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a  b  s  t  r  a  c  t

Low-humidity  sensing  performance  of  generation  1  amine  terminated  polyamidoamine  (PAMAM)
dendrimer  (G1-NH2),  generation  5 amine  terminated  PAMAM  dendrimer  (G5-NH2) and  G5-NH2–Au
nanoparticles  (G5-NH2–AuNPs)  thin  films  were  investigated  by  using  a quartz  crystal  microbalance
(QCM).  The  formation  of  AuNPs  was  characterized  by  UV–vis  spectrophotometer.  The  characterizations
of  the  thin  films  were  analyzed  by  atomic  force  microscopy  (AFM).  Water vapor  molecules  adsorbed
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onto  the  G5-NH2–AuNPs  thin  film  had  a larger  frequency  shift  than  the  G1-NH2 and  G5-NH2 thin  films.
Adsorption  dynamic  analysis,  molecular  mechanics  calculation  (association  constant),  was  applied  to
elucidate  how  number  of  amine  surface  functional  groups  of  PAMAM  dendrimer  and  doped  AuNPS  in
PAMAM  dendrimer  increase  the  sensitivity  to low-humidity.

© 2012 Elsevier B.V. All rights reserved.
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. Introduction

Low-humidity sensors are adopted extensively in many fields,
uch as meteorological, agricultural, clinical, and biotechnological
elds and manufacturing [1].  Different sensing techniques such
s impedance, capacity, optic, field effect transistors (FET), surface
coustic wave (SAW) and quartz crystal microbalance (QCM) have
een explored to detect the humidity. Among the above various
ensing technologies for humidity detection, the QCM is a very sta-
le device, capable of measuring an extremely small mass change
2]. Therefore, QCM-based sensors may  be a promising solution for
etecting low levels of humidity.

A hygroscopic material was coated on the quartz crystal to
ncrease the sensor’s sensitivity by adsorption of water from the
umidity of the ambient air. According to Sauerbrey equation, the
xtra mass causes a resonance frequency shift �f  (Hz) equal to [3]:

f =
(

−2.3 × 10−6 f 2
o
A

)
�m (1)

here fo is the foundation resonance frequency of the crystal (Hz),

www.sp
 (cm2) is the surface area of the electrode, and �m (g) is the
hange in mass on the surface of the crystal. Therefore, the per-
ormance characteristics of QCM-based sensors primarily depend

∗ Corresponding author. Tel.: +886 2 28610511x25332; fax: +886 2 28614212.
E-mail addresses: spg@faculty.pccu.edu.tw, spg@ulive.pccu.edu.tw (P.-G. Su).

924-4247/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2012.03.018
on the chemical nature and physical properties of the coating mate-
rials.

In our earlier studies [4–9], low-humidity sensors were
made by coating the single-walled carbon nanotube/Nafion
composite material (SWCNTs/Nafion) [4,5], multi-walled car-
bon nanotube/Nafion composite material (MWCNTs/Nafion)
[5], TiO2 nanowires/poly(2-acrylamido-2-methylpropane) sul-
fonate (TiO2 NWs/PAMPS) [6],  polypyrrole/TiO2 nanoparticles
(PPy/TiO2 NPs) [7],  MWCNT-COOH and Pd-MWCNT-COOH [8]
and poly(4-styrenesulfonic acid-co-maleic acid) (PSSMA) and
poly(styrenesulfonic acid) sodium salt (PSS) polyelectrolyte [9]
sensing films on an electrode of QCM. These materials include
polymers, composites and ceramics, but polymer electrolytes are
of particular interest because they have more favorable humidity-
sensing characteristics than the other materials, including
long-term stability and reliability [10–14].

