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ABSTRACT: The Quartz Crystal Microbalance (QCM)
system is utilized to investigate the relationship between
mass uptake and associated swelling for Langmuir-Blodg-
ett (LB) organic thin films obtained from pyrene end-
capped polystyrene (PS). The study was carried out using
three different molecular weights of polymeric chains. The
changes in resonance frequency associated with mass
changes can be attributed to the swelling behavior of poly-
meric thin films during vapor absorption. This swelling is
due to the capturing of organic vapor molecules in the
sensor environment. To quantify real-time QCM data for
swelling, early-time Fick’s law of diffusion was adopted to
fit the results, and a good linear relationship was observed

between the mass uptake and square root of the swelling
time. The diffusion coefficients for swelling were thus
obtained from the slopes of the fitting curves and was
found to be correlation with the amount of organic vapor
content in the cell. It was also observed that diffusion of the
organic vapor into higher molecular weight polystyrene thin
films are much faster than low molecular weight ones in
sensor applications. Diffusion coefficients were found to be
0.2–3.0 � 10�16, 5.0–13 � 10�16, and 1.0–1.6 � 10�15 cm2/s
for PS1, PS2, and PS3 LB thin films, respectively. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 123: 2414–2422, 2012
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INTRODUCTION

Polymers are fascinating materials that are different
in many respects from ordinary solids. Although
they posses all the normal characteristics of solids
such as shape-retention and resistance to shear but
they can also absorb solvent and swell to dimensions
much larger than their dry size, depending on the
chemical structure. Sensing low concentrations of
chemical vapors and volatile organic compounds
(VOCs) is an area of great interest for many applica-
tions. Polymer thin films have gained much interest
because of their potential use in applications that
require the presence of homogeneous films. Numer-
ous technologies depend on thin and ultrathin poly-
mer films include the following: optical coatings,
next-generation data storage, high-resolution photo-
resists, and dielectric insulators.1,2

Polymeric materials are often used as environmen-
tally responsive coatings in sensors due to their abil-
ity to absorb a variety of different molecules. The
versatility of polymers makes them appropriate for
many sensor types based on different transduction
principles in the detection of a variety of analytes.

Their chains are flexible and molecules can easily be
absorbed into polymer networks. This absorption
process results in swelling and mass increase of the
polymer materials. The response of polymer materi-
als to the absorbed molecules can be transduced into
an electrical signal that can be measured based on
different principles, e.g. electrical conductivity
change,3 mass change using a quartz crystal micro-
balance (QCM),4 optical properties using spectro-
scopic ellipsometry,5 or surface plasmon resonance
spectroscopy (SPR).6 Much better selectivity and
rapid measurements have been derived by replacing
classical sensor materials with polymers involving
nanotechnology and exploiting either the intrinsic or
extrinsic functions of polymers. The improving role
of polymers as gas sensors are reviewed and dis-
cussed in this article.7 In recent years, a number of
numerical models have been developed for predict-
ing the movement of organic vapors in soils. All of
these models are based on the assumption that
Fick’s law is an adequate representation of gas-phase
diffusion.8

Langmuir-Blodgett (LB) thin film deposition tech-
nique has an important place in physics and chemis-
try to investigate floating monolayers on the water
surface and to transfer the floating monolayer onto a
solid substrate. This technique is a convenient
method to produce a uniform and high-quality or-
ganic thin film. The film thickness and molecular
architecture can easily be controlled using the LB
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film process.9 Polymer films with well-controlled
thickness have been attracting considerable attention
due to their broad range of potential applications in
microlithography,10 organic-based electronic devices
(polymer thin film transistors, optoelectronic devi-
ces, include light emitting diodes, sensor elements,
photovoltaic cells, and nanoelectronic devices),11 and
biomimetic (biosensors) thin films.12 The overall
property of polymer LB films is closely related to
their surface morphology, which is dictated by a
number of parameters, including the solution con-
centration, surface pressure and temperature.13–15

