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Catalysts that are made of composite particles may comprise several compounds, where each compound
utilizes its own specific properties, thus providing synergistic effects that cannot be found when the
constituents are used separately. Developing and quality control of such particles require measuring the
shape of the domains and the length of the contact line between domains made from different
compounds.

In what follows, the feasibility of using Fluorescence Resonance Energy Transfer (FRET) in order to gain
information on the length of contour lines between neighboring domains is demonstrated. The principle
of the method is to selectively adsorb the donor on one type of domain while selectively adsorbing the
acceptor on the second type of domain. The requirement for a short distance between the acceptor dye
molecule and the donor dye molecule in order to obtain fluorescence is then translated into a linear
dependence between the emission intensity and the contour line length. This facilitates, upon using
calibrated standards, the calculation of the average length of the contour between domains.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Solid state catalysts are used in a large variety of applications,
reflecting the advantages of heterogeneous catalysis among which
is easier separation between the catalyst and the product stream,
which facilitates continuous operation. In addition, heterogeneous
catalysts are typically more tolerant of extreme operating condi-
tions than their homogeneous analogs [1]. Catalysts made of
composite particles, comprised of several compounds, each with its
own specific properties, may provide synergistic effects that cannot
be found when the constituents are used separately [2]. Altering
one of the components provides a way to control the catalytic
properties, thusmaking these composites ideal for a large variety of
applications [3,4]. Of particular interest are composite catalysts
designed for multi-step catalysis. Here, each domain catalyzes
a specific different reaction and the products of these specific
reactions react at the interface between the domains to give the
final product (Fig. 1).

For such catalytic particles to operate, an intimate contact
between the various components is a necessity. Likewise, the
relative amount of each constituent on the surface of the particles
may affect activity beyond the effects of surface area, porosity and
All rights reserved.
acidity found in non-composite catalysts. The use of different
phases or compounds within a single catalytic particle raises
questions regarding not only the relative mass ratio between the
components but also about the interfacial surface area. Since the
performance is governed by the external surface, it is not the
interfacial surface areas that is important here, but rather the length
of the surface contact line (SCL) between the various constituents.
Unfortunately, measuring the length of the SCL is a very difficult
task. To the best of our knowledge, there is no method that can
provide the length of SCLs, apart from direct observation by
microscopic means (SEM or AFM for example). These means, if
applicable at all, are relatively expensive and sophisticated andmay
require well-trained personnel. Moreover, the data gathered by
these imaging techniques represent, at most, a very small number
of particles, therefore obtaining the averaged properties can be
quite cumbersome, time consuming and expensive.

Fluorescence Resonance Energy Transfer (FRET) is a distance-
dependent physical process, by which energy is transferred non-
radiatively from an excited molecular fluorophore (the donor) to
another fluorophore (the acceptor) by means of intramolecular or
intermolecular long-range dipoleedipole coupling. The efficiency
of FRET is proportional to one over the sixth power of the distance
between donor and acceptor [5]. Accordingly, in order for the
process to be efficient, the distance between the donor and the
acceptor fluorophores has to be within a few nanometers, as the
typical Forster radius (the distance at which half the excitation
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Fig. 1. A schematic view of a composite bi-catalyst particle, performing multi-step
catalysis.

Fig. 2. The principle of FRET. The shadowed area represents the overlapping between
the emission spectrum of the donor and the absorption spectrum of the acceptor.

Fig. 3. A schematic view of the model systems preparation procedure.
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energy of the donor is transferred to the acceptor) is around
3e6 nm. Other requirements include substantial overlap (>30%)
between the emission spectrum of the donor fluorophore and the
absorption spectrum of the acceptor (Fig. 2) and similarity in the
orientation of the donor emission dipole moment and the acceptor
absorption dipole moment. Along this line, control over the FRET
efficiency can be achieved by altering the donoreacceptor pairs [6],
which changes absorption characteristics, emission characteristic,
overlap characteristics, and the extent of parasitic energy loss.

At present, the FRET phenomenon is utilized quite extensively in
life science [7,8]. One mode of operation is based on intramolecular
transfer, where both flurophores are located on the same molecule
[9]. This operation is widely used to measure distances in proteins
or to monitor protein conformational changes. By virtue of specific
adsorption, the FRET technique is used in this case to indicate the
shape and locus of the underlying substrate [10]. A different mode
of operation utilizes two or three different molecules, one molecule
serves as a donor while the other(s) as an acceptor [11]. Here, the
two probe molecules are adsorbed on two different substrates, so
that the emitted light indicates the proximity between the
adsorption locations of the fluorophores. This operation is used to
study proteineprotein interactions or the interaction of molecules
(proteins, DNA, etc.) with substrates or ligands in live biological
samples [12].