Polyamidoamine (PAMAM) dendrimers are highly branched
well-defined three-dimensional macromolecules with hydrophilic
terminal functional groups (–NH2) [15]. They have attracted
much interest recently because of their high geometric symme-
try, easily controlled nanosize, controllable surface functionality,
film-forming ability and chemical stability, which have resulted
in the extension of their use to biosensors and chemical sensors
[16–20]. Additionally, Au nanoparticles (AuNPs) have attracted
interest owing to their attractive electronic, unique optical, thermal

.

and physical properties as well as their catalytic activity and poten-
tial applications in chemical sensors and biosensors [21]. However,
no attempt has been made to construct low-humidity sensors based
on PAMAM dendrimers. Therefore, in this study, generations 1
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nd 5 amine terminated PAMAM dendrimers (G1-NH2 and G5-
H2) and G5-NH2–Au nanoparticles (G5-NH2–AuNPs) were used

o construct QCM-based low-humidity sensors. The surface rough-
ess of the thin films was analyzed using tapping mode atomic

orce microscopy (AFM). The G5-NH2–AuNPs were characterized
sing a UV–vis spectrophotometer. This study investigates how
he number of amine surface functional groups and encapsulated
uNPs in PAMAM dendrimers and low-humidity sensing properties
re related. Furthermore, the adsorption dynamics of water vapor
olecules onto G1-NH2, G5-NH2 and G5-NH2–AuNPs thin films

oated on the QCM were employed to elucidate the low-humidity
ensing properties (sensitivity).

. Experimental

.1. Low-humidity sensor fabrication

.1.1. Materials
Generations 1 and 5 amine terminated PAMAM dendrimers (G1-

H2 and G5-NH2) were obtained from Aldrich as 5 wt%  in methanol
olution and used without further purification. The preparation of
5-NH2–AuNPs was similar to the method that was  reported by
hi et al. [19]. G5-NH2–AuNPs were prepared by adding 50 mL
f 1.2 mM of HAuCl4 solution to 0.1 mL  G5-NH2 methanol solu-
ion (5 wt%), stirring for 20 min, and then incrementally adding an
xcess of formic acid (reducing agent, 4.0 mM)  into the solution to
nsure that most of the HAuCl4 was reduced to AuNPs. When the
uNPs were formed, the color changed from yellow to wine-red.

.1.2. Fabrication of the QCM electrodes
The AT-cut quartz crystals with a fundamental resonance fre-

uency of 10 MHz  were obtained from ANT Technologies Corp.,
aiwan. The gold electrode of the QCM was rinsed in deionized
ater and then cleaned ultrasonically in acetone. Following dry-

ng, both sides of the QCM electrode were coated with the mixture
recursor solution by spin coating at first rate of 400 rpm for 10 s
nd second rate of 700 rpm for 10 s, followed by heating at 60 ◦C for
5 min  in air. Consequently, G1-NH2, G5-NH2 and G5-NH2–AuNPs
hin films had mass values 2.87, 3.20 and 4.02 �g, respectively, on
he QCM disk. sp
.2. Instruments and analysis

As shown in Fig. 1, a divided humidity generator was  used as
he principal facility for producing the testing gases. The required

ig. 1. Schematic diagram of experimental set-up for the QCM sensor measurement and 

ater;  (c) mass flow controller; (d) detecting chamber and QCM; (e) thermostat; (f) low h

www.
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water vapor concentration was produced by adjusting the propor-
tion of dry and humid air generated by the divided flow humidity
generator under a total flow rate is 10 L/min. The model of two
mass flow controller’s and flow display power-supply used is the
Protec PC-540 manufactured by Sierra Instruments Inc. The lowest
testing point is limited by the dryness of the gas. A low-humidity
hygrometer (HYGROCLIP IC-3, Rotronic Inc.) which measurement
range and precision are 0–100% RH and 0.1% RH, respectively, and
was  used as reference standard hygrometer to measure the testing
water vapor concentration produced by the divided flow humid-
ity generator. QCM sensors were connected to an outlet of the
divided flow humidity generator and calibrated by the reference
standard hygrometer. The setting volume ratio of the moist air
and temperature would be adjusted according to the reading of
the low-humidity hygrometer calibrated at the CMS/NML (Cen-
ter for Measurement Standards/National Measurement Laboratory)
humidity laboratory. The volume ratio of the moist air was calcu-
lated by the following equation:

ppmv (�L/L) = Vv

V
× 106 (2)

