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a b s t r a c t

We report the characterization of novel ruthenium polypyridyl complex (Ru-PC) based sensor film with a
thickness of 50 nm coated on a quartz substrate using a spin coating method for humidity detection. The
resulting complex [Ru(L1)2(L2)] was synthesized in a one-pot reaction starting from [RuCl2(p-cymene)]2,
where the ligands (L1 = 4,7-diphenyl-1,10-phenanthroline-disulfonic acid disodium salt and L2 = 4,4′-
dicarboxy-2,2′-bipyridine) were characterized by NMR, mass spectrometry (MALDI), elemental analysis
eywords:
umidity sensor
CM
uthenium complexes
olypyridyl complexes

and UV–vis spectroscopy. The humidity adsorption and desorption kinetics of the ruthenium complex
were investigated using the Quartz Crystal Microbalance (QCM) technique. The Langmuir model was used
to determine adsorption and desorption rates and Gibbs free energy over the 11–97% relative humid-
ity range. Our experimental results show that Ru-PC films have a great potential for humidity sensing
applications at standard conditions (i.e. room temperature).
hotosensitizers
harge transfer sensitizer

. Introduction

Stringent control of the humidity is essential in many of the
ndustrial applications. The petroleum, medical, food industries
ll manufacture moisture-sensitive products. Furthermore, clean
ooms, greenhouses, research and development labs, computer
ooms, and nuclear reactors often require fixed moisture levels
1–4].

To date many types of humidity sensors have been devel-
ped that use a variety of detection methods including: current,
esistance, capacitance, conductivity, absorption and luminescence
1–7].

Recently ruthenium(II) polypyridine complexes have been iden-
ified as potential humidity sensors. The principal reason is their
emarkable chemical stability and photophysical properties. These
omplexes have a wide range of applications in many research

elds such as light harvesting systems and photochemically driven
olecular devices, as well as photocatalysts and as biological

urveys [8–15]. Moreover, ruthenium dyes are also promising can-
idates for a variety of sensors and switches [16–18] due to their
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semiconducting properties. The sensing properties of ruthenium(II)
polypyridine dyes are usually based on lifetime or intensity detec-
tion methods and the selective response to certain gases due to the
appropriate properties of used sensitive dye. Several studies have
been carried out so far to monitor humidity sensing properties of
ruthenium dyes with different morphologies showing that they are
very active for humidity and gases [6,16–18].

Ru-PC was designed and synthesized with the ligands 4,4′-
dicarboxy-2,2′-bipyridine (L2) and bathophenanthroline bearing
disulfonic acid disodium salt (L1) [8]. L1 and L2 were selected to
increase the sensitivity of the compound to moisture over the salt
of a sulfonic acid and COOH groups. The compound can also show
a high pH sensitivity due to these functional groups [10,19].

QCM is one of the oldest and reliable techniques to measure
adsorption and desorption kinetics of molecules on the air and thin
film interfaces. However, the major focus of this work has been to
investigate adsorption and desorption kinetics of a new ruthenium
complex (Ru-PC) bearing sulfonate and carboxylate groups, not to
improve the well known QCM technique. There are many studies
in the literature about the QCM based humidity sensing mecha-
nism of other materials. Nevertheless, to the best of our knowledge,
QCM based humidity sensing system that utilizes ruthenium(II)
polypyridine dyes has not been reported yet. With the usage of dif-

ferent functional groups over the backbone of the compounds, it is
also possible to improve sensing properties of the device depending
applied method.