The diffusion coefficient is one of the most impor-
tant transport parameters for many physicochemical
and physiological processes, where it can be used on
the direct estimation of molecular weight. It is
strongly affected by the chemical composition of the
solvent, temperature, and solute concentrations. PS-
coated quartz crystal was studied as a sensor for vol-
atile organic compounds (VOCs).8,16,17 The monitor-
ing of (VOCs) such as chloroform, benzene, toluene,
xylene, etc. . . has become a serious task due to regu-
lations in many countries in the world. Although cur-
rent monitoring methods (i.e., gas chromatography
and infrared spectroscopy) have high sensitivity, they
are expensive and are not used for real-time measure-
ments. Recently, Surface Plasmon Technique was
used for studying sorption of poly (methyl methacry-
late) film at various concentrations of chloroform
vapor, it was observed that diffusion coefficients for
swelling obeyed the t1/2 law and found to be corre-
lated with the amount of vapor content in the cell.18

In this study, pyrene-end capped polystyrene (PS)
polymer chains, having different molecular weights,
were synthesized by atom radical transfer methods
and were subsequently used to produce LB thin films.
Although several other polymerization methods and
coupling reactions such as ‘‘Click chemistry’’ can also
be used,19,20 ATRP was deliberately selected so as to
obtain well-defined pyrene-labeled polymers with
exact functionality and low polydispersity. These LB
films were subjected to various concentrations of par-
tially saturated chloroform vapors to study the swel-
ling mechanism in sensor applications. Using QCM
measurement system, variations on frequency shift
were monitored in real time during swelling in which
organic vapor is introduced into a gas cell. Early-time
Fick’s law of diffusion was adopted to fit the QCM
results. It was found that the diffusion coefficients for
high molecular weight PS thin films are larger
(roughly in the order of 10) than the diffusion coeffi-
cients for low molecular weight PS thin films.

THEORETICAL CONSIDERATION

The surface pressure versus surface area (
Q
-A

graph) is an important graph to understand the

characteristic surface behavior of a floating mono-
layer on the water surface. The area per molecule
for a floating monolayer can be calculated by using
the following relation21:

a ¼ AMw

cNAV
(1)

where A is the enclosed area, Mw is the molecular
weight of the material, c is the concentration of the
solution, V is the volume of the solution spread onto
the water surface, and NA is the Avogadro number.
Among various types of gas sensors there has

been an increasing interest in coating the surface of
QCM sensors with functionalized polymers. QCM
monitors the mass change induced by the analyte
adsorbed into the polymer films which first intro-
duced in 1964.22 QCM system consists of a thin, AT-
cut quartz sandwiched between two electrodes and
this quartz crystal resonates at a well-defined fre-
quency. This frequency called resonance frequency
depends on the area of the electrodes and thickness
of the quartz. The linear relationship between mass
change, Dm, and change of frequency, Df, was first
described by Sauerbrey.23

Df ¼ �2f0
2

qq1=2lq1=2A
Dm; (2)

where f0 is the initial resonance frequency of quartz
crystal, qq is the density of quartz (2.648 g/cm), lq is
the shear modulus of quartz (2.947 � 1011 g/cm/s),
and A is the piezoelectrically active area (cm2). The
values pertinent in the study presented in this article
are f0 ¼ 7,286,050 Hz and A ¼ 1.13 cm2. The per-
formance characteristics of the QCM sensor namely,
selectivity, response time, and reversibility will
depend on the chemical nature and physical proper-
ties of the polymeric coating. A number of polymeric
coatings have been successfully used in gas sensor
applications as they exhibit changes in mass when
they interact with certain chemicals.7 Diluted in
good solvents polymer chains tend to swell. In a
poor solvent, they tend to coil, contract, and/or
entangle. The interactions that contribute to the
entangling of polymer chains play a role comparable
to that of physical cross-links in the sense that the
behavior of two entangled chains is interdependent.
Unlike cross-linked chains, entangled chains do not
form an infinite single macromolecule but can slip
one with respect to others and flow. That affects, in
turn, the physical behavior of polymer melts. Poly-
mer melt chain dynamics and rheological properties
have found a common physical frame work in the
reptation model.24,25 This model is based on the
assumption that large-scale transverse chain motions
are hindered by topological constraints caused by
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the neighboring chains. Chain dynamics is then re-
stricted to a snake-like motion (reptation) along an
imaginary tube formed by these neighboring mole-
cules. The concept of the entanglement coupling of
macromolecules in polymer condensed systems is
commonly accepted to interpret viscoelastic proper-
ties of high-molecular weight polymers. An impor-
tant parameter for entangled macromolecules is
average molecular weight spacing between entangle-
ment junctions, i.e., the entanglement molecular
weight Me or critical molecular weight Mc, where
some polymer properties of viscoelastic nature are
changed.26 The transition from one regime to the
other occurs precisely at Mc, the critical molar mass
above which entanglements occur. The entanglement
molecular weight, Me is calculated from the plateau
modulus (Go

