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[V-III Effect of the cross-linking structure of polyimide resins

on the water sorption behavior

1. Introduction

As mentioned above, cross-linking has produced a marked increase in water sorption in copolymers
of methyl methacrylate with cross-linking agent or vinyl carboxylate. It seems interesting to examine
whether the above phenomenon also observed on other polymers or not.

Since polyimides possess high workability, excellent thermal and chemical stability, low hygroscopicity,
low solubility to common organic solvents, ctc., they are used for adhesives, coatings, and film
applications for electronic devices. Recently new polyimide resins (acetylene-terminated polyisoimide
oligomers) have been reported (53, 54). The new resins are preferable materials for examining the
sorption behavior gravimetrically or diclectrically, since the starting materials are polyimide oligomers
which are soluble in some organic solvents and polymerization proceeds without by-products. Further,
cach polyimide oligomer is cross-linked and leads to the formation of a rigid and hydrophobic film
without microvoids.

In this section, the cffect of sorbed water on the diclectric properties of cured acetylene-terminated

polyisoimide is examined and the state of sorbed water is discussed.

2. Experimental

2-1. Materials

Acetylene-terminated polyisoimide oligomers having three different types in molecular weights
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were used as starting materials. The abbreviations used are as follows: n=1, API-1; n=3, API-3;
1=10, API-10. Acctylenic groups undergo cyclotrimerization and the three-dimensional crosslinked

polyimide is formed by curing as shown in Fig. 38.

2-2. Preparation of measuring device

The polyisoimide oligomer powder was dissolved in 2-methoxyethyl cther. Thin films were
formed by spin coating on a glass substratc. The film was heated at 150 ‘C in nitrogen to remove the
solvent. Curing proceeded under a nitrogen atmosphere at 180 °C for 1 h, 220 T for 2 h, 260 C for
2h,and 400 C for 2 h, successively.

The rest of procedures for preparing device were mentioned in CHAPTERIIL

2-3. Mcasurcment

The measuring method was mentioned preciscly in CHAPTER III.

3. Results and discussion

3-1. Determination of curing condition

TG mcasurements were carried out on the present oligomers from room temperature to 450 Tat a
heating rate of 5 “C/min in flowing air and littlc weight loss was observed. This result proves that the
curing proceeded without by-products. Further, good thermal stability was confirmed. Thermal
analysis was carried out on a DSC at 5 C/min in flowing nitrogen. Two large exothermic peaks were
observed at ca. 220 C and ca. 260 °C. Bott ct al. reported that cross-linking readily occurs at
temperatures above 200 C (54) and the present result was consistent with their result. Identification

of the respective peaks was not done. For the sample after heating at 220 °C for 2 h and followed by
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Fig. 38. Molecular structure of the acetylene-terminated

polyisoimide oligomer and cross-linked polyimide.
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260 C for 2 h in nitrogen flow, DSC measurements also were performed. In this case, no peaks were
observed and the result suggests that this heat treatment is appropriate for reacting the terminal acetylene.

Further, we adopted the diclectric relaxation measurement to determine the curing condition in the
film. It is well known that diclectric relaxation of a polymer arises from the scgment motion of the
main chain and side chain. If the cross-linking reaction proceeds and the film becomes rigid, the
segment motion of the main chain seems to be depressed. Conscquently the value of the dielectric loss
is lowered. The diclectric loss (¢") vs. temperature relationships measured at 10 kHz for uncured and
cured API-3 and API-10 are shown in Fig. 39. Both uncured samples show a large pcak in ¢" above
200 C which corresponds to the segment motion. After heat treatment, the height of the peak
decreased and the peak shifted to a higher temperature (above 260°C). The heat treatments were
carricd out under various conditions and the most suitable curing condition was 150°C /1 h, 180 *C/
1h,220 T /2.5h,260 T /2 hand 400 T/ 2 hin flowing nitrogen. Further, the shorter the
oligomer chain length, the lower the value of €". This means that a rigid film is obtained using the
oligomer with shorter chains. For API-1, many cracks were formed after curing and the device
preparation was unsuccessful. We then tricd to prepare a rigid composite thin film of API-3 and
API-1. Thin films without cracks were formed when the ratio of API-1to API-3 was less than 1/2 in
weight. This is duc to the good processability of API-3. The name of the API-3 and API-1 composite
is abbreviated as follows: the ratio of API-3 and API-1is 1; API-3-API-1 and 2; 2API-3-API-1. &"
was measured also for these samples. The height of the peak decreased and the peak shifted to a
higher temperature by adding the API-1 to API-3; the rigidity of the film is enhanced by adding the

short chain length polyisoimide oligomer.

