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Effective medium theory is introduced into a three-layer model to study the anomalous IR properties
of nanostructured Pt films. A composite system is set up for the nanostructured film together with
adsorbates and water around it. The anomalous IR spectral features, which exhibit a transition from
enhanced (or normal) IR absorption to Fano-type bipolar line shape and, finally, to enhanced
anomalous IR absorption (the abnormal infrared effects) along with the change in structure and size
of nanomaterials, as observed through experiments for CO molecule adsorption, are elucidated by
an increase in the volume fraction of metal in the composite system and the effective thickness of
the composite system. The theoretical simulation results illustrate that the spectral line shape of IR
absorption depends strongly on the volume fraction of metal, while the intensity of the IR band is
directly proportional to the effective thickness. This study has revealed, through a physical optical
aspect of interaction of CO molecules with nanostructured metal films, one of the possible origins
of anomalous IR properties and has shed light on interpreting the peculiar properties of

nanomaterials. © 2008 American Institute of Physics. [DOI: 10.1063/1.2953441]

I. INTRODUCTION

Nanosize scale and nanostructured materials exhibit
many peculiar characteristics, such as surface effect, quan-
tum size effect, and dielectric confinement effect, and have
attracted much attention in recent years for their fundamental
aspects as well as valuable applications in optics, electronics,
catalysis, ceramics, magnetic data storage, and other impor-
tant fields.' In particular, nanostructured thin films display
many special optical properties, such as surface-enhanced
infrared absorption (SEIRA), surface-enhanced Raman scat-
tering (SERS), and abnormal infrared effects (AIREs).*¢
These anomalous optical effects are of importance in reveal-
ing the intrinsic characteristics of nanomaterials and their
novel properties, thus in developing relevant theory and ap-
plications, and have become the frontier subject of multidis-
ciplinary studies.

Lu e al® and Sun’ have studied systematically the
AIREs of nanostructured thin films. In comparison with the
normal IR spectra of CO adsorbed (CO,4) on a bulk Pt sur-
face, the IR spectra of CO,q on nanostructured Pt thin films
illustrated three distinct anomalous features: (1) the inversion
of the direction (anomalous IR absorption) of CO,q bands;
(2) the significant enhancement of IR absorption; and (3) the
broadening of the width of CO,; bands (inhomogeneous
broadening).6 In the follow-up studies, the AIREs were also
found on nanomaterials of platinum group and iron-triad
metals, such as Pt, Pd, Ru, Rh, Os, Ir, Ni, Co, and their alloys
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on various substrates (Pt, Au, and GC).>'° Besides the
AIREs, other two anomalous IR properties of nanostructured
films are SEIRA and Fano-type IR effects that yield bipolar
band features of IR absorption of adsorbates on nanostruc-
tured films.*'*™"® With regard to studies of the origins of
these anomalous IR properties, SEIRA has been attributed to
the large enhancement of the incidence electric ﬁeld,zo’21
which is similar to the electromagnetic (EM) mechanism in-
troduced in interpretation of the SERS. Fano-type bipolar
features may be explained by Fano resonance, ~ appearing
when a discrete phonon excitation interacts with a continuum
state. In the experimental aspects, we have observed the
transformation between these three anomalous IR
properties.22’23 The IR features can be transformed from the
enhanced (or normal) IR absorption to Fano-type bipolar line
shape and, finally, to the enhanced anomalous IR absorption
along with the change in the nanostructure and size of nano-
particles. These experimental results demonstrate that the
anomalous IR properties are strongly correlated with the
structure and size of nanomaterials. It is thus reasonable to
assume that there are some intrinsic correlations behind the
above-mentioned three unique IR effects, i.e., SEIRA,
Fano-type and AIREs. It is worthwhile pointing out that the
origin of anomalous IR properties concerns physics, chemis-
try, optics, and fundamental of other disciplines. Through
studies of anomalous IR properties, it cannot only develop
relevant theories but also reveal the intrinsic properties of
nanomaterials.