where Vv is the volume of water vapor and V is the total volume.
Measurement procedures were recorded as below: firstly the syn-
thetic dry air was  passed through the detection chamber until the
deviation of the frequency of QCM was within 2 Hz/s and then the
required water vapor concentration was  flowed into the detection
chamber, finally the synthetic dry air was  passed through the detec-
tion chamber until the frequency of QCM recovered to its initial
value. The initial volume ratio of the moist air was  2.77 ppmv for all
experiments. All the measurements were performed at the room
temperature 23.0 ± 1.5 ◦C and controlled by the thermostat. The
surface microstructure of the thin film that was coated on a sub-
strate was investigated using an atomic force microscope (AFM,
Ben-Yuan, CSPM 4000) in tapping mode which the horizontal and
vertical resolution are 0.26 and 0.10 nm,  respectively. The forma-
tion of AuNPs was characterized by UV–vis spectroscopy (Agilent
8453).

3. Results and discussion

3.1. Characteristics of G5-NH2–AuNPs

.co
m.cn
Fig. 2 plots the UV–vis absorption of G5-NH2–HAuCl4 solu-
tion and G5-NH2–AuNPs. The G5-NH2–HAuCl4 solution had a
ligand–metal charge-transfer band at 300 nm (curve a). Curve b is

low humidity atmosphere controller. (a) Molecular sieve and desiccating agent; (b)
umidity hygrometer; (g) oscillator and frequency counter; and (h) PC.
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ig. 2. UV–vis absorption spectra of (a): G5-NH2–HAuCl4 solution and (b) G5-
H2–AuNPs.

he absorption spectra of the after reduction of the G5-NH2–HAuCl4
olution using 1.2 mM added HAuCl4 and formic acid as reduc-
ng agent. A maximum absorbance (�max) of G5-NH2–AuNPs was
ocated at 524 nm,  resulting from the inter-band transition of the
ncapsulated AuNPs.

.2. Surface microstructure characteristics of G1-NH2, G5-NH2
nd G5-NH2–AuNPs thin films

The surface morphology of PAMAM dendrimers and
AMAM–AuNPs thin films were investigated by AFM. Fig. 3(a)–(c)
hows the surface topography of G1-NH2, G5-NH2 and G5-
H2–AuNPs thin films, respectively, coated on the QCM. The data
f the root mean square (RMS) roughness of G1-NH2, G5-NH2 and
5-NH2–AuNPs thin films was 26.6, 27.5 and 31.3 nm,  respectively.
1-NH2 and G5-NH2 thin films had a smoother surface film than

hat of G5-NH2–AuNPs thin film. The deviation (3.8 nm)  between
5-NH2 and G5-NH2–AuNPs thin films was about 15 times than

hat of horizontal resolution (0.26 nm). Therefore, obviously differ-
nt in roughness of the G1-NH2, G5-NH2 and G5-NH2–AuNPs thin
lms was existed. The difference in surface morphologies between
5-NH2–AuNPs and G1-NH2 and G5-NH2 thin films was  due to

ormation of encapsulated AuNPs in G5-NH2 and some free AuNPs
n the surface of G5-NH2–AuNPs (Fig. 3(c)).

.3. Low-humidity sensing properties of G1-NH2, G5-NH2 and
5-NH2–AuNPs thin films

Fig. 4 plots the frequency of G1-NH2, G5-NH2 and G5-
H2–AuNPs thin films as a function of time for various volume

atios of moist air in the range of 103–2465 ppmv. Table 1 lists the
orresponding sensitivities. The results of calibration curve of G1-
H2, G5-NH2 and G5-NH2–AuNPs thin films are plotted in Fig. 5 and

he slope and linear correlation coefficient (R2) were calculated as
hown in Table 2. When the volume ratio of moist air was 103 ppmv,
he sensitivity of G1-NH2, G5-NH2 and G5-NH2–AuNPs thin films
as 0.078, 0.123 and 0.258, respectively (Table 1), demonstrating

hat the response of the G5-NH2–AuNPs thin film was  higher than
hose of the G1-NH2 and G5-NH2 thin films, especially at low levels
f humidity. For G5-NH2–AuNPs thin film, the linear sensing char-
cteristics at the ranges of 103–1059 ppmv and 1059–2465 ppmv

www.sp
how different performance. The steep decrease in slope was
bserved at the volume ratio of moist air of 1059–2465 ppmv. Thus,
uggesting that addition of AuNPs played an important role in the
ow humidity sensing property.