3-2. Correlation between water sorption ability and diclectric behavior of the API thin films
Sorption behavior of water molecules on uncured and cured acctylene-terminated polyimide was

examined and is shown in Fig. 40. It was confirmed that the present cured polyimide is more
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Fig. 39. Temperature dependence of ¢" at 10 kHz for uncured and
cured API samples; (a) uncured API-10, (b) cured API-10,
(c) uncured API-3 and (d) cured API-3.
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Fig. 40. Dependence of the amount of sorbed water on relative vapor
pressure at 30°C; (@) uncured API-3, (O) cured API-3,
(A\) cured API-10, (L) API-3-API-1 and () 2API-3-API-1.

103



hydrophobic than Kapton which is a representative polyimide as previously reported (12). The
difference in the water sorption ability between the uncured and cured samples were observed. For the
API-3 sample, the amount of sorbed water at p / p, = 0.9 and 30 °C decreased by curing from 30.0
mg g to 20.4 mg g"'. This scems to be conflict with the results obtained for cross-linked methacrylate
polymers mentioned above. The film thickness was measured with a surface-roughness meter before
and after the curing trcatment. The thickness was ca. 2 pm for uncured film and decreased ca.20 %
after curing for all samples, i.e., the density of the polymer increased as a result of the polymerization.
Onc of the possible reasons is that the applicable spaces for water molecule diffusion and sorption
decreased. Consequently, the amount of sorbed water decreased duc to curing. However, the free
spaces, which are considered as sorption site is a molecular size in which the water molecule and polar
sitc of polymer can interact. A water molecule may be encompassed by a sphere of diameter about 3
A, small enough to fit into typical microvoids or spaces that comprise the structural free volume.
Another possible reasons for decreasing sorption ability by curing is that the depression of swelling of
the polymers. The rigid film must be formed by curing undoubtedly and resulted in the decrement of
the amount of sorbed water. Among the cured samples, API-3-API-1is the most hygroscopic onc
which sorbed 26.1 mg g at p / py = 0.9. The amount of sorbed water decreased in the order of
2API-3-API-1, API-3 and API-10, which sorbed 22.2, 20.4 and 18.9 mg g' of water, respectively as
shown in Fig. 40. This order may be related to the polarity (affinity for water molecules) and the chain
packing density of the polymer. The shorter the chain length of the oligomer, the number of carbonyl
groups per gram of polymer increases. The use of an oligomer with a shorter chain length results in an
increase in polarity of the cured API film. Further, this behavior is also explained on the basis of the
assumption that the sorption site is the free spaces around the polar sites of the polymer. Bondi (4)
reported that the carbonyl group contributions to van der Waals volumes was estimated to be 3.2 times
that of the ether group. This means that the shorter the chain length of the oligomer, the smaller the

packing density, i.e., the free space for the sorption increase. In addition, it is expected that cross-linked
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films prepared by polymerizing monomers with short chains seems to have highly strained chain
conformations which prevent close chain packing. That lcads to an increasc in free spaces. These
explanations are consistent with the order of sorption ability of the cured APIs. As for the present API
system, there are many factors which scem to affect the sorption ability other than packing density.

The ratio of clectrical capacitance at certain relative vapor pressure to thatat p / po = 0 (C / Cy)
decreased in the same order as that of the sorption ability. The relation between the (C / Cy) and the
amount of sorbed water is shown in Fig. 41. The ratio depend on not only the amount of sorbed water
but also the API specics. In order to discuss the state of sorbed water, the diclectric constant of the
sorbed water was estimated by applying Kurosaki's cquation (14), Eq. [10]. The value of 3.5 was
used as the diclectric constant of the polymer. The volume fraction of sorbed water was calculated
from the amount of sorbed water assuming that the density of all the cured API films is 1.68. The
results are summarized in Table 7. It is well known that the diclectric constant of liquid water is 76.6
at 30 °C. The diclectric constant of the sorbed water for all measured samples is less than that of
liguid water. As mentioned in CHAPTER 11, the theoretical value of liquid water is 64 and that of
single water molecule is 3.19 at 25 °C. Further, McCafferty ct al. have reported (17-19) that the
diclectric constant of adsorbed water on @-Fe,0; had been about 2 for the first layer of physically
adsorbed water and about 28 for the sccond layer. It seems that the sorbed water on the present
samples does not form clusters and the mean self-association degree is less than two. Among the
cured samples, the value of the diclectric constant of sorbed water is undoubtedly different for cach
cured API at a constant amount of sorbed water, i.e., the state of sorbed water is different. We must
have a more detailed discussion to clarify the relation between the polarity and/or rigidity (packing
density) of the polymer and the state of sorbed water. Some possible sclf associated forms had been
proposed for the hydrogen bonded water (55). The value of the diclectric constant of the intermolecular
H bonded water is different for cach form. Their formations depend on the spatial restriction, that is,