N) according to following equation25,27:

Me ¼ K
qRT
Go

N

; (3)

where R is the universal gas constant, q is the den-
sity, T is the absolute temperature, and K is a con-
stant with a value of 4/525,27,28 depending upon
convention.

When Fick’s second law of diffusion is applied to
a plane sheet and solved by assuming a constant dif-
fusion coefficient, the following equation is obtained
for concentration changes in time29:

C

C0
¼ x

a0
þ 2

p

X1
n¼1

cos np
n

sin
np
a0

exp �D2
np

2

a20
t

� �
; (4)

where a0 is the thickness of the slab, D is the diffu-
sion coefficient, and C0 and C are the concentration
of the diffusant at time 0 and t, respectively. x corre-
sponds to the distance at which C is measured. We
can replace the concentration terms directly with the
amount of diffusant by using:

M ¼
Z
V

CdV; (5)

where M is the mass uptake and V is the volume
element. When eq. (4) is considered for a plane

volume element and substituted in eq. (5), the
following solution is obtained.30

Mt

M1
¼ 1� 8

p2
X1
n¼0

1

ð2nþ 1Þ2 exp �ð2nþ 1Þ2Dp2

a20
t

 !
;

(6)

where Mt penetrant mass sorbed into the deposited
film, assuming a one-dimensional geometry. The
quantity, M1, represents the amount sorbed at equi-
librium, t is the time. This equation can be reduced
to a simplified form:

Mt

M1
¼ 4

ffiffiffiffiffiffiffi
D

pa20

s
t1=2; (7)

which is called early-time equation and this square
root relation can be used to interpret the swelling
data.18,29

EXPERIMENTAL DETAILS

Materials

PS with different molecular weights were synthe-
sized by using a pyrene functional atom transfer
radical polymerization (ATRP) initiator in the poly-
merization of styrene which was polymerized in
bulk at 110�C using 1-Pyrenylmethyl-2-bromopro-
panoate (PMBP) and CuBr/Bpy as the catalyst
(Scheme 1). Reactant ratio and molecular weights of
PS molecules are summarized in Table I, and the
preparation detail is found in the literature.31

Preparation of polystyrene LB thin films

The surface pressure of PS as a function of reduced
area at the air–water interface was investigated
using a NIMA 622 alternate layer LB trough. PS
materials were dissolved in chloroform with a con-
centration of � 0.2 mg/mL which was spread onto
ultra pure water subphase at pH 6. A time period of
15 minutes was allowed for the solvent to evaporate
before taking the isotherm (

Q
-A) graph which

Scheme 1 Synthesis of pyrene-labeled polystyrene by atom transfer radical polymerization.
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records the surface pressure as a function of surface
area using the compression speed of barriers at a
value of 1000 mm/min. The temperature of the
water subphase was controlled using Lauda Ecoline
RE 204 model temperature control unit, and all ex-
perimental data were taken at room temperature.
Isotherm graphs were taken for several volume val-
ues using the same experimental conditions. Y-type
LB deposition mode and a vertical dipping proce-
dure was performed at the selected surface pressure
with a speed of 25 mm/min for both the down and
up strokes. These materials were deposited onto a
thinly cut wafer of raw quartz sandwiched between
two gold electrodes in an overlapping keyhole
design for the QCM measurements. After every
monolayer deposition, LB film sample was dried
and the change of surface area was monitored dur-
ing the deposition process. The deposition of LB
film layers was also monitored to check the reprodu-
cibility of the LB film with a home-made QCM sys-
tem that can detect small changes in mass. This abil-
ity helps to check the reproducibility of multilayer
LB film.