Fig. 3. AFM images of (a): G1-NH2; (b) G5-NH2 and (c) G5-NH2–AuNPs.
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Table 1
Sensitivity to humidity of G1-NH2, G5-NH2 and G5-NH2–AuNPs thin films coated on QCM at different volume ratios of moist air.

�ppmv
b Sensitivitya

G1-NH2 G5-NH2 G5-NH2–AuNPs

103 0.078 0.123 0.258
436  0.069 0.099 0.200

1059 0.060 0.081 0.166
1733 0.055 0.070 0.141
2465 0.050 0.059 0.121

a The sensitivity of the various sensing films was  defined as −�Hz/�ppmv [25].
b The �ppmv was defined as the volume ratio subtracted by the initial volume ratio of moisture air (2.77 ppmv).

Table 2
Linear sensing characteristics of G1-NH2, G5-NH2 and G5-NH2–AuNPs thin films coated on QCM at different volume ratio of moist air.

Sensing characteristics

103–1059 ppmv 1059–2465 ppmv

Slope Linearitya Slope Linearitya

G1-NH2 0.0577 0.9974 0.0428 0.9965
G5-NH2 0.0757 0.9937 0.0424 0.9921
G5-NH2–AuNPs 0.1539 0.9958 0.0877 0.9909

a The linearity was  defined as the linear regression coefficient of R2-value of linear fitting curve.

Table 3
Low-humidity sensing characteristics (sensitivity and linearity) of this work compared with the literatures.

Sensing materials Sensing curve

Sensitivitya Linearityb Working range (ppmv) References

SWCNTs/Nafion 0.0894 0.9901 154–1052 [4]
MWCNTs/Nafion 0.1782 0.9459 154–1052 [4,5]
TiO2 NWs/PAMPS 0.2336 0.9785 207–1038 [6]
PPy/TiO2 NPs 0.0128 0.9988 171–1594 [7]
Pd-MWCNT–COOH 0.0541 0.9663 308–1779 [8]
PSS/PAH 0.1199 0.9435 130–1508 [9]
G5-NH2–AuNPs 0.1539 0.9958 103–1059 This work

a The sensitivity was  defined as the slope value of linear fitting curve at the enumerativ
b The linearity was  defined as the linear regression coefficient of R2 value of linear fittin
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Fig. 4. Frequency shifts (Hz) as a function of time (s) for different volume ratio of
the moist air on (a) G1-NH2; (b) G5-NH2 and (c) G5-NH2–AuNPs thin films.
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G5-NH2 and G5-NH2–AuNPs thin films.
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e humidity working range.
g curve at the enumerative humidity working range.

The hydrophilic terminal functional groups (–NH2) of PAMAM
dendrimer serve as active sites for water vapor molecules adsorp-
tion via the formation of hydrogen (H) bonds. Therefore, the
G5-NH2 thin film had higher sensitivity to humidity than G1-NH2
thin film, which was attributed to the fact that the number of
surface functional groups of G5-NH2 (128) is higher than that of G1-
NH2 (8) [22]. When G5-NH2 was  modified with AuNPs (Fig. 3(c)),
encapsulated AuNPs in G5-NH2 and free AuNPs formed metal-
lic granules on the surface of G5-NH2, the number of adsorption
sites increased, presenting a high local charge density and a strong
electrostatic field, and thereby improved the sensitivity of G5-
NH2–AuNPs than that of the G5-NH2 thin film. But, at higher volume
ratio of moist air (1059–2465 ppmv), suggested the absence of
active sites for reaction to occur and, hence, the steep decreased in
slope was  observed. The low-humidity sensing properties, based on
the sensitivity and the linearity, of the present low-humidity sensor
were compared with our earlier studies [4–9] in Table 3. The sen-
sitivity of the present low-humidity sensor was higher than those
of the low-humidity sensors made from SWCNTs/Nafion, PPy/TiO2
NPs, Pd-MWCNT–COOH and PSS/PAH thin films. The linearity of
the present low-humidity sensor was  comparable to those of the
sensors of our earlier studies.