In what follows, the feasibility of using the technique of fluo-
rescence energy transfer to measure the length of interdomain
surface contact lines will be demonstrated, evaluated and analyzed.
The principle of the method is to selectively adsorb the donor on
one type of a domain while selectively adsorbing the acceptor on
the second type of domain. The requirement for short distance
between the acceptor and donor is then translated into a linear
dependence between the emission intensity and the SCL. This
facilitates, upon using calibrated standards, to ability to easily
calculate the length of the contour line between the domains.

2. Experimental

The application of FRET for the measuring of SCL was demon-
strated with model systems comprised of well-defined domains,
whose SCL was pre-designed, and measuring the FRET signal as
a function of SCL length. The model-systems contained silicon
substrates over-coated with bare domains of TiO2 and phosphoric
acid-treated TiO2 domains.

2.1. Sample preparation

Fig. 3 presents a schematic view of the sample preparation
process. The titanium oxide thin film was prepared by a sol gel
process, previously reported elsewhere [13]. The precursor solution
was prepared by mixing 4.5 mL Ti[OCH(CH3)2]4 (97% in propanol)
with 10.0mL n-propanol and 1.6mL acetylacetone (acac) to provide
a Ti: propanol: acac molar ratio of approximately 1:9:1.05. A
coating solution was prepared by mixing 1.0 mL of the anhydrous
Ti(OPr)3-acac solution with 0.8 mL of water/n-propanol solution
(1:9 v/v). The coating solution was then spread on a clean silicon
substrate, spun at 3000 rpm for 1min and calcined at 400 �C for 1 h.
A well-adhered film having a thickness of approximately 90 nm,
and made of sintered nanocystallites was obtained.

A photolithography process, performed at a clean room facility,
was used to pattern the TiO2 films into equal-width, alternating
stripes of non-coated and phorphoric acid-coated titania (Fig. 3).
The procedure included cleaning in acetone, methanol, isopropanol
and DI Water, drying by spinning, and baking to complete dryness.
For patterning, a S1818 G2 (Shipley Ltd.) positive photoresist was
used. Here, the photoresist was spun at 5000 rpm for 1 min, pre-
baked at 110 �C for 1 min, exposed through an appropriate mask for
4.5 s on a MA-6 mask-aligner, developed in Microposit MF-319
developer for 35 s, and post baked for 3 min at 125 �C. The
samples were then dipped into a 1 M H3PO4 solution for 30 s and
washed with flowing DI water for 1 min. The last step in the
preparation was the stripping of the photoresist by soaking in
acetone for 1 min, following by washing in water. Three different
types of samples were prepared having line-widths of 10 mm, 5 mm
and 2 mm. All samples had the same shape and size (10 � 10 mm).

The adsorption of the phosphoric acid on exposed TiO2 films
was verified by FTIR using an IFS-55 (Bruker) spectrophotometer.
Likewise, the striped samples were characterized by surface probe
microscopy using a Picoþ (Molecular Imaging) SPM machine.

2.2. Adsorption of dyes and FRET measurements

Choosing the right pair of chromophores is a very important for
the success of the reported method. In this study, Fluorescein 5(6)-



Fig. 4. The Fluorescence Selectivity (FS) measured upon immersing TiO2 and H3PO4-
coated TiO2 substrates in solutions of TRITC (A) and FITC (B) for 10 minutes. Results are
given for various concentrations of fluorophores.

Fig. 5. Phase-contrast AFM image of a substrate made of alternating stripes of TiO2 and
H3PO4-coated TiO2.
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isothiocyanate (FITC, SigmaeAldrich) was used as a donor, whereas
Tetramethylrodamine B isothiocyanate (TRITC, SigmaeAldrich) was
used as an acceptor. These chromophores were chosen based on
their known qualities as commercial FRET pair and following
preliminary screening measurements of their selective adsorption.
The samples were first immersed in the TRITC solution for 45 min
under dark conditions, cleaned with methanol and dried under an
air-stream. Then, the samples were immersed into the FITC solution
for 2 min and dried. Non-patterned samples (both treated and non-
treated with phosphoric acid) served as controls. Different
concentrations were used in various solvents as described below.

