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Abstract . Benzyl dimethyl 2-methacryloxyethyl ammonium chloride (BDMAC) was pre-
pared for the humidity-sensitive membrane, which could measure the atmospheric mois-
ture content. The membranes were composed of copolymers of various content of
BDMAC and methyl methacrylate (BDMAC : MMA=1:0, 6:1, 4:1, 2:1, 1:1, 1:2, 1:4,
and 1:6). They were syringe-coated onto the alumina substrate printed with graphite
electrode and then polymerized through photoinitiated radical polymerization. The electri-
cal changes of copolymers with relative humidity were measured. It was found that the
impedance of humidity-sensitive membrane decreased with an increase of the content of
BDMAC in the copolymer. In the case of copolymer composed of same equivalent of
BDMAC and MMA, the impedance was varied from 7.5MQ to 3.6 KQ in the range 30
~90%RH. The temperature-dependent coefficient between 15C and 35C was found to

-05%RH/C and the hysteresis was less than *2%RH. The response time was
found to be 38 seconds for varing relative humidity from 33%RH to 85%RH and vice
versa.

Keywords . humidity sensor, quarternary ammonium methacrylate, humidity-sensitive monomer,
copolymers, methyl methacrylate.
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INTRODUCTION

The importance of polymer film sensors in the
field of solid state transducer technology has
been growing during the last few years. Various
types of polymer films with particular chemical
structures have been used as sensing elements
for humidity measurements.!* The principal in-
gredient of the polymeric humidity-sensitive
membranes are polyelectrolyte, which can show
ion conductivity according to the amounts of
absorbed water. A sensor’s sensitivity, stability,
reliability and its electrical characteristics are
dependent upon the chemical structure of the
polyelectrolyte. Recently, studies of polyelec-
trolyte have extensively explored in order to
achieve a high-sensitive humid membrane,
which is operative all over the range of relative
humidity (0~100% RH).

Polyelectrolyte materials are generally soluble
In water, therefore humidity sensors made from
them show poor durability practically against
water or dew. Various chemical modification of
polyelectrolyte have been attempted in order to
improve the water durability and the perform-
ance of polyelectrolyte as a humidity sensor.5 A
crosslinking of polyelectrolyte with difunctional
monomers has been frequently employed for the
preparation of water-durable polymer mem-
brane.®” Copolymerization of humidity-sensitive
monomer with hydrophobic monomer is another
method of preparation of a water resistant hu-
midity sensor.3-}! However, the impedance char-
acteristics have changed according to the de-
gree of crosslinking or copolymerization with
hydrophobic monomers.81! At this pont,
copolymerization of humidity-sensitive mono-

mer with hydrophobic monomer, upon control-
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ling the ratio of two monomers, is a promissing
method for changing impedence characteristics
with relative humidity as well as water durabili-
ty.)2-15

In this article, we have prepared a new type
of methacrylate humidity-sensitive monomer,
benzyl dimethyl 2-methacryloxyethyl ammoni-
um chloride (BDMAC) and copolymerized with
hydrophobic comonomer MMA in order to
change the dependece of impendance versus rel-
ative humidity and enhance the durability in
high humidity. The impedance characteristics of
the copolymers for the application of a humidity

sensor were investigated and evaluated.

EXPERIMENTAL

Chemicals and Instrument. 2-(N,N-dime-
thylamino)ethyl methacrylate and benzyl chlo-
ride were purchased from Aldrich Chemical Co.
and used without further purification. Dime-
thylsulfoxide (DMSQO), acetonitrile and methyl
methacrylate were purified by conventional puri-
fication methods. Benzoin methyl ether (BME,
Aldrich Chemical Co.) and N,N’-methylene-
bisacrylamide (Aldrich Chemical Co.) were re-
crystallized from ethanol.

IH NMR spectra were recorded on a Varian
EM-360A spectrometer performed at 60MHz.
FT-IR spectra were taken on a Midac Model
M-1200 spectrophotometer. Photoinitiated radi-
cal polymerization was carried out by irradia-
tion of UV light using two mercury lamps
(20 W, 366 nm).