Effective medium theory (EMT) provides a powerful
technique to compute the optical properties of composite ma-
terials. It was first proposed by Maxwell-Garnett (MG) to
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solve the problem of colors in metal glasses one century
ago.24 From then on, there have been many extensions and
revisions in literature, such as taking into account the perco-
lation threshold,” the particles’ shape beyond a sphere,26 the
radius of particles,27 the interaction of dipole-dipole
coupling,28 and so on. Nowadays EMT is widely used in
ultraviolet visible (UV-vis), IR, surface plasmon resonance,
and many other spectroscopic studies.>"2*%31 Ogawa er
al.®® used EMT to illuminate the SEIRA of p-NBA mol-
ecules adsorbed on Au nanoislands; Priebe ef al."” employed
EMT to simulate the asymmetric line shape in the transmis-
sion spectra of CO adsorbed on Fe thin films; and Bjerke et
al® applied the Bergman representation of EMT to interpret
the SEIRA of CO adsorbed on platinized Pt. In the Bergman
representation, however, the pivotal function “spectral den-
sity g(u,[)” that characterizes the microtopology of nanoma-
terials is difficult to obtain. A simulation using EMT con-
cerning the IR spectra of CO adsorbed on nanostructured Pt
thin films was reported recently by Pecharroman et al.*?

To the best of our knowledge, the whole picture concern-
ing the origins of anomalous IR properties of nanomaterials
is far too completely understood. In a previous paper,33 we
have considered the interparticle interaction and the electron-
hole damping between nanomaterials and CO molecules. The
simulation results illuminated that the island-shaped nano-
structured Pt films, which gave rise to interparticle interac-
tion, coupling with electron-hole damping mechanism may
contribute to anomalous IR properties. It is worthwhile
pointing out that most of the existing theoretical studies on
anomalous IR properties were mainly simulations. It should
be more important to correlate the theoretical analysis using
directly experimental parameters, i.e., the measured dielec-
tric constant &, permeability u, and optical constants n, with
experimental results. Such kind of investigation may reveal
the intrinsic properties of nanomaterials.

In this paper, EMT is introduced into a three-layer model
to formulate the simulation of the IR spectra of CO adsorbed
on the Pt nanostructured thin films. All the spectra depend on
two parameters, which are convenient to fit the simulation
results with the experimental data. The results presented in
this paper have revealed the relationship between the
anomalous IR properties and the surface structure of nano-
materials, and has shed light in acquiring new knowledge on
nanomaterials.

Il. THEORETICAL MODEL AND EXPERIMENT

Figure 1(a) is the schematic presentation of our experi-
mental system. In experiment, the lowest layer is the sub-
strate, such as Pt, Au, or GC. On the substrate, a thin layer of
metal nanoparticles is grown using electrochemical methods.
The nanoparticles, covered by a layer of adsorption mol-
ecules, are immersed in water, which is the second layer. The
upmost layer is water. In our theoretical studies, a three-layer
model, shown in Fig. 1(b), is used to simulate the practical
system in which the first layer is water, the third layer is the
substrate, and the layer between them is an effective layer
composed of metal nanoparticles and other molecules.

For each layer, an optical constant is given to describe its
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FIG. 1. Schematic representations of (a) experimental system and (b) three-
layer theoretical model.