Steady-state fluorescence measurements under ambient air
conditions were taken each time the samples were immersed in the
dye solutions by a Wallac 1420 VICTOR2 spectrophotometer. The
measuring area was constant in all measurements. For samples
immersed in FITC a F485 excitation filter and F535 emission filter
were used, whereas samples immersed only in TRITC were
measured with a F535 excitation filter and F618 emission filter.

In this manuscript, analysis of the data is often presented in
terms of Fluorescence Efficiency (FE), defined as the ratio between
the measured fluorescence intensity in the presence of both donor
and acceptor and the sum of the measured fluorescence of the
donor and the acceptor alone, at the samewavelength. For all cases,
i.e. in solution or on dried substrates, care was taken to make the
comparison under the same conditions, namely the same solvent
and the same concentration of the liquid. For surfaces, the fluo-
rescence selectivity between different surfaces is evaluated by
calculating the fluorescence selectivity(FS) values, defined as the
measured fluorescence intensity from TiO2 following immersion in
the fluorophore divided by the measured fluorescence intensity
from H3PO4-coated TiO2, after immersion in the same fluorophore.

3. Results and discussion

It is known that fluorescence efficiency values may strongly
depend on both the excitation wavelength and the wavelength at
which the emission is measured. As an example, one may consider
the FE values obtained upon excitation of TRITC (5 mM inmethanol),
5-FITC (10 mM in methanol) and a mixture prepared by mixing the
two solutions (1:1 by vol.). In this example excitation at 485 nm
yielded a FE value of 42 when measured at an emissionwavelength
of 535 nm, but only a value of 14 when measured at an emission
wavelength of 618 nm. For the specific case presented in this
manuscript the data in the liquid phase might be less relevant than
the tendency for selective adsorption, leading to selectivity in the
fluorescence. The fluorescence selectivity is of large importance in
choosing the optimal conditions for measuring the contour line
length, as the method is based on adsorption matching between
substrates and fluorophores. In other words, there is a need that the
FS value of one fluorophore will be well above unity, while the FS
value of the second flurophore should be below unity and as small
as possible. Fig. 4 presents the fluorescence selectivity measured
upon immersing the substrates in alcoholic solutions of TRITC (A)
and FITC (B) for 10 min. Results are given for several concentrations
of various fluorophores, evidently demonstrating that the concen-
tration of the fluorophores may have a significant effect on the
selectivity between the two substrates. That way, the FS values for
TRITC were reduced by a factor of 2 upon increasing the concen-
tration from 0.5 mM to 25 mM. In the samemanner, the FS values for
FITC were increased by a factor as large as 12 upon increasing the
concentration of FITC from 1 mM to 500 mM. Hence, it can be
concluded that FITC tends to adsorb more selectively on these
surfaces than TRITC.

It is known that, in terms of FRET efficiency, the optimal
concentration of donor and acceptor depends not only on the
specific fluorophores but also on the type of solvent. For FITC and
TRITC, DMSO is regarded as the preferred solvent and is used in
biological systems [14,15]. Indeed, a study on the effect of the
TRITC/FITC concentration ratio on the fluorescence efficiency,
measured in the liquid phase, revealed to us that the optimal ratio
in DMSO was 0.5, yielding a FE value as large as 42. In our case, the
adsorption of DMSO-dissolved fluorophores on the substrates
under-study was negligible. Hence, DMSO was considered inade-
quate despite its high liquid-phase FE.

As mentioned above, a set of substrates containing alternating
stripes of H3PO4- treated and non-treated TiO2 were prepared by
photolithography. Fig. 5 presents an AFM phase-contrast image,
obtained in the non-contact mode. The H3PO4-treated and the non-
treated TiO2 stripes, both 5 mm in width, are clearly observed,
reflecting a noticeable difference between the stiff inorganic TiO2
surface, and the softer phosphoric acid over-coating. Topography
images of the stripes were found to be less clear, and indicated that
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the thickness of the overcoating phosphoric acid was 1e2 nm,
which may correspond to a few layers of molecules. Images of
substrates that had been immersed in FITC showed very poor
contrast in both topography and phase modes, in correlation with
selective adsorption on bare TiO2 but not on the acid-overcoated
stripes. Along this line, images of alternating-stripe substrates
that were first immersed in TRITC solution, washed and then
immersed in a FITC solution, were characterized by a reasonable
contrast between the two types of domains.