3.4. Adsorption properties of G1-NH2, G5-NH2 and

G5-NH2–AuNPs thin films

The adsorption behaviors of water vapor molecules by G1-
NH2, G5-NH2 and G5-NH2–AuNPs thin films were compared. The
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Table 4
Kinetic parameters for adsorption and desorption of water vapor molecules onto G1-NH2, G5-NH2 and G5-NH2–AuNPs thin films.

Thin films Adsorption rate constant, k1 (M−1 s−1) Desorption rate constant, k−1 (s−1) Association constant, K (M−1)

G1-NH2 8.72 

G5-NH2 9.56 

G5-NH2–AuNPs 14.04 
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ig. 6. Linear plot of the reciprocal of relaxation time (�−1) against vapor concen-
ration (M)  for G1-NH2, G5-NH2 and G5-NH2–AuNPs thin films.

ollowing reaction [23,24] explained the increase in sensitivity to
ow humidity of the G1-NH2, G5-NH2 and G5-NH2–AuNPs thin
lms.

The time course of adsorption behavior at the experimental
ilute concentration is expressed simply as the follows:

ensing films + water vapor molecules
k1
⇔
k−1

sensing films

− water (3)

apor molecules (3) where k1 and k−1 are adsorption and des-
rption rate constant, respectively. The amount of water vapor
olecules, �mt, formed on the sensing films at time t, is then given

y the following equations under Langmuir isotherm adsorption
onditions [23,24]:

mt = [sensing films − water vapor molecules]t

= �m∞
[

1 − exp
(−t

�

)]
(4)

−1 = k1[water vapor molecules]  + k−1 (5)

here �m∞ denotes the maximal amount of water vapor
olecules adsorbed on the sensing films at t → ∞ and � is relax-

tion time. Adsorption time courses at different concentrations
0.0057–0.0458 M)  were derived using Eqs. (4) and (5).  Fig. 6
lots the linear correlation between reciprocal relaxation time
�−1) of adsorption and the concentration of water vapor on sens-
ng films (G1-NH2, G5-NH2 and G5-NH2–AuNPs). Fig. 6 and Eq.
5) yield the adsorption rate constant k1, the desorption rate
onstant k−1 and the association constant K(= k1/k−1) for water
apor on sensing films (Table 4). The G5-NH2–AuNPs − water vapor
olecules had the largest k1 value. This experimental result coin-

ides with the result, indicating that water vapor molecules are
ore easily adsorbed on G5-NH2–AuNPs than on G1-NH2 and
5-NH2 thin films. The association constant K of water vapor
olecules onto the sensing films was in the following order: G5-
H2–AuNPs > G5-NH2 > G1-NH2. Therefore, the larger association

www.sp
onstant (K = 351.0 M−1) of water vapor onto the G5-NH2–AuNPs
hin film than onto the G5-NH2 and G1-NH2 thin films is associated
ith the larger adsorption rate constant and the smaller desorp-

ion rate constant. These results suggest that the adsorption of

[

0.047 185.5
0.046 207.8
0.040 351.0

water vapor molecules on the surface of PAMAM dendrimer-based
materials plays a predominant role at low-humidity. Therefore,
the G5-NH2–AuNPs thin film was  more sensitive to water vapor
molecules than the G1-NH2 and G5-NH2 thin films (Table 1).

4. Conclusions

The number of surface functional groups (–NH2) of PAMAM
dendrimers dominated the low-humidity sensing properties (sen-
sitivity). The encapsulated AuNPs in G5-NH2 and metallic AuNPs
on the surface of G5-NH2 can enhance the surface properties of
G5-NH2–AuNPs and increase the sensitivity of G5-NH2–AuNPs thin
film to low levels of humidity. The G5-NH2–AuNPs coated on the
QCM electrode had high sensitivity (especially at low humidity
levels) and acceptable linearity. The G5-NH2–AuNPs thin film com-
bined with QCM is reliable technique for measuring trace humidity.