QCM has been widely used for thickness measurements of metal
films deposited onto the crystal and investigations of the kinetics

dx.doi.org/10.1016/j.snb.2010.09.017
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:kasimocakoglu@gmail.com
mailto:salihokur@iyte.edu.tr
dx.doi.org/10.1016/j.snb.2010.09.017


2 nd Ac

o
m
s
t
q

�

w
Q
i

o
a
t
s
r

2

o
c
f
[
o
s
s
d
[
l

(
o
r
f
2
1
t
u
d
p
w
u
3
9

F
r

24 K. Ocakoglu, S. Okur / Sensors a

f adsorption/desorption of adsorbate molecules. The QCM method
onitors the frequency shift (�f) of a coated quartz crystal with

ensing element due to adsorption of molecules on the surface of
he sensing material [20]. The mass change (�m) of surface of the
uartz crystal is calculated by using Sauerbrey equation [20]:

f = − 2f 2
0

A
√

��
= −C × �m (1)

here f0 is the resonant frequency of the fundamental mode of the
CM crystal, A is the area of the gold disk coated onto the crystal, �

s the density of the crystal, and � is the shear modulus of quartz.
The frequency shift is directly proportional to the adsorbed mass

n the Ru-PC modified gold QCM electrodes. Finally, the Langmuir
dsorption model was used to analyze the adsorption and desorp-
ion kinetic parameters of Ru-PC films, showing that the Ru-PC has
trong affinity for water vapour molecules between 11% and 97%
elative humidity (RH) values.

. Experimental details

[RuCl2(p-cymene)]2, 1,10-phenanthroline-disulfonic acid dis-
dium salt (L1) and 4,4′-dicarboxy-2,2′-bipyridine were pur-
hased from Aldrich. All organic solvents were purchased
rom Merck and Fluka, and used as without modification.
RuII(bis(4,7-diphenyl-1,10-phenanthroline-disulfonic acid dis-
dium salt) (4,4′-dicarboxy-2,2′-bipyridine)], [RuII(L1)2(L2)], was
ynthesized according to procedures in the literatures [8,10,12] as
hown in Fig. 1. The [RuII(bis(4,7-diphenyl-1,10-phenanthroline-
isulfonic acid disodium salt) (4,4′-dicarboxy-2,2′-bipyridine)],
RuII(L1)2(L2)], [Ru-PC] was synthesized and characterized as fol-
ows:

[RuCl2(p-cymene)]2 (0.1 g, 0.163 mmol) was dissolved in DMF
50 ml) and 4,7-diphenyl-1,10-phenanthroline-disulfonic acid dis-
dium salt (L1) (0.351 g, 0.654 mmol) then added (Fig. 1). The
eaction mixture was heated to 80 ◦C under an inert atmosphere
or 12 h with constant stirring. To this reaction flask 4,4′-dicarboxy-
,2′-bipyridine (L2) (0.08 g, 0.33 mmol) was added and refluxed for
2 h. Finally, the reaction mixture was cooled to room tempera-
ure and the solvent was removed by using a rotary evaporator
nder vacuum. The solid was extracted with methanol, filtered and
ried under vacuum. On a Sephadex LH-20 column the crude com-

lex was purified with methanol as an eluent. The crude complex
as re-crystallized from MeOH/ethyl acetate. 216 mg of the prod-
ct with 93% yield was obtained. UV (MeOH); �max: 483 (1.38),
14 (2.66), 278 (4.21), 221 (4.28). 1H NMR (400 MHz, D2O) ı ppm:
.56 (t, J = 1.7 Hz, 1H, NCHCHC, L2), 9.43 (t, J = 1.3 Hz, 1H, NCHCHC,

ig. 1. Synthesis of [RuII(bis(4,7-diphenyl-1,10-phenanthroline-disulfonic acid disodium
oute for Ru-PC. (i) L1, DMF, 80 ◦C, inert atmosphere, overnight; (ii) L2, 15 ◦C, overnight.
tuators B 151 (2010) 223–228