Fig. 6 presents the fluorescence intensity measured at 535 nm
following excitation at 485 nm. The data was obtained by
measuring the fluorescence intensity emitted from alternating-
stripe substrates (TiO2 and H3PO4/TiO2) that were immersed
successively in the two dyes, and washed with ethanol after each
immersion. Carewasmade to optimize the concentration of the dye
solutions according to the results presented in Fig. 4, i.e. a concen-
tration of 0.1 mM in methanol for the FITC solution and a concen-
tration of 0.025 mM in methanol for the TRITC solution. Such an
optimization is important to assure minimization of contributing
signals from areas that are not along the contour lines between the
two types of domains. Two sets of data are presented: a set of data
where the samples were first soaked in FITC, washed in ethanol,
soaked again in TRITC and washed again and a second set of data
where samples were first soaked in TRITC, washed in ethanol,
soaked again in FITC and washed again. As presented in the figure,
in both cases the larger the contour length was the higher the
fluorescence intensity was. Moreover, the correlation was found to
be linear (R2>0.99 for both cases), as could be expected from
a theoretical point of view. The observation of a linear correlation
between the contour line length and the intensity of the FRET
fluorescence suggests that FRET fluorescence can be used as
a means to estimate the length of contour lines, provided that
a calibration curve is prepared in advance. Repeated measurements
with more sets of samples made by the "first TRITC, then FITC"
Fig. 6. The intensity of FRET fluorescence versus the relative length of contact line
between TiO2 domains and H3PO4 domains. Results are given for a "first TRITC, then
FITC" process (triangles) and for a "first FITC then TRITC" process (squares). Empty
symbols represent averaged measurements taken with non-patterned surfaces. The
excitation/emission wavelengths were 485/535 nm, respectively.
procedure confirmed the high linearity and large slope presented in
Fig. 6, thus strengthening the statistical value of this analysis of the
data.

Extrapolation of the "first TRITC, then FITC" curve to a zero
contour line gives a fluorescence intensity value of 920, whereas
extrapolation of the "first FITC, then TRITC" curve gives a value of
410. These values can be compared with measurements made with
non-patterned substrates (both TiO2 and H3PO4-coated TiO2). Here,
the intensity (averaged over the two types of substrates) for a case
where the substrates were first immersed in TRITC and then in FITC
was found to be 820, whereas the intensity (averaged over the two
substrates) for a case where the substrates were first immersed in
FITC and then in TRITC was found to be 405. The excellent matching
between the extrapolated values and the measured "background"
results may serve to strengthen the validity of the linear correlation
presented in the figure.

A few words need to be said about the difference in the back-
ground values between "first FITC, then TRITC" and "first TRITC,
then FITC". These values reflect a contribution of fluorescence from
the whole covered area. Such contribution might stem either from
less than perfect adsorption selectivity (causing some adsorption of
a certain dye on an undesirable substrate) or from adsorption of
one dye on its pre-adsorbed partner. The latter case may affect the
fluorescence intensity either negatively or positively, depending on
absorption coefficient, thickness and wavelength. The higher
"background" intensity for the "first TRITC, then FITC" in compar-
ison with the intensity of the "background" of "first FITC, then
TRITC" can be explained by the lower adsorption selectivity of
TRITC compared with FITC (Fig. 4). Here, the lower adsorption
selectivity of TRITC is manifested, when introduced first to the
system, by some adsorption on the TiO2 surface. Once FITC is added,
this undesired adsorption creates contact points between the two
dyes that are manifested by an increase in the fluorescence. Indeed,
the fluorescence measured on a TiO2 substrate following immer-
sion in TRITC increased by a factor of two upon a second immersion
in FITC. At the same time, the fluorescence measured on H3PO4-
coated TiO2 substrate following immersion in FITCwas not changed
upon immersing in TRITC.

The conclusion of this analysis is that in order to reduce the
undesirable contribution from the area of the domains, it is prefer-
able to adsorb the dye with the higher selectivity before adsorbing
the second dye. For our case, from the point of view of reducing
background, it is preferable to adsorb FITC before adsorbing TRITC.