QCM measurement

QCM system measures mass per unit area by meas-
uring the change in frequency of a quartz crystal

resonator and has a piezoelectric sensor with nano-
gram sensitivity to mass changes on its surface. This
technique is widely utilized in sensing applications
for monitoring adsorption/desorption processes. A
home-made QCM measurement system shown in
Figure 1 was used to measure chloroform vapor
response of these LB films. A custom software
allows on-line recording of changes in quartz reso-
nance frequency as the penetrating vapor is
absorbed by the polymer sensing layer. All measure-
ments were taken at room temperature using a
standard quartz crystal with a nominal resonance
frequency of 7 MHz. The quartz crystal was inserted
into the electronic control unit, and the frequency of
oscillation was monitored as a function of time. To
monitor the response to the chloroform vapor, a spe-
cial gas cell was constructed for this QCM system.
After the introduction of organic vapor into the cell,
the changes in frequency, which indicate the degree
of response, were measured with an accuracy of 1%.
The frequency change was monitored as a function
of time when the sample was periodically exposed
to the organic vapor for at least 10 min and was
then allowed to recover after injection of dry air.
These measurements were also taken for several
vapor concentrations.

RESULTS AND DISCUSSION

The surface pressure change as a function of surface
area (

Q
-A) isotherm of PS monolayer at the air–

water interface at room temperature is shown in Fig-
ure 2. They were found to be reproducible and sta-
ble with phase transitions at the air–water interface.
When the barrier is open, the PS molecules were
packed randomly with large void spaces. As the bar-
riers are closed, the LB molecules gather closer to

TABLE I
Synthetic Conditions and Molecular Weight

Characterisitics of Pyrene-labeled Polystyrenes

Materiala Reactant ratiob Mn (PDI)c

PS1 130 : 1 : 1 : 3 4980 (1.18)
PS2 100 : 1 : 1 : 3 7540 (1.19)
PS3 200 : 1 : 1 : 3 9654 (1.15)

a Temperature 110�C; reaction time 4 h; bulk.
b [PS]0/[PMBP]0/[CuBr]0/[Bpy]0.
c Determined by gel permeation chromatography rela-

tive to polystyrene standards.

Figure 1 A home-made QCM measurement system.
Figure 2 The surface pressure change as a function of
surface area (

Q
-A) isotherm of PS monolayer.
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each other. The surface pressure increases dramati-
cally as these molecules align to form the LB mono-
layer at the air–water interface. Isotherm graphs
were taken for several volume values using the
same experimental conditions. Using these graphs,
surface pressures of 15, 20, and 22.5 mN/m were
chosen as PS1, PS2, and PS3 respectively for LB film
deposition onto quartz substrates. PS1 has the small-
est area per molecule than others. The collapse of
pressure at the air–water interface increases when
the molecule weight increases. The effect of surface
pressure on the formation of the LB monolayer of
polystyrene,32 polystyrene-block-poly(2-vinylpyri-
dine) (PS-b-P2VP) diblock copolymers,33,34 and poly-
styrene/poly-4-vinylpyridine AB diblock ionomer35

materials are extensively studied in the literature.
Similar phase transitions are observed with our
results. It can be concluded that all three materials
(PS1-3) organized as an LB film monolayer at the
air–water interface and are suitable to be transferred
as an LB film onto a solid substrate. Using the iso-
therm graph given in Figure 2, the area per molecule
of PS thin films can be calculated from eq. (1). Fig-
ure 3 shows the area per molecule versus surface
pressure. It is seen that as molecular weights of PS
chains increase, the area per molecule, a also
increases. In other words, the longer the PS chains,
the more the area per molecule is on a PS thin film.