The humidity and temperature controller
(Tabai Espec Model PL-2G) was used for the
measurement of relative humidity at constant

temperature. The impedance of the sensors was
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measured with a LCR meter (Booton Model
5110, 0.1Q ~20MQ) at a frequency of 1 KHz,
1V and 25°C. A conducting graphite electrode
was obtaind from SamYoung Electronics Co.,
LTD. (Sam-Song Research Institute, Sungnam-
city, Kyungki-do). Graphite electrode (interval
of three tooth-comb : 0.4 mm ; thickness of elec-
trode : 15~20 um) was fabricated on the
alumina substrate (10 mm X8 mm X 0.635 mm)
by slik printing techniques. Soldering pad of
lead wire and over-coat were formed by using
silver-palladium alloy and glass paste, respec-
tively. The surface resistivity of graphite elec-
trode was less than 7.4Q./(1.

Preparation of Benzyl Dimethyl 2-
Methacryloxyethyl Ammonium Chloride. A
solution of 2-(N,N-dimethylamino)ethyl meth-
acrylate (15.7 g, 100 mmol) and hydroquinone
(0.11 g, 1.0 mmol) dissolved in 100 mL of anhy-
drous acetonitrile was placed 250 mL of round
bottomed flask in an ice bath, then the solution
was maintained below 5. A solution of benzyl
chloride (13.9 g, 110 mmol) dissolved in 50 mL
of acetonitrile was added dropwise with
vigorous stirring for 30 min. The temperature
was raised to 25°C and the reaction mixture
was stirred for 12 hrs. After the reaction was
completed, the solvent was removed by rotary
evaporator below 40°C under reduced pressure.
The solid residue was washed with anhydrous
ethyl ether and then recrystallized from
acetonitrile/ether (v/v=1/1) to give 22.3 g of
hygroscopic needle-type crystals in 79% yield.
BDMAC ; Yield : 79%.

FT-IR(KBr) . 3030(aromatic C-H), 2972(C-
H), 1730(C=0), 1295, 1165, 1080(C-0 and C-
N) em™t,

1H NMR(D;0) : 6=7.2(s, 5H, phenyl), 5.3,

&2l A1978 A5 19959 9¥

5.7(d, ZH, H,C=C), 3.8~3.0(m, 6 H, ~-OCHz-
CHz-N*-CHpPh), 2.9(s, 6 H, CH3-N*-CHa),
1.6(s, 3 H, CHy;=C(CHa)-).

Fabrication of Polymeric Thin Film on
the Graphite Electrode. The mixture of the
humidity sensitive monomer BDMAC (1.0 g, 3.5
mmol), comonomer MMA (0.35g, 3.5 mmol),
BME (0.08 g, 0.035 mmol, 5 mol% of total mon-
omers) and N,N’-methylenebis-acrylamide
(10 mol%) in DMSO (10 g) was fabricated on
the graphite electrode by injecting 3 uL solution
with micro-syringe. The copolymerization of the
humidity sensitive monomer BDMAC with
MMA was carried out by photoinitiated radical
polymerization with ultra-violet light (366 nm,
20 W x 2) radiation in Pyrex chamber with a
flush of nitrogen for 12 hrs. The distance be-
tween UV lamp and samples was ca. 15 cm and
the polymerization temperature was 40°C. After
the polymerization was completed, the samples
were dried under vacuum at 80°C for 12 hrs.
Other humidity sensors with different content of
BDMAC and MMA were prepared by similar
procedures as described above.

Measurement of Impedance Chracteris-
tics. Impedance versus relative humidity char-
acteristics of the sensor were measured for an
absorption process, 30%RH — 40%RH — 50%
RH ~60%RH — 70%RH - 80%RH — 90%RH,
and for a desorption process, 90%RH — 70%
RH — 50%RH — 30%RH, respectively, at 1V,
1 KHz and 25°C. The temperature dependence
was measured at a temperature of 15C, 25C
and 357, respectively, at 1V and 1 KHz. Fre-
quency dependence on the relative humidity
Was obtained by changing frequency at 100 Hz,
120 Hz and 1 KHz at 1V and 257C. Response

time was determined by a quick transfer the hu-
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midity sensor from the saturated salt solution of
KCl for 85%RH to that of MgCl, + 6H,0 for 33
%RH at its equilibrium state.

RESULTS AND DISCUSSION

Humidity-sensitive monomer, benzyl dimethyl
2-methacryloxyethyl ammonium chloride
(BDMAC) was prepared by reacting 2-(N,N-
dimethylamino)ethyl methacrylate with benzyl
chloride in a polar aprotic solvent such as
acetonitrile in the presence of hydroquinone as
an inhibitor as shown in Scheme 1.