L2), 8.73 (s, 1H, NCHCH, L1), 8.62 (s, 1H, NCHCH, L1), 8.10 (t,
J = 1.1 Hz, 1H, CCHC, L2), 8.02 (t, J = 1.3 Hz, 1H, CCHC, L2), 7.78 (d,
J = 3.6 Hz, 1H, NCHCHC, L2), 7.73 (d, J = 3.8 Hz, 1H, NCHCHC, L2),
7.62 (m, J = 1.4 Hz, 4H, CCHCHC, L1), 7.44 (q, J = 1.1 Hz, 2H, NCHCHC,
L1), 7.40 (q, J = 1.2 Hz, 2H, NCHCHC, L1), 7.24 (m, J = 2.4 Hz, 4H,
CCHCHCSO3Na, L1), 7.18 (m, J = 2.6 Hz, 4H, CCHCHCSO3Na, L1),
6.95 (m, J = 2.4 Hz, 4H, CCHCHCSO3Na, L1), 6.89 (m, J = 2.4 Hz, 4H,
CCHCHCSO3Na, L1). MS (MALDI): m/z = 1419.1 [M+H]+. Anal. Calc.
For C60H36N6Na4O16S4Ru (1418.25): C, 50.81; H, 2.56; N, 5.93.
Found: C, 50.79; H, 2.39; N, 5.88%.

Gold coated quartz crystal electrodes were placed into ethanol
and ultrasonically cleaned, then rinsed by de-ionized water.
1 mg/ml Ru-PC was dissolved in deionized water. 5 �l of solution
was spin-coated on to quartz crystal with 2000 rpm. After drying
at room conditions, it was kept in dessicator at room temperature
for 3 h. Then the quartz crystal coated with Ru-PC film was used
to record both the reference frequency at 11% and the frequency
changes up to 97% relative humidity. The thicknesses of films were
measured using a Dektak profilometer from Veeco and found to be
50 nm.

A closed box, partly filled with saturated salt solutions, gener-
ated a humid environment with good accuracy in the free room
above the salt. The value of the relative humidity depends on the
type of salt given in Ref. [21]. The same experimental setup given in
our previous work [21] was used to measure the adsorption kinet-
ics of Ru-PC films above saturated LiCl (11% RH) and K2SO4 (97%
RH) aquatic solution level inside a half filled closed container.

A Time-resolved Electrochemical Quartz Crystal Microbalance
(EQCM) with the model of CHI400A Series from CH Instruments
(Austin, USA) was used to measure the change in the resonance fre-
quency of quartz crystals between gold electrodes via both serial
and usb interface connected to a computer. The QCM works with
oscillation frequencies between 7.995 and 7.950 MHz. The den-
sity (�) of the crystal is 2.684 g/cm3, and the shear modulus (�)
of quartz is 2.947 × 1011 g/cm s2. Around oscillation frequency of
7.995 MHz, a net change of 1 Hz corresponds to 1.34 ng of mate-
rials adsorbed or desorbed onto the crystal surface of an area of
0.196 cm2 [22].

The signals coming from a QCM electrode and a commercial
RH humidity sensor were simultaneously measured during the
adsorption and desorption process. Both the relative humidity and

temperature were also recorded during measurements while main-
taining the temperature around 23 ◦C. For this purpose, a EI-1050
selectable digital relative humidity and temperature probe with a
response time of 4 s and a resolution of 0.03% RH was used with
a USB controlled LabJack U12 ADC system combined with a single

salt) (4,4′-dicarboxy-2,2′-bipyridine)], [RuII(L1)2(L2)], [Ru-PC]: one-pot synthetic
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ig. 2. AFM topographic and face images in tapping mode of Ru-PC film. Sample wa
ubstrate and measured in air.

hip sensor module (SHT11) manufactured by Sensirion (Staefa,
witzerland).

. Results and discussion

The surface morphology of Ru-PC thin films on highly
rdered pyrolytic graphite (HOPG) was observed by atomic force
icroscopy (AFM) in tapping mode (Fig. 2). These measurements
ere performed under ambient conditions using a commercial

canning probe microscope. The AFM topographic images obtained
ere processed using the WSxM program. A freshly prepared solu-

ion of sample in MeOH (20 �l, 1.5 × 10−5 M) was deposited by
rop-casting on HOPG surface, and then letting the drop dry at room
emperature in ambient air conditions. AFM studies on uneven
raphitic surfaces revealed the film formation. Ru-PC thin films
ere relatively uniform and smooth (Fig. 2). As expected, the film

hickness strongly depended on the concentration of the drop-cast
olution. Small variations within the same drop-cast substrate were
bserved, probably because of non-uniform evaporation of the cast
olution on the substrate as well as the steps of the HOPG surface.