In general, it is considered that gas influence
occurs by three ‘‘solution-diffusion’’ steps (absorp-
tion, diffusion, and desorption processes).36 The fre-
quency decreases suddenly at the time when initial
contact takes place between PS film and vapors,
which results from surface adsorption effect. Then,
the frequency increases slowly, essentially resulting
from bulk diffusion effect. The interaction process
between sensitive film and the adsorbed vapors is a
dynamic process. When the sensor is exposed to

vapors, both adsorption and desorption processes
occur concurrently. After reaching dynamic equilib-
rium, the number of adsorbed vapor molecules will
be equal to the number of desorbed vapor mole-
cules. At that time, the frequency stabilizes. The
changes in frequency for PS molecules are plotted
versus the corresponding analyte concentrations as
given in Figure 4. The frequency shift (Df) of QCM
results increases linearly with the vapor concentra-
tion as shown in Figure 4. This is expected since the
more analyte molecules are provided in the test
atmosphere, the more analyte molecules would be
adsorbed by the PS molecules coated on the QCM
substrate. It is also known that in cases where
adsorption is the phenomenon responsible for the
interaction between the coating and the analyte, the
frequency shifts, observed after contact with the
coated film with a known quantity of analyte,
increase with the amount of coating just until satura-
tion of the surface of the film. Therefore, the func-
tions that can describe the responses of each coated
film to a known amount of analyte, versus coating
amount, needs to be known. The sensitivities of
films, coated with different compounds, are often
represented as a function of the amount of coating,
which for most coating application methods is
unknown. The amount of coating is then calculated
by the Sauerbrey equation, given in eq. (2). It should
be noted that the magnitude of the frequency shifts
also depends on the flow rate of the gas into cell.37

The crossover observed in Figure 4 should be caused
by the flow rate of the gas. In other words, since the
flow rate of the gas into cell is likely to affect the
equilibrium between adsorption and dissociation of
PS films and the response time, the fast flow rate for
the PS1 film showed fast sorption kinetics for the
gas presented in 20%. The slopes of these graphs

Figure 3 The area per molecule, a, versus surface
pressure.

Figure 4 The frequency changes, Df, for PS molecules
versus concentration. The solid and dashed lines are for
eye guide.
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increase with the increasing molecular weight or the
increasing unit number of PS molecules. It seems
that the physico-chemical properties of gas mole-
cules such as polarity have an influence on the
adsorption behavior when the gas molecules are
attached to the sensing films. The PS molecules’ po-
larity increases because chloroform (CHCl3) has a
larger dipole moment value (� 1.01 D) than PS (�
0.29 D).38 Thus, PS3 has a strong polarizability due
to the number of the functional group than others
since the polarizability of the aromatic ring arises
from p-electrons.39 For the polar molecules, such as
chloroform, the interaction among polar molecules
could be caused by a polarizable coating. This might
be to form stronger interaction with the sensing
material; consequently more molecules were ad-
sorbed.40,41 The response of QCM sensors based on
films of PS in the thin film form, in the presence of
chloroform vapor, have been analyzed and com-
pared to the features of similar QCM sensors based
on PS.42–46

Figure 5 shows the kinetic response for four layer
PS LB films against chloroform vapor at different
concentrations. The response and recovery times are

in the order of a few minutes and the responses are
almost reversible with the injection of air into the
gas cell. These LB films were stable and have been
used many times without significant losses in sensi-
tivity and selectivity. A similar response to chloro-
form has been reported for the sensors based on dif-
ferent polymer materials. An exposure of the LB
film to chloroform vapor yields a large change of
the optical parameters of these thin films, and the
film thickness increased as a result of film swel-
ling.42–46 Use of PS in thin form as sensing element
for a QCM sensor has been thoroughly discussed for
detection of chloroform in vapor/liquid phase.42,47

To quantify the data given in Figure 5, one has to
extract the polymer film parameters due to swelling.
Figure 6 shows normalized frequency against swel-
ling time where the consolidation process involves
setting starting times to t ¼ 0 for each swelling
cycles. As seen in Figure 6, the frequency decreased
as the time of vapor exposure increased. It is also
seen that normalized frequency decrease is faster as
the chloroform vapor concentration is increased.
These behaviors can be explained with the chain
interdiffusion between polymer chains during vapor
exposure. Entanglement molecular weight, Me of PS
chains were calculated by using eq. (3) and found to
be around 12,000 g/mol. Here, the parameters such
as, q (0.969 g/cm3) density of polymer, Go