The humidity-sensitive membrane was com-
posed of copolymers of different content of hu-
BDMAC and
hydrophobic comonomer MMA. The polyelec-
trolyte with various content of BDMAC and

midity  sensitive monomer

MMA were prepared for the purpose of study-
ing the dependence of impedance on the content
of hydrophobic comonomer in the polymer back-
bone. The ratios of two monomers (BDMAC :
MMA) were 1:0, 6:1, 4:1, 2:1, 1:1, 1:2, 1:4,
and 1:6. The mixture of humidity-sensitive salt
solution was fabricated on the graphite elec-
trode by injecting calculated volume with micro
syringe. The copolymerization of BDMAC with
MMA was carried out by photoinitiated radical
polymerization with benzoin methyl ether by ir-
radiation of ultraviolet light (366 nm) on the

cH, e’
en=c] =m0
t=0 ,
° ,CN Q
CH + CH,CI CH,
s ! CH,
C
h“’ H,C-lxdtCH,
1 “er cn,
2
|
NS

Scheme 1.
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surface of graphite electrode. Humidity sensors
should have high reliability when they are di-
rectly exposed to high humidity and dew point.
The crosslinking agent N,N’-methylenebisacryl-
amide was used for enhancing the stability of
humid membrane. When 10 mol% crosslinking
agent was added, the resulting humid mem-
brane was stable enough to endure high humidi-
ty or dew point.

A schematic view of the sensor chip is shown
in Figure 1. A pair of interdigitated graphite
electrodes with intervals of 0.4 mm are formed
on the alumina substrate. The surface
resistivity (7.4Q) of graphite electrode is found
to be moderate to use as a humidity sensor, be-
cause the impedance of humidity sensor is more
than 1000Q. The wvariation of electrical
resistance versus relative humidity was deter-
mined by using a thermostatic humidity genera-

tor which was able to generate various

MM 0.635MM

ZA)
omm| (1 7V _“J/ b)
24
i1 . o

11 MM

05MM 0.25MM

Fig. 1. Schematic diagram of graphite electrode : a)
humid membrane, b) graphite electrode, ¢) alumina
substrate, d) silver-palladium over-coat, and e) lead
wire.
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desired humidities In a thermostatic test cham-
ber by the method of mixing appropriate
amounts of dry and wet air. The sensor was
connected with a Impedance meter and
alternating voltage 1V was applied across it.
All the humidity sensors showed a moderate lin-
earity in their semi-logarithmic response curve
of impedence versus relative humidity. The typi-
cal impedance chracteristic curve of copolymers
with various content of MMA at 25°C, 1 V and
1 KHz are shown in Figure 2. When the humidi-
ty is varied from 30 to 90 % RH, a change in
impedance takes place approximately three or-
ders of magnitude. Impedance of copolymers

increases gradually with an increase of the
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Fig. 2. Dependence of impedance on the relative hu-
midity for the humid membranes obtained from var-
ious mole ratio of BDMAC : MMA, (@) 1:0, (O)
6:1, (W) 4:1, () 2:1, (A) 1:1, (&) 1:2, ()
1:4, and (@) 1:6 at 25C, 1KHz and 1V.
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content of hydrophobic comonomer MMA unit
in the copolymer. The impedances of humidity-
sensor composed of virgin BDMAC at 30, 60,
and 90%RH are 320KQ, 9KQ, and 1.5KQ,
respectively. On the other hand, the copolymer
derived from same equivalent of BDMAC and
MMA showed 7.5MQ, 85KQ and 3.6KQ,
which was required for the current humidity
sensor. The copolymer with 1:6 ratio of
BDMAC and MMA showed high impedance
above 60%RH, which is applicable for the dew
sensor or humidity sensor operating at high hu-
midity. The impedance decreased with an in-
crease of the amount of ammonium salts in the
polyelectrolyte because of enhancing the dissoci-
ation of ammonium ion and an increase of the
carrier lons such as proton and chloride anion
generated by absorbed water.