the free space between the polymer chain near the polar group.
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Fig. 41 Relation between the sensitivity and the amount of sorbed
water at 30 °C and 100 kHz for cured API samples; (O)
API-3, (A) API-10, () API-3-API-1 and () 2API-3-API-1.
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Table 7. Dielectric constant of sorbed water on cured API thin films.

Sample &, 0at W= £,0and (W)
20mg g’ atp/p,=09
API-10 16.2 16.6 (19)
API-3 21.2 21.6 (20)
2API-3-API-1 20.8 20.6 (22)
API-3-API-1 19.6 18.8 (26)
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4. Conclusion

The present API series is less hygroscopic compared with the other polyimides. Further the
cross-linking recaction proceeded readily and resulted in the formation of rigid thin films. These
propertics affect the sorption behavior of water vapor on the API thin films. The sorption site is
probably the spacce around the polar site of the polymer and sorption behavior seems to depend on the
polarity and packing density of the polymer thin film. The amount of sorbed water decreased by
procceding the cross-linking reaction. This result scems in conflict with the result obtained methacrylate
polymers. However, the space we now consider as the sorption site is a molecular size in which the
water molecule and polar site of polymer can interact. In fact, the amount of sorbed water increased as
the chain length of the oligomer shortened, i.e. the smaller the packing density. The sorbed water on
the present polyimide does not form clusters because of their hydrophobic nature and space limitation

as mentioned in CHAPTER VI-IIL
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CHAPTER V

Application of electrical characteristics of water sorbed thin film

to a capacitive-type humidity sensor
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1. Introduction

In recent years, there has been great interest in the development of humidity sensors for the air
conditioning systems or industrial equipment, ctc. Many types of material, such as porous oxide
(56-58) and polymers (59-65) have been proposed for humidity sensors. Humidity sensors using
polymer thin films are divided into two catcgorics, i.c. the resistive and capacitive types. For the
former, conductivity is enhanced by the sorption of water and by the dissociation of mobile carriers.
Conscquently, the polyelectrolytes are excellent materials for resistive-type humidity sensors, because
their electrical conductivity varies when they sorb moisture. However, since most polyelectrolytes arc
soluble in water, they are unstable at high humidity. Therc has been an effort to improve their
resistivity to water (59-61). For the latter, the capacitance is enhanced by the sorption of water and the
impedance is approximately 1/wC. Polyimide, polyvinyl alcohol and/or cellulose derivatives had been
used for materials of this type of sensor. While the variation of capacitance for cellulose with humidity
is lower than that of the resistance for porous oxide, it seems that the capacitive-type sensor is superior
in stability to the resistive-type sensor. However, many problems, i.c., hysteresis, stability in high
temperature and humid atmosphere and durability for some kinds of organic vapor, etc., still remain
for practical use.

In the present CHAPTER, the application of water sorption behavior of polymer to the capacitive-type

humidity sensor is discussed.

2. Principle of capacitive-type humidity sensor

The basic scheme of the sectional view of capacitive-type humidity sensor is shown in Fig. 42. It

can be shown that the sensing polymer is sandwiched by porous upper clectrode and lower clectrode.
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Fig. 42. Scheme of the sectional view of capacitive-type

humidity sensor.
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The water vapor sorbs in sensing polymer across the porous upper clectrode. The amount of
sorbed water depend on the relative humidity and the characteristics of polymer as shown in these
scrics of studies. As can be seen from Fig. 42, this sensor have structure similar to a parallel-plate
condenser. Consequently, the electrical capacitance changes with the variation of the apparent dielectric
constant of polymer as follows

C=kaeS/H [24],
where C is clectrical capacitance, k is constant, £ is apparent diclectric constant of sensing polymer at a
certain relative humidity, S is the surface arca of clectrode and / is the distance between electrodes
(thickness of polymer). The apparent dielectric constant of sensing polymer changes by sorbing the
water which have large diclectric constant. If the relationship between clectrical capacitance and
relative humidity are confirmed, the relative humidity can be detected.