optical property. The refractive index of water is 1.316
—0.016 X (in 1900~2200 cm™! region),34 and the refrac-
tive index data of Pt are obtained from Ref. 35. We have
plotted the real part and the imaginary part of refractive in-
dex of Pt versus wave numbers between 1900 and
2200 cm™!, and obtained a linear relationship that was used
ultimately in the simulation. The dielectric constant can be
calculated as the square of refractive index. Since the size of
metal nanoparticles is much smaller than the wavelength of
IR incidence light, EMT has to be used to calculate the ef-
fective dielectric constant of the second layer composed of Pt
nanoparticles and other molecules, which are treated in this
paper as a homogeneous medium. Strictly speaking, the sec-
ond layer consists of three phases: Pt nanoparticles, CO mol-
ecules, and water. A consideration of the three phases sepa-
rately will cause the simulation many complications. As an
approximation in our study, CO molecules and water are
treated as a “mixed phase,” and Pt nanoparticles are im-
merged in this mixed phase. When no CO adsorption takes
place, the mixed phase is simply water with a real-number
dielectric constant, and the CO adsorption only adds an
imaginary part to this dielectric constants. According to the
D-dimensional Bruggeman EMT,® the effective dielectric
constant satisfies

Em — Eeff
f

Emix ~ Eeff
—om et . Tmx el 1
gm+ (D= Degy M

Emix T (D - l)seff -

+(1-f)

where D=2 stands for two-dimensional arrangement of Pt
nanoislands,'” g.4r 18 the effective dielectric constant of the
homogeneous medium, ¢,, and &,;, are the dielectric con-
stants of metal and mixed phase, respectively, and f is the
volume fraction of metal in the homogeneous medium. f
ranges between O and 1. If f equals 0, it refers to mixed
phase on bulk metal surface without metal nanoparticles,
while if f equals 1, it means only bulk metal without mixed
phase; when 0 <f<1, it signifies metal nanoparticles on the
mixed phase.

The dielectric constant of the mixed phase can be repre-
set;(t)ed by the Lorentz harmonic oscillator, which is given
by
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FIG. 2. Experimental and simulated IR spectra of CO adsorbed on bulk Pt
surface. Dotted line: experimental; solid line: simulated.
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where v is the frequency in wave number (cm™'), v, is the
peak center of CO band, n,, is the refractive index of mixed
phase far away from v, 7y is the full width at half maximum
of CO band, and B is a parameter that determines the inten-
sity of CO band. All the complex dielectric constants used in
this paper are expressed by &,—ig; (g;=0), where &, and g;
are the real and the imaginary parts, respectively. The param-
eters in the dielectric constant of “mixed phase” can be mea-
sured by the reflective spectrum of CO adsorbed on smooth
Pt surface. Figure 2 shows the experimental and the simu-
lated IR spectra of CO adsorbed on bulk Pt surface. From
experimental spectrum we obtain v,=2070 cm™' and y
=14.5 cm™!, and a numerical fitting through MATLAB soft-
ware leads to n,=1.66 and B=30 000.

From Eq. (1), the effective dielectric constant can be
written as

o= (f = 0.5)(g,, — Emix)

+ V/(f_ O'S)Z(Sm - 8mix)2 +ég, X Emix- (3)

T3k L)

The sign or “+” is chosen to make sure that the imagi-
nary part of . is positive.

The electrochemical preparation of nanostructured Pt
thin films was conducted on an electrochemical work station
(CHI 631C). The potentials were quoted versus a saturated
calomel electrode. All solutions were prepared using Milli-Q
water, H,SO, of super pure, and K,PtCl, of analytical grade.
The surface structures of nanostructured Pt films were inves-
tigated using scanning tunneling microscopy (STM) of type
P4-18-SPM (NTMDT, Russia). The in situ Fourier transform
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infrared (FTIR) experiments were carried out on a Nexus
870 FTIR spectrometer (Nicolet).

The experimental FTIR spectra are represented as the
relative change in reflectivity by

AR R(E) - R(Eg)

R~ RE) )

where R(Eg) and R(Ey) are the single-beam spectra of reflec-
tion collected at sample potential Eg and reference potential
Ey, respectively. In the experiment, Ey is set at the potential
where CO is completely oxidized and Ej is chosen for those
potentials at which CO is stably adsorbed on the Pt surface.
Under these conditions, the features of CO,y band in the
spectra are exclusively IR absorption of CO,q4 species at Eg.