As explained in the introduction section, the intensity of FRET
fluorescence depends, for a given set of donor and acceptor pairs and
for a given impinging photonflux, on both the excitationwavelength
and the measured emission wavelength. For this reason, it was
important to study the effect of the excitation and emission wave-
lengths on the correlation between fluorescence intensity and the
length of the contour lines. Fig. 7 presents fluorescence measure-
ments taken with the same system described above (i.e. alternating
stripes of TiO2 and H3PO4/TiO2 onto which FITC and TRITC were
adsorbed, respectively) under three sets of excitation/emission
wavelengths: 485 nm/535 nm, 485 nm/618 nm and 535 nm/618 nm.
From the data, it is evident that positive correlation between the
length of the contour lines and thefluorescence intensity exists in all
three cases. The correlation is linear upon exciting with 485 nm, but
deviateswhen the excitationwas performedwith 535nmphotons. A
comparison between the 485 nm/535 nm graph and the 485 nm/
618 nm graph reveals a constant ratio in the fluorescence at a given
length (1.95). This constant ratio, which appears also in the extrap-
olation to zero contour length, suggests that almost all themeasured
fluorescenceat 535nmandat618nmoriginate fromFRET, regardless
of the relative contribution from the bulk. This is not the case upon
excitationwith 535 nm light that is mostly absorbed by the acceptor



Fig. 7. The intensity of FRET fluorescence versus the relative length of contact line
between TiO2 domains and H3PO4-coated domains. Results are given for "first FITC
then TRITC" process. The excitation / emission wavelengths were 485 nm/535 nm
(filled squares), 485 nm/618 nm (circles), and 535 nm/618 nm (triangles).
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(TRITC). Hence, the results point out the fact that in order tomeasure
the effect reported hereby it is not necessarily required to have the
exact set offilters, so far as there is no overlap between the excitation
wavelengthandtheabsorption spectrumof the acceptor.Although in
this case the ratio between the signal and the background is constant
(suggesting that the wavelength at which emission is measured has
no importance in this range), it is still recommended, for reasons that
have to do with equipment sensitivity, to use the wavelength at
which the intensity of the emission is higher.

4. Conclusion

The feasibility of using the FRET phenomenon in order to gain
information on the length of contour lines between neighboring
domains was demonstrated. The technique is based on selective
adsorption of a donor and an acceptor on the two types of domains,
giving rise to a fluorescence signal that is linearly proportional to
the length of the contour line. As a first example of its kind, we have
used FITC as a donor and TRITC as an acceptor that adsorb selec-
tively on TiO2 and on H3PO4-overcoated TiO2.

Based on the results obtained with this specific system, it can be
concluded that a strong adsorption selectivity of at least one of the
dyes is required. In addition, the sequence of adsorption seems to
be important. Here, it is recommended to adsorb first the more
selective dye. At any case, one has to take into account some
contribution to the FRET signal from the bulk. This contribution is
not, however, prohibitive to the application of the method, as it can
be deducted during the preparation of the calibration curve. The
results show that although the wavelengths have an effect on the
signal to noise ratio, linear correlation between length and inten-
sity can be obtained within a wide range of wavelengths.

The large number of donoreacceptor pairs that are either
commercially available or can be easily synthesizedmay facilitate the
locatingof adequate pairs for a largenumberof substrates. Thismakes
the phenomenon demonstrated in this manuscript a technique that
can be implemented commercially, as a method for characterization
of contour lines betweendomains. Thismethod ispotentially not only
cheaper than electron microscopy or AFM, but also benefits from the
fact that the manpower requirement is less stringent in terms of
required expertise. A simple variation of the above-mentioned
scheme may provide a way to measure local adhesion between
polymer sheets that are joined together, similar to the method
proposedbefore to studypolymerchain interpenetrationkinetics [16]
and the coalescence of polymer particles [17]. Another possible use of
this technique in materials science is for verifying the quality of
overcoating of particles or surfaces by thin films, for example
polymer-metal core-shell particles [3], and polymerepolymer core-
shell particles [18]. Here, the measuring of FRET fluorescence might
indicate incomplete coverage by the overcoating film. An example of
anarea thatmaybenefit fromsucha technique ismicroencapsulation.

The method described in this manuscript is quite generic, and
can be easily modified to ease its implementation. One of these
modifications is the use of mediators in order to obtain the selective
adsorption of the dyes. For example, the use of self-assembled
monolayers (SAMs), tailored in a manner that enables them to
chemisorb selectively to specific substrates should be considered.
Here, the outer part of the SAMs should be functionalized (either
before or after adsorption) with functional groups that have large
selective affinity to specific dyes. Work along this line is in progress.
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