Here, it must be noted that the equivalent circuit of this condenser-like device is cxpressed by the
circuit with a capacitive component and a resistive component which is inserted in parallel to the
capacitive component. In order to obtain reliable and stable humidity sensor, the contribution of the
resistive component to the impedance must be removed. By using the less hydrophilic polymer, the

conducting path is hardly formed and resulted in the formation of ideal condenser.

3. Experiment

3-1. Materials

The sensing polymer matcrials are as same as those used for studying sorption behavior.

3-2. Preparation of sensing device

The sensing device had the same structure as shown in Fig. 4.
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3-3. Measurement
To examine the effect of the humidity on the electrical properties, the sensing devices were placed in
avessel in which the humidity was controlled by mixing dry air and wet air, followed by measurement

of the electrical capacitance using a LCZ meter at 100 kHz.

4. Results and discussion

4-1. Capacitive-type humidity sensor using cellulose derivatives

As the capacitive-type of sensor, it had been well known that cellulose derivatives such as cellulose
acetate butyrate (CAB) was suitable material. However, the large hysteresis was confirmed as shown
in CHAPTER [V-I, 3-1. This was originated from the formation of the clusters of sorbed water
molecule. Further, the durability against various organic vapor and the long term stability are not
desired. Consequently, capacitive-type humidity sensor using cellulose derivatives is unsatisfied for

practical use.

4-2. Capacitive -type humidity sensor using PMMA and cross-linked PMMA film

4-2-1. Initial sensing properties of cross-linked PMMA sensor

Though the change of electrical capacitance of cross-linked PMMA (Fig. 32) to relative humidity
was smaller than that of the cellulose derivatives (Fig. 15) because of its lower hygroscopicity, it was
enough to detect a humidity change. Furthermore this sensor had good linearity over the humidity
range of 10-90 %RH. The response was very fast (the 90 %RH response time was within 30 s by
changing the relative humidity from 20 to 80 %RH and vice versa) and the hysteresis was less than *

1 %RH.
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4-2-2. Temperature coefficient of PMMA and cross-linked PMMA sensor

The temperature dependence of PMMA sensitivity was examined. It was observed that this sensor
had a positive temperature coefficient. This temperature dependence was shown to arise from the
temperature dependence of PMMA permittivity itself. It is well known that PMMA showed a dielectric
relaxation peak at ca. 340K at 1 kHz due to the side-chain motion.

The temperature dependence of sensitivity for the cross-linked PMMA sensor was also examined.
The C,s/Cy, (capacitance at 45 °C and 30 °C, respectively) ratios at 0 %RH for the film cross-linked at
90 °C was not improved except for DVB and the temperature coefficient of sensitivity (C,s/Cy, at 90
%RH - C,/Cy, at 0 %RH) was also not improved. This is due to the segment motion of PMMA
having insufficient cross-linking. On the other hand, when the PMMA was cross-linked at higher
temperatures up to 170 °C, temperature dependence both at 0 %RH and 90 %RH became small and
the temperature coefficient became smaller than PMMA itself. This is due to the depression of segment

motion and/or swelling of the polymer by sufficient cross-linking.

4-2-3. Durability against acetone vapor of PMMA and cross-linked PMMA sensor

The durability of this PMMA sensor towards acetone vapor was tested since acetone is a good
organic solvent for PMMA. This test was performed as follows. After exposure to saturated acetone
vapor for 20 min in a closed container, the sensor was quickly transferred to the vessel in which the
humidity and temperature were controlled. The sensitivity at various humidities was measured repeatedly
for three cycles. The term cycle refers to the process where the humidity was changed from 0 %RH to
90 %RH followed by reduction from 90 %RH back to 0 %RH. The capacitance value immediately
after exposure to acetone vapor was large and this was due to the sorbing of acetone. The increments
of 5 % of capacitance at 0 %RH and 8 % at 90 %RH were observed upon exposure to acetone. After
repeating the measurements three times, the increments of capacitance decreased to 0.7 % at 0 %RH

and 5 % at 90 %RH as the acetone was desorbed. However, the value did not return to its original
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value. In order to prepare a practical humidity sensor, it is necessary to minimize the influence of
acetone on the characteristics of the sensor