The sensing properties of Ru-PC on QCM, primarily originate
rom hydrogen bond formation of adsorbed water molecules with
unctional groups of the Ru-PC. When the Ru-PC film is exposed to
oisture, water molecules get easily trapped in between the het-
roatoms of the compound. The sensing reaction between water
olecules and the Ru-PC is summarized in Fig. 3. The mass increase

n the QCM surface due to adsorption of water molecules can be
asily measured by monitoring the change in the QCM resonance

Fig. 3. The sensing reaction based on hydrogen bond formation be
pared by drop-casting of a solution of Ru-PC (c = 1.5 × 10−5 M) in MeOH onto HOPG

frequency as seen in Fig. 4. During the desorption process in low
humidity values, water molecules bound to the Ru-PC by weak
hydrogen bonds leave the film surface on QCM. As a result, a signif-
icant sharp decrease in total QCM resonance frequency is observed
due to mass change on the film surface.

Fig. 4(a) and (b) shows the frequency response of the Ru-PC film
covered QCM during adsorption and desorption process at fixed
relative humidity (RH) values between 11% and 97% RH. Fig. 4(b)
shows no hysteresis after long time moist adsorption and des-
orption process between 11% and 97% RH. All the adsorption and
desorption data given in Fig. 4 show exponential dependence. In
Fig. 4(c), there are two exponential fit lines due to two different
adsorption behaviours below and above 50% RH, in high and low
adsorption regions. It rapidly rises in low humidity region up to
around 50%, most probably due to the hydrogen bonding capability
of –SO3

− and –COOH functional groups of Ru-PC film surface itself,
which cause a sharp increase in the sensitivity of the compound to
moisture in short time periods. But above 50%, it goes toward sat-
uration due to possible diffusion process of water molecules inside
the Ru-PC film and/or possible water condensation process on the
film surface.

The Langmuir adsorption isotherm model is frequently used
to describe adsorption kinetics of gas molecules onto organic or

inorganic films [23–29]. Here QCM is used to measure the frac-
tional coverage as a function of time during the adsorption of water
vapour molecules by Ru-PC film. An increase in the frequency shift
reflects the molecular mass uptake or loss. Hence the difference
between the oscillation frequency shift (�f) of coated and uncoated

tween water molecules and the functional groups of Ru-PC.
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Fig. 4. QCM frequency shifts for adsorption and desorption cycles between 11% RH
and various RH values: (a) and (b), QCM frequency shifts (Hz) as a function of time (s)
for different increasing and decreasing relative humidity values between 11% and
97% RH. The adsorption and desorption data taken from (a) (©) and (b) (increasing
RH: �) (decreasing RH: �) show a exponential dependence on relative humidity
when the frequency shifts are taken as logarithmic (c). The magnitude of the error
bars is chosen as 15%. The blue line (circular symbol) shows the exponential fit to
the adsorption data given in (a). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.)

Fig. 5. Experimental QCM frequency shifts (circles) for 3 cycles of adsorption and desorp
line) of the adsorption part given in (a) to the Langmuir adsorption isotherm model given
tuators B 151 (2010) 223–228

QCM is directly proportional to the adsorbed mass of moisture
molecules. The relationship between the surface adsorption kinet-
ics and the frequency shift (�f) of QCM can be expressed as follows:

d�f

dt
= (�fmax − �f )kaC − kd�f (2)

where �f and �fmax are the QCM resonance frequency shifts, ka and
kd are the adsorption and desorption rate constants, C is the con-
centration of water molecules in air, t is the time. Standard steam
tables were used to determine the partial pressure of water vapour
at each temperature [30]. Saturated salt solutions are frequently
used for humidity measurements. At any temperature, the concen-
tration of a saturated solution is fixed. With the excess solute, the
solution remains saturated in a sealed metal or a glass chamber [21].
The temperature was kept constant during measurements around
23 ◦C. The vapour molar concentration C was calculated from the
ideal gas equation (PV = nRT). At the corresponding partial pressure
for the relative humidity measured at the equilibrium point as given
in Table 1 shown in Refs. [21,30].