N(0.2 MPa)
plateau modulus, T (110�C) temperature, and K (4/
5) constant were used for the polystyrene poly-
mer.25,27,28 Since the molecular weights of the PS
chains under consideration are much lower than the
entanglement molecular weight, Me value, one may
then conclude that the reptation motion should be
ruled out for the diffusion model. In addition, the
molecular weights of PS chains are much lower than
the entanglement molecular weight of PS, which
also predicts that PS chains obey Fickian diffusion
and behaves like a small molecule. That means all
chains move independently from each other and
there are no entanglements in the film.
The frequency changes in Figure 6 can be con-

verted into mass changes by using eq. (2). The nor-
malized mass changes against swelling time are
given in Figure 7. The normalized mass uptake, Mt,
is plotted in Figure 8 for the square root of swelling
time according to eq. (7). The slopes of the linear
relations in Figure 8 produce the diffusion coeffi-
cients, Ds, for the swelling of polymeric film. The
obtained values of diffusion coefficients vary among
0.2�3.0 � 10�16, 5.0�13 � 10�16, and 1.0�1.6 �
10�15 cm2/s for PS1, PS2, and PS3 LB thin films,
respectively and are plotted in Figure 9 versus satu-
rated chloroform vapor content. It is seen that Ds

increased as the vapor content increased in the cell.
In other words, a decrease in the vapor content pre-
vents the film from swelling and the diffusion of

Figure 5 The kinetic response of PS LB films for chloro-
form vapor at different concentration.
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chloroform molecules into PS films slows down.
Giordano et al.44 used a film of syndiotactic polysty-
rene (sPS) in the nanoporous crystalline d form has
been used for the detection of chloroform and tolu-
ene in the liquid phase at very low concentration. In
their study, reflectance measurements were carried
out to detect very small amounts of chemicals (chlo-
roform and toluene) in water down to concentra-
tions of 5 ppm, and moreover, results achieved in

the case of chloroform by the optoelectronic sensor,
were compared with that of a classical resonant
quartz-crystal microbalance coated with the same
sPS as sensing element, working, as well in an aque-
ous solution. Giordano et al. found that diffusion
coefficients for sPS in chloroform and toluene were
in the order of 10�12 and 10�13 cm2/s for chloroform

Figure 7 Normalized mass change versus time.

Figure 6 Normalized frequency changes during gas ex-
posure versus time.
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and toluene at 35�C, respectively which are rather
high compared with our measurements. In fact, it is
known that diffusion is always faster in an organic
solvent than under organic vapor since organic

molecules penetrate much slower into PS film from
the vapor phase than from a liquid solvent.

CONCLUSIONS

PS chains have been successfully transferred as PS
monolayers from water surface onto quartz crystal
substrates using LB thin film technique. Sensor
response is highly affected by the properties of poly-
mers as well as the successful production of PS thin
films. The responses of PS LB films to chloroform
vapor are fast, strong, reproducible and reversible
after injecting the gas cell with fresh air. This time-
dependent response for the investigation of the
repeatability of the chloroform vapor sensor at room
temperature shows relatively stable repeatability and
almost uniform changes in frequency. These PS LB
films showed not only good reproducibility but also
high organic vapor sensitivity with almost the same
frequency shifts, rapid response and fast recovery
time. We introduced a model to employ the swelling
behavior of PS polymeric films under exposure to
different saturated chloroform vapor content in dry
air. It is known that adsorption is the phenomenon
responsible for the interaction between the coating
and the analyte. It is understood that the penetration
of organic vapor molecules into the polymeric film
is faster for higher molecular weight PS thin films
than lower molecular weight PS thin films and that
the interdiffusion of polymer chains increases as the
organic vapor content in the cell increases. In other
words, diffusion coefficients for high molecular
weight PS thin films are about 10 times larger than
the diffusion coefficients for low molecular weight
PS thin films. An explanation for this is, a higher
molecular weight chain of PS has more space for or-
ganic vapor to adsorb to the surface, resulting in
larger diffusion coefficients. As a result, these PS
materials could be an alternative for other traditional

Figure 8 Linear regression of the data in Fig. 7 according
to eq. (7). (a), (b), and (c) stand for PS1, PS2 and PS,
respectively.

Figure 9 Diffusion coefficients, Ds versus saturated chlo-
roform vapor content. The solid lines are for eye guide.
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LB film materials and may find potential applica-
tions in the development of room temperature
organic vapor sensing devices.
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