Furthermore, we examined the durability of the cross-linked PMMA sensors against acetone vapor.
The cross-linked sensor with ED reacted at 90 “C was also unstable like PMMA itself and the value of
the capacitance at a constant humidity was increased by the exposure to acetone and then decreased
with increasing measuring cycle. On the other hand, the sensor cross-linked at 170 C was quite
stable, showing little effect by acetone vapor and almost recovered to the original value after 3 cycles
of measurements. The increments of capacitance immediately after exposure to acetone were 1 % at
%RH and 1.6 % at 90 %RH and those after 3 cycles measurements were 0.3 % at 0 %RH and 1% at
90 %RH. This means that the cross-linked PMMA film simply sorbed acetone without permanent
deformation. This result was explained as follows. When the PMMA was cross-linked at 90 °C, the
cross-linking was insufficient as previously,mentioned and the acetone was easy to diffuse into the
bulk and difficult to desorb. Further, partial dissolution of the PMMA film was also possible.
Consequently, the value of capacitance drifted. As the cross-linking proceeded and the film stiffened,
the sorption of acetone would be limited to the surface and/or film/electrode interfaces. To confirm this
interpretation, we measured the amount of sorbed acetone by gravimetrically method. The amount of
sorbed acetone for the sample cross-linked at 170 C (15 mg/g) was reduced to one-half that of the

sample cross-linked at 90 °C.

4-2-4. Long term stability of cross-linked PMMA sensor

We have also examined long term stability under various conditions, e.g. high temperature and high
humidity, various paint vapors and tobacco smoke, etc. Excellent stability was exhibited in the
environments, excluding that with tobacco smoke, showing less than + 2 %RH drift after the tests,

though the sensors showed +3 %RH drift just after removal from the smoke. Also, the drift returned

to its initial value after exposure to the office environment.
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4-3. Capacitive-type humidity sensor using polymerized carboxylic acid vinyl esters

4-3-1. Initial sensing characteristics of polymerized carboxylic acid vinyl esters sensor

The electrical capacitance of the present sensors was measured as a function of relative humidity at
100 kHz as shown in Fig. 43. The capacitance increased linearly with relative humidity. These
sensors had small sensitivity (capacitance at 90 %RH / capacitance at 0 %RH ratio) and the sensitivity
depended on the polymer species. This is derived from the enhancement of the water content with an
increase in the cross-linking degree. The sensitivity was reproducible. The present film was cross-linked
by itself with heat-treatment on the substrate and this simple process reflected the reproducibility of the
sensor. These are favorable characteristics for humidity sensors. The increment of sensitivity tends
toward the increment of hysteresis. The cause of hysteresis is considered as the formation of clusters
of sorbed water. For poly-VM sensors, the hysteresis was strongly affected by the history of
exposure to a humid atmosphere similar to Fig. 11. While no distinct differences of sensitivity in the
humidification processes starting from 0 %RH were confirmed, the sensitivity observed in the desiccation
process increases with an increase in the highest humidity of exposure. This result shows that the
formation of clusters of sorbed water was initiated by increasing the water contents at a higher relative
humidity region and desorption became difficult in the desiccation process. However, the hysteresis

was small, within 2 %RH, including experimental error even for the cross-linked sensor.

4-3-2. Temperature cocfficient of the polymerized carboxylic acid vinyl ester sensor

The temperature dependence of the sensing characteristics was examined and the results obtained
for poly-VM and poly-VCrare shown in Fig. 44. The electrical capacitance increased with increasing
temperature and also with increasing relative humidity. For the poly-VCr sensor, the temperature
coefficients of the sensor output are small compared to those of poly-VB. The temperature coefficients

for all samples at several relative humidities were estimated as the relative humidity change per degree
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Fig. 43. Dependence of the sensitivity on the relative humidity measured at 30 C,
100 kHz; (O, @) poly-VB, (A,A) poly-VM, (1) poly-VCr and (O, @)

poly-VCi; open symbols: humidification, closed symbols: dessication.
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Fig. 44. Temperature dependence of sensitivity measured at 100
kHz; (a) poly-VB, (b) poly-VCr; (O) 30 C, (A) 35 C, ((J) 40
°C and () 45 °C.
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Table 8. Temperature coefficient of sensitivity at various relative

humidity at 100 kHz.

%RH
- 10 60 90
poly-VB 0.15 0.82 1.2
poly-VM 0.15 0.18 0.18
poly-VCr 0.08 0.17 0.03
poly-VCi 0.16 0.26 0.27

*Unit is the %RH /°C
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and are summarized in Table 8. For the cross-linked polymer sensor, the temperature coefficients of
the sensor output are small compared to those of the linear polymer. The reason for the reduction in
the temperature coefficient is considered to be the following. The temperature coefficient of the
capacitance is closely related to the temperature coefficient of the water sorption ability. Actually, the
amount of sorbed water increased with increasing temperature in this study. As the segment motion of
the polymer is depressed by cross-linking, the swelling of the film in a humid, high temperature
atmosphere is prevented. Consequently, the temperature dependence of sorbed water becomes small.