According to the STM result, the thickness of the nano-
structured thin films is much smaller than the wavelength of
IR radiation; hence, the relative change in IR reflectivity can
be simulated by the three-layer structure simpliﬁcation.37
The choice of reference spectra does not affect the shape and
intensity of the CO band, both the reflective spectra of bulk
Pt surface and of nanostructured Pt films can be used as
reference spectra. However, in order to ensure the straight-
ness of baseline, the reflective spectra of nanostructured Pt
films without CO adsorption are used as the reference spec-
tra, which can be simulated according to the dielectric con-
stants of Pt and water. The incidence angle is set as 60°,
which is the same angle used in experimental studies. The
simulations were carried out for the IR spectra collected by
s- and p-polarization light, respectively, for CO molecules
adsorbed on bulk Pt surface. In the case of p-polarization
light, the calculated signal is about 107>, while the signal is
less than 107> for s-polarization light, which is too weak to
be detected by IR measurements. As a consequence in simu-
lations conducted in the present paper, we have used only the
p-polarization light as incidence. All the simulations in this
paper are carried out using MATHEMATICA software.

lll. RESULTS AND DISCUSSION

Figure 3(a) shows the in situ FTIR spectra of CO mol-
ecules adsorbed on the nanostructured Pt thin films based on
the Pt surface. The thin films are prepared by oxidation-
reduction cycling (ORC) on K,PtCl, solution for different
treatment times. It is found that on untreated (bulk) Pt sur-
face, the CO band is a symmetric and negative-going band,
which can be assigned to the normal IR absorption of linear
adsorbed CO species (CO;) on the Pt surface. When CO
molecules adsorb on the Pt thin film prepared by ORC for 20
min, a Fano-type bipolar band with the positive-going peak
at higher wave number and the negative-going peak at lower
wave number is observed. Further increased in the ORC
treatment time to 50 min, a transformation from the bipolar
band to a positive-going one, i.e., the anomalous IR absorp-
tion band, is witnessed. It is also noticed that along with the
increase in the ORC treatment time, the intensity of CO,
band is enhanced significantly. These phenomena demon-
strate that nanostructured Pt thin films exhibit anomalous IR
properties.
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FIG. 3. (Color online) (a) In situ FTIR spectra of CO adsorbed on the
nanostructured Pt thin films on Pt surface for different treatment time. (b)
STM images of the corresponding thin films. The ORC treatment times are
(i): 0 min, (ii) 20 min, and (iii) 50 min.

In the IR experiment, there are also two instances to
observe the special IR line shape. At low IR frequency re-
gion (250~400 cm™'), the band of CO adsorbed on Cu(111)
surface also exhibits an inverted band.*®*° This phenomenon
was named ‘“‘antiabsorption” attributed to the frustrated
(dipole-forbidden) rotational motion of chemisorbed CO.
The other phenomenon concerning anomalous IR line shape
is the “Christiansen effect,” which was observed through the
transmission IR experiments of organic molecules dispersed
in KBr disks.***! This effect can be explained by the differ-
ence between the refractive index of organic molecules and
KBr. However, in our experiments, the reflection spectra
were collected for CO molecules adsorbed on Pt nanomate-
rials and the anomalous IR band is located near 2070 cm™!,
which corresponds to the IR absorption of the stretching vi-
bration mode of CO molecules. So the anomalous IR line
shape observed in our experiment is different from the anti-
absorption and from the Christiansen effect mentioned
above. Therefore, in this paper, the term “anomalous IR fea-
tures” observed on metal nanomaterials is used to distinguish
from the term “normal IR features” observed on bulk metals.