Based on the Langmuir isotherm adsorption assumption, the
adsorption rate constant k1 for water vapor molecules on G5-
NH2–AuNPs is larger than those for the G1-NH2 and G5-NH2 coated
on QCM. Moreover, molecular mechanics calculations supported
the experimental results, indicating that the high sensitivity of the
G5-NH2–AuNPs thin film to water vapor molecules is ascribed to
the larger association constant K of the G5-NH2–AuNPs thin film
to water vapor molecules than those of G1-NH2 and G5-NH2 thin
films.

Acknowledgement

The authors thank the National Science Council (Grant No. NSC
100-2113-M-034-001-MY3) of Taiwan for support.

References

[1] P.R. Story, D.W. Galipeau, R.D. Mileham, A study of low-cost sensors for mea-
suring low relative humidity, Sens. Actuators B 24/25 (1995) 681–685.

[2] A.J. Cunningham, Introduction to Bioanalytical Sensors, Wiley, New York, 1998,
p.  307.

[3] G. Sauerbrey, The use of quartz oscillators for weighing thin layers and for
microweighing, Z. Phys. 155 (1959) 206–222.

[4] H.W. Chen, R.J. Wu,  K.H. Chan, Y.L. Sun, P.G. Su, The application of CNT/Nafion
composite material to low humidity sensing measurement, Sens. Actuators B
104 (2005) 80–84.

[5] P.G. Su, Y.L. Sun, C.C. Lin, A low humidity sensor made of quartz microbalance
coated with multi-walled carbon nanotubes/Nafion composite material films,
Sens. Actuators B 115 (2006) 338–343.

[6] P.G. Su, Y.L. Sun, C.C. Lin, Novel low humidity sensor made of TiO2

nanowires/poly(2-acrylamido-2-methylpropane sulfonate composite material
film combined with quartz crystal microbalance, Talanta 69 (2006) 946–951.

[7]  P.G. Su, Y.P. Chang, Low-humidity sensor based on a quartz-crystal microbal-
ance coated with polypyrrole/Ag/TiO2 nanoparticles composite thin films, Sens.
Actuators B 129 (2008) 915–920.

[8] P.G. Su, J.F. Tsai, Low-humidity sensing properties of carbon nanotubes mea-
sured by a quartz crystal microbalance, Sens. Actuators B 135 (2009) 506–511.

[9] P.G. Su, K.H. Cheng, Self-assembly of polyelectrolytic multilayer thin films of
polyelectrolytes on quartz crystal microbalance for detecting low humidity,
Sens. Actuators B 142 (2009) 123–129.

10] Y. Sakai, Y. Sadaoka, M. Matsuguchi, Humidity sensors based on polymer thin
films, Sens. Actuators B 35-36 (1996) 85–90.

11] Y. Sakai, M.  Matsuguchi, N. Yonesato, Humidity sensor based on alkali salts

.co
m.cn
of  poly(2-acrylamido-2-methylpropane sulfonic acid), Electrochem. Acta 46
(2001) 1509–1514.

12] M.S. Gong, S.W. Joo, B.K. Choi, Humidity sensor using mutually reactive
copolymers containing quaternary ammonium salt and reactive function, Sens.
Actuators B 86 (2002) 81–87.



 and A

[

[

[

[

[

[

[

[

[

[

[

[

[

P.-G. Su, W.-H. Tzou / Sensors

13] G. Casalbore-Miceli, A. Zanelli, A.W. Rinaldi, N. Camaioni, M.J. Yang, L. Li, E.M.
Girotto, Electric properties of polyelectrolyte films in moist solvents, Sens.
Actuators B 125 (2007) 120–125.

14] X. Lv, Y. Li, P. Li, M.  Yang, A resistive-type humidity sensor based on crosslinked
polyelectrolyte prepared by UV irradiation, Sens. Actuators B 135 (2009)
581–586.

15]  S.M. Grayson, J.M.J. Frechet, Convergent dendrons and dendrimers: from syn-
thesis to applications, Chem. Rev. 101 (2001) 3819–3868.

16] I. Grabchev, X. Qian, V. Bojinov, Y. Xiao, W.  Zhang, Synthesis and photophysical
properties of 1,8-naphthalimide-labelled PAMAM as PET sensors of protons
and of transition metal ions, Polymer 43 (2002) 5731–5736.