This consideration was consistent with the experimental results obtained.

4-3-3. Long term stability of the polymerized carboxylic acid vinyl ester sensor
Further, we have tested long-term stability in ambient atmosphere. The drift of the sensor output
was hardly observed within the experimental error to date for 6 months or more. The rigid structure

also promises long-term stability in a humid and high temperature atmosphere.

4-3-4. Durability against acetone vapor of polymerized carboxylic acid vinyl ester sensor

One of the important objects is the preparation of a practical humidity sensor which can be used in
a contaminated atmosphere. It is necessary to test the resistivity of the sensor against organic and/or
inorganic gases. Acetone is a good solvent for the monomers used in this study. Consequently, there
is fear of damaging the present sensors in an acetone atmosphere. The effect of acetone vapor on the
sensor characteristics was examined. The test was performed as follows. The sensor device was
seated in a vesscl (ca. 5 liter volume) in which the temperature and humidity were controlled. After the
capacitance reached a steady state, S00 ml of acetone was injected into the vessel. The time when the
acetonc was injected was defined as zero, and the capacitance change with time was recorded at regular
time intervals. The results are converted to sensor output change in relative humidity changes and are

shown in Fig. 45. In a dry atmosphere, the characteristics for all the sensors were affected by
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Fig. 45. Resistivity against acetone vapor measured at 30 C, 100
kHz; (a) 0 %RH, (b) 80 %RH; (O) poly-VB, (A) poly-VM, (L))
poly-VCr and () poly-VCi.
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exposure to acetone vapor. Especially, Poly-VB, which is a linear polymer, showed a large sensor
output change compared to the others. In this case, the sensor output change is directly related to the
sorption of acetone. This means that poly-VB sorbs a relatively large amount of acetone in relation to
the water sorption ability of the polymer. The linear polymer swells readily by sorbing acetone and the
swelling may accelerate the sorption of acetone. Once the polymer swells, the dimensions of the film
seem to be changed and can hardly be recovered. The cross-linked polymer sensors were resistive to
acetone vapor, i.e., the sensor output change caused by the sorption of acetone vapor was small and
the output nearly returned to the initial value after removing the acetone vapor. This is due to the rigid
structure which prevents the swelling of the polymer. The effect of acetone vapor became more
complicated in a humid atmosphere. Initially the capacitance decreased by exposure to acetone vapor
and resulted in a negative sensor output change. After that, the drift became positive and gradually
recovered to the initial value. These processes are explained as follows. Just after injecting the
acetone at a certain humidity, previously sorbed water molecules were expelled and the acetone was
sorbed on the film instead. It is well known that the dielectric constant of acetone is smaller than that
of water. Consequently, the capacitance decreased. Acetone can easily penetrate into film. The film
swells by sorbing acetone and the sorbed acetone promotes the sorption of water. At this stage, the
drift became positive. As the acetone vapor was removed, the drift was expected to return to the initial
value. However, the drift did not return to the initial value, especially for the linear polymer. This is
also due to the swelling and/or deformation of polymer by sorbing acetone. If the dimension is not
recovered after removing acetone, the film sorbs more water. It was confirmed that cross-linked film

was stable in its own solvent vapor, and the cross-linked sensor can withstand exposure to most

contaminants.

122



4-4. Capacitive-type humidity sensor using acetylene-terminated polyimide resins

4-4-1. Initial sensing characteristics of the cross-linked polyimide sensor

In the case of the uncured sample, hysteresis was observed between the capacitance when measured
with increasing humidity and the one when measured with decreasing humidity. On the other hand,
hysteresis was not detected for the cured films. This is due to the fact that the amount of sorbed water
is small and the swelling of the polymer and the formation of clusters of sorbed water are prevented
when using the cured sample. Capillary condensation is not needed to consider as the cause of
hysteresis because the hysteresis becomes smaller after curing. The space we consider is not the
geometrical pores but the molecular sized microvoids. Further the electrical capacitance changed
linearly with relative humidity. These are the preferable characteristics of a humidity sensor. Among
the prepared sensors, the sensitivity (capacitance at 90 %RH / capacitance at 0 %RH ratio) of the
API-3-API-1 sensor was the largest(1.184) and decreased in the order of 2API-3-API-1(1.176),

API-3(1.171) and API-10(1.116).