Figure 3(b) illustrates the STM images of Pt thin films
corresponding to the IR spectra in Fig. 3(a). Image (i) indi-
cates that the untreated Pt surface is relatively smooth, ex-
cept for some irregular scratches and defects caused by me-
chanical polishing. After 20 min of ORC treatment [image
(i1)], island-shaped Pt nanoparticles appear on the Pt surface.
The size of nanoislands is about tens of nanometers and
some nanoparticles become aggregative. With further in-
creased in the ORC treatment time, the nanoislands grow
larger. After 50 min of ORC treatment [image (iii)], the size
of nanoislands reaches 100~200 nm, but the aggregation
degree of nanoparticles is analogical as that of image (ii).

J. Chem. Phys. 129, 044707 (2008)
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FIG. 4. Theoretical simulated spectra of CO adsorbed on the nanostructured
Pt thin films on the Pt surface with variation in f using the Bruggeman EMT.
The values of d g used in the simulation when f equals 0.47 and 0.53 are 36
and 142 nm, respectively.

From Figs. 3(a) and 3(b), we can conclude that the features
of IR spectra are transformed with the change in the Pt sur-
face structure, demonstrating clearly correlations between
the IR spectra and the structure of nanomaterials.

Figure 4 displays the theoretically simulated spectra of
CO molecules adsorbed on the nanostructured Pt thin films
with variation in f. In Eq. (3), as &,, and &, are the two
parameters already known, .5 is only characterized by one
single parameter f. The simulated spectra can be derived
from e.z; hence, all the IR spectra are described by the pa-
rameter f. Such characteristic is convenient for us to com-
pare the simulation results with the experimental data. In the
simulation, as the intensity of CO band is directly propor-
tional to the effective thickness of the second layer (dqy),”’
we have to evaluate d g before simulation. Since the size of
Pt nanoparticles is much larger than the length of CO mol-
ecules (0.175 nm), d ¢ depends on the size of Pt hemisphere,
which increases with the increase in the ORC treatment time
(see the STM images). When the Pt surface is completely
covered with a layer of Pt hemisphere, the roughness factor
(R,) of the Pt surface can be calculated as: R,=2mr?/ mr?
=2, where r is the radius of Pt hemisphere. If the Pt nano-
particles are away from each other, the value of R, will be
smaller than 2, and if the Pt nanoparticles become aggre-
gated, the value will exceed 2. This is confirmed by the cy-
clic voltammetry (CV) experiment that the largest roughness
factor of the Pt surface only reaches 2.37. So d.4 can be
evaluated approximately as: d.=rXR,/2. Here R, can be
measured experimentally from CV curves according to the
charge of hydrogen adsorption. The r can take the value of
average size of Pt nanoparticles in nanostructured Pt films
and can be measured from STM images (see supplementary
material*?).

It can be observed that when f equals 0, corresponding
to mixed phase on bulk Pt surface, the IR spectrum of CO
adsorbed is a normal IR absorption line, characterized by a
negative-going band. With the increase in f, the IR spectra
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FIG. 5. Simulated IR spectra of CO
adsorbed on the nanostructured Pt thin
films using different models of EMT:
(a) The Bruggeman model and (b) the
MG model. d g used in the simulation
are 10, 20, 36, and 142 nm, respec-
tively, with the increase in f (the val-
ues are indicated in the figure).
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change. When f equals 0.47, the CO band is transformed to a
Fano-type bipolar band; when f increases further to 0.53, the
direction of the CO band is inverted. d. is evaluated from
the experimental data to be 36 and 142 nm, respectively,
corresponding to the simulated IR spectra with f at 0.47 and
0.53. We have tested by simulation that if we fix the value of
f and change d.g, the shape of the simulated CO band re-
mains unchanged, while the intensity of CO band augments
with the increase in d ¢ On the same way, if we fix the value
of d.s, and make a small change in the value of f from 0.42
to 0.53, the shape of CO band changes from negative-going
band to bipolar band and, finally, to positive-going band.
This confirms clearly that f, the volume fraction of metal in
the homogeneous medium, is a critical parameter. Further-
more, along with the variation of f, a fluctuation in the in-
tensity of CO band could also be observed. However, this
influence of f on the intensity of CO band is not significant
in comparison with that of d g variation. In the experiment,
with the increase in the ORC treatment time, although the
size of Pt nanoislands becomes larger, the increase in aggre-
gation degree of nanoparticles is not significant. Accordingly,
in the simulation, d.g increases significantly, while the value
of f has only a minor increase. So we can conclude that the
shape of IR band is dependent on the value of f, which may
be related directly to the aggregation degree of nanoparticles;
while the intensity of IR band is directly proportional to dg,
which depends on the size of nanoislands. By comparing the
experimental data with the simulation results, it can be dem-
onstrated that with the increase in the ORC treatment time,
the values of d.; and f increase, so the IR spectra are trans-
formed accordingly from normal IR absorption to Fano-type
bipolar band and finally to anomalous IR absorption.