The time variation of the change in the frequency due to adsorp-
tion can be obtained by

�f (t) = �fmaxK ′(1 − e−kobst) (3)

where K′ is the association constant and kobs is the inverse of the
relation time as defined by K′ = (1 + (kd/kaC))−1 and kobs = kaC + kd,
respectively. In the QCM technique, the frequency shift is propor-
tional with the change in the absorbed mass by the film on the
QCM electrodes. The time dependent frequency shift can be fitted
by Langmuir isotherm adsorption. From the curve fit, the associ-
ation constant (K′) of the water vapour molecules was found as
0.96 and kobs = 0.0155 s−1. Using Sauerbrey relation given in Eq. (1)
(�m = −(1.34 ng/HZ)�f), the time dependent variation of the mass
of adsorbed water vapour molecules on the Ru-PC film surface �mt

can be estimated using:

�mt = �m∞(1 − e−t/�) (4)

where �m∞ is the maximum adsorbed amount of the humidity
molecules on the surface at t → ∞ and � is the response time defined
as �−1 = ka [water vapour molecule] + kd. From the least square fit
to Eq. (4), the response time of the adsorption process is calcu-
lated as 64.56 s. The average recovery time of 3 adsorption and
desorption cycles can be measured as 175 s from Fig. 5(a). The accu-
racy of the sensor depends on the EQCM accuracy that used in the

experiment. For our QCM system, the frequency resolution: <0.1 Hz.
Time-resolved EQCM allows 0.1 Hz to be resolved in milliseconds.

Fig. 5(a) shows the time dependence of experimental QCM
frequency shifts (circles) for 3 adsorption and desorption cycles
(11–97% RH). Fig. 5(b) shows the least square fit (solid line) of

tion process between 11% RH and 97% RH values (a), and the least square fit (solid
in Eq. (4) (b).
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he adsorption components of Fig. 4(a) using Langmuir adsorption
sotherm model given in Eq. (4).

The average values of adsorption and desorption rate were
btained to be 0.704 ± 0.03 M−1 s−1 and 0.015 ± 0.0013 s−1, from
he least square fit of adsorption component of the three cycles,
espectively. The Gibbs free energy �G of adsorption/desorption,
t a constant temperature, is defined by

G = −RT ln
ka

kd
(5)

The Gibbs free energy for adsorption is calculated using Eq.
5) for each cycle. The average Gibbs free energy for adsorption
as −9.45 ± 0.5 kJ/mol. The negative sign shows that there water

bsorption is an exothermic process (�G < 0) and as a consequence
eaction is spontaneous.

Our QCM results show that the Ru-PC films are very sensitive
oward humidity changes, yielding reproducible adsorption and
esorption kinetic behaviour to humidity changes. This is most
robably due to the hydrogen bonding capability of –SO3

− and
COOH groups which cause an increase in the sensitivity of the
ompound to moisture in short time periods.

This work shows that the Ru-PC could potentially be used as a
umidity sensor.

. Conclusion

The response to relative humidity changes of Ru-PC films with
0 nm thickness obtained by spin coating technique was investi-
ated by QCM technique. The adsorption kinetics under constant
elative humidity between 11% and 97% was explained using Lang-
uir absorption model at 23 ◦C constant QCM temperature. The

verage values of adsorption and desorption rates were obtained
o be 0.704 ± 0.03 M−1 s−1 and 0.015 ± 0.0013 s−1, respectively. The
verage Gibbs free energy for adsorption of 3 cycles is obtained as
9.45 ± 0.5 kJ/mol, indicating that the Ru-PC films show a favoured
inetic reaction against moist molecules in air. QCM results show
hat Ru-PC films are extremely sensitive to humidity and give
eproducible adsorption/desorption kinetics against to humidity
hanges due to the existence of sulfonate and carboxylate groups
n the structure.
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