4-4-2. Temperature coefficient of the cross-linked polyimide sensor

The temperature coefficient of the sensor was examined. For the uncured sample, a large
temperature coefficient was observed. At 0 %RH, the value of electrical capacitance slightly decrecased
with increasing temperature. This is due to the segment motion of the API. However, above 10
%RH, the electrical capacitance increased with increasing temperature and also with increasing relative
humidity (the temperature cocfficient is +0.3 %RH/°C at 40 %RH and +0.5%RH/°C at 80 %RH in
the temperature range from 30 °C to 45 °C). This is derived from the temperature coefficient of the
amount of sorbed water, i.c., the amount of sorbed water increcased from 29 mg/g to 49 mg/g with
increasing temperature from 30 °C to 45 °C at 90 %RH. On the other hand, for the cured sample, the

electrical capacitance was almost independent of the temperature. This result is explained by; (i) the
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segment motion of the API is depressed by cross-linking, and (ii) the rigid structure leads to a
reduction in the sorption sites (the space around the polar group) and results in a decrease in the

temperature cocfficient of the amount of sorbed water.

4-4-3. Durability against acctone vapor of the cross-linked polyimide sensor

The effect of acetone vapor as a prototype of polar organic vapor on the sensor characteristics was
cxamined. The test is performed as mentioned in section 4-3-4. The capacitance of both the uncured
and cured sample was not affected by the acetone vapor in a dry atmosphere, while the capacitance was
affected by the acctone vapor in a humid atmospheres. This means that the cured polyimide does not
sorb the acetone vapor. In the humid atmosphere, the sorbed water accelerate the diffusion of acetone
vapor. However, the capacitance drift recovered to its initial value. For the sensors stored at 40 C
and 90 %RH, the sensitivity at 30 C was examined as a function of the storage periods at 40 °C and
90 %RH. The sensitivity drifted within the initial 100 h and approached a constant value after 1000 h,
the drift of the API-3 sensor output was +6 %RH. The value was very small compared with other
polyimide sensors and the stability in the high temperatures and in humid atmospheres was improved.

The present polyimide was polyimidized before coating and cured on the substrate by simply
reacting the acetylene group. This good workability reflected the reproducibility of the sensor. The
sensor characteristics was reproducible and calibration of cach sensor was not needed. Further, we
have tested the long term stability in thc ambient atmosphere. The drift of the sensor output was within
2 %RH even after the scnsor was allowed to stand for at least 17 months. Consequently, preparation
of the reliable capacitive type humidity sensor was achieved by using the acetylene-terminated polyimide

resins.
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5. Conclusion

[t was proved that the important requirements for fabricating capacitive-type humidity sensors were
low hygroscopicity and the rigid structure of the sensing polymer. The formation of clusters of sorbed
water molecules caused the hysteresis. The swelling and/or deformation of the film caused the large
temperature cocfficient and lack of long-term stability. Cross-linking technique was effective for
improving those problems. Polymethyl methacrylate, which had a carbonyl group as the polar site,
was a suitable material for a humidity sensor because of its low hygroscopicity. The influence of some
organic vapor on the sensing characteristics was depressed by the use of cross-linked PMMA instead
of linear PMMA. The temperature coefficient and long-term stability were also improved by using the
cross-linking technique. On the other hand, the mixing of methyl methacrylate (MMA) with a cross-linking
agent was liable to induce phase separation and lead to an incomplete cross-linking reaction.

In stcad of lincar methacrylate, the unsaturated vinyl carboxylate, which was cross-linked by itself,
was suggested. The sensitivity was enhanced by cross-linking the polymer because of the increase in
the free space around the polar site, which acted as the sorption site. The sensitivity was higher than
that of cross-linked PMMA sensor and cquivalent to that of CAB sensor. Although larger amounts of
sorbed water usually caused the hysteresis, the hysteresis was very small for the present cross-linked
sensor, less than 2 %RH including experimental error. The temperature cocfficient was lowered by
using the cross-linked vinyl carboxylate. This is due to the depression of segment motion. It is
obvious that CAB and lincar PMMA arc unstable in the organic vapor, since these polymers are
soluble in organic solvents. Although the capacitance of all present sensors was affected by exposure
to acetone vapor, the output was recovered to the initial value after removing the acetone vapor,
especially for the cross-linked sensor. The formation of a tight network is also expected to improve
long term stability in various contaminated atmospheres. Consequently, the cross-linked vinyl carboxylate

sensor were found to be suitable for practical and reliable capacitive-type humidity sensors.
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In the case of API scnsor, the sensing characteristics depended on the kind of API oligomer used.
Among the present API series, the API-3-API-1 was superior with respect to sensitivity and durability
against acctone vapor. This may be due to its very rigid structure. The cffectiveness of the cross-linked
structure for sensing material as a capacitive-type humidity sensor was also confirmed.

