, Inc., Japan).
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2.2 Measurent system of gas adsorption
 The adsorption properties of these thin films for acetone, acetaldehyde, toluene, 
methyl salicylate, and several types of alcohol were evaluated by measuring frequency 
shifts using the QCM system.  An AT-cut QCM device, whose fundamental oscillation 
frequency is 9 MHz, was used in this experiment.(9)  After a filter paper soaked in a 
liquid of these VOCs was placed into a gas washing bottle, dry nitrogen was supplied 
into the gas washing bottle at 100 mL/min.  The volume of each liquid drop was 100 
μL.  We consider that this volume is sufficient for saturating the response of the QCM 
system because no significant differences in the QCM oscillating mass could be observed 
during the measurements of these VOCs.  The change in QCM oscillating mass owing 
to gas adsorption on the organic thin films deposited on the gold electrode of QCM was 
indicated as a frequency shift.  Figure 3 shows a schematic diagram of an adsorbed-gas-
measuring system with QCM.  The QCM system was maintained at 20±1°C.
 A change in frequency was plotted as a frequency shift per gram organic thin film.  
We have reported the adsorption properties of thin films deposited onto a quartz crystal 
by rf sputtering with a poly(biphenyltetracarboxylic dianhydride - paraphenylene 
diamine) (BPDA-PDA) (polyimide) target, and small gas molecules can easily penetrate 

Fig. 2. Reaction scheme of polyamic acid (PAA) synthesis and conversion to polyimide (PI).(20)
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into the sputtered thin films and can be adsorbed; therefore, the number of adsorbed 
gas molecules increases.(17)  The adsorption properties of these thin films for acetone, 
acetaldehyde, toluene, methyl salicylate, and several types of alcohol were evaluated.  A 
change in QCM oscillating mass, Δm, can be calculated using Sauerbrey’s equation as(8)

 ∆f = − ∆m×F2

N×S×r , (1)

where Δf is the change in frequency, Δm is the change in QCM oscillating mass, F is 
the fundamental frequency of the QCM, N is the frequency constant (AT cut is 167 
cm·kHz), S is the surface area and r is the crystal density (2.65 g/cm3).  In this study, the 
relationship between Δm and Δf can be represented as

 Δm = 0.69×Δf [ng]. (2)

Fig. 3. Schematic diagram of adsorbed-gas-measuring system with QCM.

Gas flow

Quartz
 crystal
  unit

Thin film

Gas flow

Frequency counter

Flow meter

to PC

Quartz crystal unit
 installation terminal

100 μl

Gas washing bottle

   Pump
100 ml/min

Dry
nitrogen



352 Sensors and Materials, Vol. 22, No. 7 (2010)

3. Results and Discussion

 Figure 4 shows the numbers of adsorbed gas molecules for acetone, acetaldehyde, 
toluene, and methyl salicylate on these organic thin films deposited by vacuum 
evaporation with or without argon plasma.  The adsorbed quantities of these VOCs 
are indicated as numbers of gas molecules per gram organic thin film.  The number of 
adsorbed gas molecules increased with decreasing molecular weight on each organic thin 
film.  We consider that adsorption phenomena on these organic thin films deposited by 
vacuum evaporation with or without argon plasma are similar to those on the sputtered 
thin films.  Furthermore, the numbers of adsorbed gas molecules on the organic thin 
films deposited by vacuum evaporation with argon plasma were higher than those on 
the organic thin films deposited by vacuum evaporation without argon plasma.  We have 
reported that the oxygen or nitrogen contents of these organic thin films prepared with Ar 
plasma slightly decreased compared with those of the organic thin films prepared without 
Ar plasma; however, the wettability at the surfaces of these organic thin films tends to 
increase owing to the Ar plasma, and polar moieties are formed by the Ar plasma.(18)  
VOC molecules may interact with the polar moieties in these organic thin films.
 Figure 5 shows the numbers of adsorbed gas molecules for methanol, ethanol, 
1-propanol, and 1-butanol on the polymerized organic (polyimide) thin films prepared 
by vacuum evaporation with or without argon plasma after heat treatment at 300°C for 
60 min in air.  In both the polymerized organic thin films, the numbers of adsorbed gas 

Fig. 4. Numbers of adsorbed gas molecules on the organic thin films deposited by vacuum 
evaporation with or without argon plasma (P).
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Fig. 5. Numbers of adsorbed gas molecules for alcohols (mmol/g).

molecules increased with decreasing molecular weight.  In addition, by considering 
the molar polarization PM values of methanol, ethanol, 1-propanol, and 1-butanol, the 
relationship between the molar polarization and the numbers of adsorbed gas molecules 
for alcohols was determined and is shown in Fig. 6.
 The numbers of adsorbed gas molecules increased with decreasing molar polarization.  
The molar polarization can be calculated using the Clausius-Mosotti equation as(21)

 PM =          · ε−1
ε+2

M
ρ , (3)

where PM is the molar polarization, ε is the dielectric constant, M is the molecular weight, 
and ρ is the density of these alcohols.
 Table 1 shows the dielectric constants, molecular weights and densities of the 
alcohols.  By considering these values and eq. (3), the effect of the molecular weight 
on the molar polarization was determined to be the largest between those of the three 
parameters.  We consider that this is one of the reasons why the numbers of adsorbed gas 
molecules increased with decreasing molar polarization as well as molecular weight.
 Figure 7 shows the numbers of adsorbed methanol molecules at various temperatures 
in the adsorbed-gas-measuring system.  The numbers of adsorbed methanol molecules on 
both the polymerized organic thin films with and without argon plasma decreased with 
increasing temperature.
 Figure 8 shows the numbers of adsorbed toluene molecules at various temperatures 
in the adsorbed-gas-measuring system.  The numbers of adsorbed toluene molecules on 
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Fig. 7. Numbers of adsorbed gas molecules for methanol at various temperatures.

Table 1
Dielectric constants, molecular weights and densities of these alcohols.

Methanol Ethanol 1-Propanol 1-Butanol

ε 33 25 21 18

M 32 46 60 74

ρ 0.792          0.789          0.804        0.81

Fig. 6. Relationship between molar polarization and numbers of adsorbed gas molecules for 
alcohols.
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both the polymerized organic thin films with and without argon plasma also decreased 
with increasing temperature.  We consider that the adsorbed gas molecules would 
be eliminated and decreased in number owing to the activation of the adsorbed gas 
molecules on these organic thin films at high temperatures.  Methanol is a polar solvent, 
and toluene is a nonpolar solvent.  This tendency does not depend on the polarity of the 
adsorbed gas molecules.

4. Conclusion

 We investigated the adsorption properties of organic thin films deposited onto a quartz 
crystal with pyromellitic dianhydride (PMDA) and oxydianiline (ODA) by vacuum 
evaporation with or without argon plasma.  The numbers of adsorbed gas molecules on 
the organic thin films deposited by vacuum evaporation with argon plasma were higher 
than those on the organic thin films deposited by vacuum evaporation without argon 
plasma.  These organic thin films have high sensitivities for low-molecular-weight VOCs 
and low-molar-polarization VOCs.  Furthermore, the number of adsorbed VOC gas 
molecules decreased with increasing temperature in the adsorbed-gas-measuring system.  
The decrease in the number of adsorbed gas molecules at high temperatures would be 
due to the activation of the adsorbed gas molecules on these organic thin films.
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Fig. 8. Numbers of adsorbed gas molecules for toluene at various temperatures.
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