Figure 3 is a graph showing the effect of
changing the mole ratio of BDMAC and MMA
wherein the impedance in ohms 1s plotted
against the mole ratio of BDMAC and MMA.
Figure 4 shows the equilibrium response and asso-
clated hysteresis loop for the copolymer com-
posed of the same equivalent of BDMAC and
MMA. The equilibrium response curve, which is
shown as a solid lines, was derived from the
two experimentally determined curves for low-
to-high humidities for adsorption process and
high-to-low humidities for desorption process.
The hysteresis is most significant in the middle
humidity range, where the deviation in relative
humidity is less than +3%RH for the copoly-
mers with various composition of BDMAC and
MMA between 30%RH and 90%RH. In general,
the hysteresis effect is observed for all types of
humidity sensors and results from the kinetics

of the absorption and diffusion of water in the
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sensor material.

Several other parameters considerably influ-
ence on the impedance of polyelectrolyte. For
example, the degree of crosslinking of the
humid membrane has an effect on the ion trans-
port. The crosslinking of humidity-sensitive
membrane caused a drastic reduction in conduc-
tivity.

The impedance of the humidity sensors also
depends on the ambient temperature with nega-
tive coefficient. Measurements were made at 15
‘C, 25°C and 35°C on a sensor, showing a gene-
ral decrease in impedance with increasing tem-
perature at an operating frequency of 1 KHz as
shown in Figure 5. For these tests, tempera-
tures of 15°C and 35C are below and above
room temperature. The response curves are

almost linear when plotted on a semi-loga-
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rithmic scale, exhibiting high sensitivity over
the whole range of relative humidity. The gene-
ral conclusion to be drawn from these results 1s
that the ion transport in polyelectrolyte is
strongly dependent on the operating tempera-
ture. When the calibration at 15C and 35C
was carried out, the temperature effect increas-
es the %RH at a given impedance by about 0.5
%RH per degree centigrade over most of hu-
midity range. Thus the compensation of tempera-
ture is necessary for the application as a humidity
Sensor.

The impedance of the sensor is also depen-
dent on the applied frequency from 100 Hz to
1 KHz above 30%RH. Direct current operation
of the sensor must be avoided because‘ degrada-
tion is caused by electrolysis of the humidity
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Fig. 5. The impedance dependence on the tempera-
ture for the copolymer obtained from 1:1 ratio of
BDMAC and MMA at () 15C, (@) 25C, and
(A) 35C at 1KHz and 1 V.

sensitive film. The impedance dependence on
the applied frequency was measured in the fre-
quency range 100 Hz to 1 KHz as shown in Fig-
ure 6.

Figure 7 is a graph showing response time of
a humidity sensor in which humidity in percent-
age of relative humidity is plotted against time
in seconds. The time required for the sensor to
reach from 33%RH to 85%RH was determined
using specially designed humidity chamber
system. This system employed two air at 33%
RH and 85%RH each equilibrated by means of
moisture saturating bottles. For the 33%RH
and 85%RH environment stream, the saturated
solution of MgClz-6H20 and KCl solution at a
temperature of 25°C were used, respectively.
The solid line shows the response for the sample
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Fig. 6. The impedance dependence on the applied

frequency of (@) 1KHz, (O) 120Hz and (&)

100Hz for the humidity sensor obtained from

BDMAC at 25C and 1 V.
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Fig. 7. Response characteristics of the humidity sen-
sor obtained from copolymer obtained from 1:1
ratio of BDMAC and MMA (@) absorption and
(M) desorption process at 20C.

with 1:1 ratio of BDMAC and MMA. The
change in %RH causes an exponential change

in impedance with time. The response time Is
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about 38 seconds for adsorption and desorption
process. The humidity sensors show a quick
change of relative humidity from 33%RH to 90

%RH and vice versa.

CONCLUSION

1. A new polyelectrolyte humid membrane
containing quartenary ammonium chloride was
synthesized for the humidity sensor.

2. The impedance of the homopolymer with
BDMAC showed 320KQ to 1.5KQ in the
range 30%RH and 90%RH at 25°C, 1V and
1 KHz.

3. The impedance of copolymers increased
with an increase of MMA content. In the case
of copolymers with same equivalent of BDMAC
and MMA, the impedance varied from 7.5 K§
to 3.6 KQ in the range 30%RH and 90%RH.

4. Temperature coefficient between 15~357C
is -0.5%RH/°C and the response time is 38 sec-
onds between 33%RH and 85%RH.
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