We belicved that the less hygroscopic polymer with a rigid structure shows promise as a reliable

humidity sensors.
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CHAPTER VI

SUMMARY
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Sorption behavior in some hydrophobic polymers were investigated. In the case of a hydrophilic
polymer, the major factor, which affects watcr sorption ability, sccms to be the hydrophilicity of the
constituent group of the polymer and their density in the film. However, it is expected that many
factors affect the water sorption behavior of a hydrophobic polymer. The object of this study was
understanding the origins of the differences in the water sorption behavior of a hydrophobic polymer.
The sorption behavior of water on various hydrophobic polymers, which have different chemical
structurec and morphology, was investigated by sorption analysis, diclectric measurement and
solvatochromic measurement. As a result of the present study, the following facts were clarified.

In order to clarify the cffect of the polar substituent groups of polymers on the sorption behavior,
ccllulose derivatives were chosen for polymers because of their common rigid structural unit with
different polar groups. Cellulosc has up to three cster and/or cther groups per glucose monomer.
Conscquently, their hydrophilic centers, to which water hydrogen bonds, are ester, cther and a few
gluconic acid groups. Three different techniques for predicting and explaining the sorption behavior of
the cellulose were used.

There were at least two dominant modes of sorption of water in cellulose film. The first mode
occurred at lower content of sorbed water and it corresponded to the interaction of the water molecules
with the polar hydroxyl, carbonyl and/or cther groups. When the specific sites are saturated, additional
sorbed molecules of water tended to associate to form clusters. However, the size of the cluster
estimated from diclectric measurement was small, on the average less than two water molecules
associated. Among ccellulose derivatives, ethyl cellulose (EC) had a higher tendency to form clusters.
The solvatochromic measurement revealed the information on the interaction between the polymer and
sorbed water. It was observed that only EC was characterized by a low polarity / polarizability and a
high hydrogen-bond basicity. It is suggested that the sorbed water molecule in EC acted as a strong
hydrogen bond acceptor. This behavior scems to be derived from the ether oxygen in EC. Further,

sovatochromic parameter # , hydrogen bond basicity, was cffective for predicting the formation of
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water molecule clusters.

The morphology is another factor which affects the water sorption behavior of less hydrophilic
polymers as well as the hydrophilicity of the polymer. The difference between the linear polymers and
the cross-linked polymers arc molccular packing, that is, the size of the free space around the polar site
of the polymer. The cffect of the degree of cross-linking and the chemical structure on the sorption
behavior were discussed.

Cross-linked polymers, which have a carbonyl group as the polar site, were chosen for this
purposc. Cross-linked networks by copolymerizing methyl methacrylate enhanced the sorption ability
and the sorption ability depended on the cross-linking condition as well as the cross-linking agent.
The sorption ability of the cross-linked polymer without using a cross-linking agent was also cxamined.
It was also confirmed that the polymer with a highly cross-linked structurc had a larger amount of
water content. Conscquently, the enhancement of water sorption ability by forming a cross-linked
structurc was attributable to the increase in the free space in molecular size around a polar site derived
from the highly strained chain conformation. While it was proven by sorption analysis that methacrylate
polymers had a greater tendency to cluster formation of water, the sorbed water molecules scarcely
formed clusters. This could be explained because of their hydrophobic property and space limitation
of the polymer.

The cffect of cross-linked structure on the water sorption ability was also cxamined for polyimide
resins (acetylene-terminated polyisoimide oligomers). In order to change the packing density of the
polymer, a polyisoimide oligomer with different chain length were used.

The amount of sorbed water decreased by proceeding the cross-linking reaction. However, the
amount of sorbed water increased as the chain length of the oligomer shortened. In other words, the
smaller the packing density, the larger the sorption ability.

Finally, the application of water sorption in polymer to a capacitive-type humidity sensor was

discussed. In order to prevent the hysteresis caused by the cluster formation of sorbed water molecules,
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Iess hy groscopic methacrylate polymers, which had a carbonyl group as the polar site, was proven to
be a suitable material for a capacitive-type humidity sensor. The sensitivity was enhanced by cross-linking
the methacrylate polymers without arising the hysteresis. Further, the cross-linking technique was
cffective for preventing the temperature cocfficient and lack of long-term stability of a sensor by
depressing the swelling and/or deformation of the film. The unsaturated vinyl carboxylate or acetylenc-
terminatcd polyimide were cross-linked by itself with heat treatment. Capacitive-type humidity sensors
using thesc less hygroscopic and cross-linkable polymer were found to be suitable for practical and

reliable use.
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