17] N.B. Li, J.H. Park, K. Park, S.J. Kwon, H. Shin, J. Kwak, Characterization and
electrocatalytic properties of Prussian blue electrochemically deposited on
nano-Au/PAMAM dendrimer-modified gold electrode, Biosens. Bioelectron. 23
(2008) 1519–1526.

18] Z. Zhang, W.  Yang, J. Wang, C. Yang, F. Yang, X. Yang, A sensitive impedimetric
thrombin aptasensor based on polyamidoamine dendrimer, Talanta 78 (2009)
1240–1245.

19] Y. Qu, Q. Sun, F. Xiao, G. Shi, L. Jin, Layer-by-layer self-assembled
acetylcholinesterase/PAMAM–Au on CNTs modified electrode for sensing pes-
ticides, Bioelectrochemistry 77 (2010) 139–144.

20]  H. Yin, Y. Zhou, S. Ai, Q. Chen, X. Zhu, X. Liu, L. Zhu, Sensitivity and selectivity
determination of BPA in real water samples using PAMAM dendrimer and CoTe
quantum dots modified glassy carbon electrode, J. Hazard. Mater. 174 (2010)
236–243.
21]  S. Guo, E. Wang, Synthesis electrochemical applications of gold nanoparticles,
Anal. Chim. Acta 598 (2007) 181–192.

22] R. Esfand, D.A. Tomalia, Poly(amidoamine) (PAMAM) dendrimers: from
biomimicry to drug delivery and biomedical applications, Drug Discov. Today
8  (2001) 427–436.

www.sp
m

ctuators A 179 (2012) 44– 49 49

23] Y. Okahata, M.  Kawase, K. Niikura, F. Ohtake, H. Furusawa, Y. Ebara,
Kinetic measurements of DNA hybridization on an oligonucleotide-
immobilized 27-MHz quartz crystal microbalance, Anal. Chem. 70 (1998)
1288–1296.

24] L.X. Sun, T. Okada, Simultaneous determination of the concentration of
methanol and relative humidity based on a single Nafion(Ag)-coated quartz
crystal microbalance, Anal. Chim. Acta 421 (2000) 83–92.

25] M. Neshkova, R. Petrova, V. Petrov, Piezoelectric quartz crystal humidity sensor
using chemically modified nitrated polystyrene as water sorbing coating, Anal.
Chim. Acta 332 (1996) 93–103.

Biographies

Pi-Guey Su is currently a professor in Department of Chemistry at Chinese Cul-
ture  University. He received his BS degree from Soochow University in Chemistry in
1993 and PhD degree in chemistry from National Tsing Hua University in 1998.
He  worked as a researcher in Industrial Technology Research Institute, Taiwan,
from 1998 to 2002. He joined as an assistant professor in the General Educa-
tion Center, Chungchou Institute of Technology from 2003 to 2005. He worked
as an assistant professor in Department of Chemistry at Chinese Culture Univer-
sity from 2005 to 2007. He worked as an associate professor in Department of
Chemistry at Chinese Culture University from 2007 to 2010. His fields of interests
are chemical sensors, gas and humidity sensing materials and humidity standardn
technology.

Wen-Hau Tzou received a BS degree in chemistry from Chinese Culture University
in  2010. He entered the MS  course of chemistry at Chinese Culture University in
2010. His main areas of interest are humidity sensing materials.

.co
m.c


	Low-humidity sensing properties of PAMAM dendrimer and PAMAM–Au nanoparticles measured by a quartz-crystal microbalance
	1 Introduction
	2 Experimental
	2.1 Low-humidity sensor fabrication
	2.1.1 Materials
	2.1.2 Fabrication of the QCM electrodes

	2.2 Instruments and analysis

	3 Results and discussion
	3.1 Characteristics of G5-NH2–AuNPs
	3.2 Surface microstructure characteristics of G1-NH2, G5-NH2 and G5-NH2–AuNPs thin films
	3.3 Low-humidity sensing properties of G1-NH2, G5-NH2 and G5-NH2–AuNPs thin films
	3.4 Adsorption properties of G1-NH2, G5-NH2 and G5-NH2–AuNPs thin films

	4 Conclusions
	Acknowledgement
	References
	Biographies