It is worthwhile to note that in our simulation, we have
used different optical constants of metal as the substrate
layer, but the simulation results are similar; and we have also
tested that the features of the CO band have not been af-
fected by using either air (refractive index: 1) or water (re-
fractive index: 1.316—0.016 X i) as the top layer.

It is interesting to note that different models of EMT
sometimes may lead to different results.”? Figures 5(a) and
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5(b) illustrate the simulated IR spectra of CO adsorbed on
the nanostructured Pt thin films using the Bruggeman (Br)
model and the MG model of EMT, respectively. It should be
noticed nevertheless that the MG model is unsuitable when f
is bigger than 0.5,% so that the simulation of MG model only
reaches f value of 0.5. It can be found that, in the Br model,
with the increase in f, the CO band is transferred from nor-
mal IR absorption to Fano-type bipolar band and, finally, to
anomalous IR absorption band, in accordance with the ex-
perimental data. However, as shown in Fig. 5(b), the CO
band obtained using the MG model is always normal with
different values of f. Granqvist and Hunderi*® and Osawa et
al.® explained that the MG model only included Lorentz
field, but the Br model, as a mean-field theory, had taken into
account the particle interactions as a constant far field. By
comparing the simulation results of two models, we can con-
clude that the interactions between Pt and Pt islands as well
as those between Pt and CO molecules are responsible for
the specific IR line shape.”’zo Such interactions are neverthe-
less neglected in the MG model.

In this paper, the three peculiar IR line shapes observed
experimentally on nanomaterials can be explained by the
same model by changing the value of f, which implies that
the SEIRA, the Fano-type, and the AIREs could belong to
the same origin. From the simulation, it is observed that the
features of IR spectra vary drastically with the increase in f.
As a further study, the investigation of calculating the value
of f for different nanostructures is in progress.

IV. CONCLUSION

In the current paper, a simple EMT is introduced into a
three-layer model in simulating the anomalous IR spectra of
CO adsorbed on the nanostructured Pt films. The results
demonstrate that the CO band is transformed from normal IR
absorption to Fano-type bipolar band and, finally, to the en-
hanced anomalous IR absorption band with the increase in f
(the volume fraction of metal in the composite system) and
d (the effective thickness of the composite system). The
simulation results have well interpreted the experimental
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data. The differences in simulation using the Bruggeman
model of EMT and the MG model of EMT revealed that the
interactions between Pt and Pt nanoparticles as well as be-
tween Pt and CO molecules are the possible origin of anoma-
lous IR properties. From the STM and simulation results, we
have concluded that the spectral line shape of IR absorption
is strongly dependent on f, which is related directly to the
aggregation degree of nanoparticles; while the intensity of IR
band is directly proportional to d.g, which depends on the
size of nanoislands. Although experimental data evidenced
three distinct IR features, i.e., the SEIRA, the Fano-type, and
the AIREs observed for the anomalous IR properties of na-
nomaterials, the present paper demonstrates that they can be
explained through the same model just by changing the value
of f, and reveals that they may belong to the same origin.
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