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ABSTRACT: Attenuated total reflection infrared (ATR-IR) spectroscopy is used to
study the adsorption of gold and silver nanoparticles and the layer-by-layer (LBL)
growth of polyelectrolyte multilayers on a Ge ATR crystal. The Ge ATR crystal is first
functionalized using positively charged polyelectrolyte poly(allylamine hydrochloride)
(PAH). Then citrate-stabilized gold or silver nanoparticles are adsorbed onto the
modified Ge ATR crystal. When gold or silver nanoparticles are adsorbed, a drastic
increase of the water signal is observed which is attributed to an enhanced absorption of
IR radiation near the nanoparticles. This enhancement was much larger for the silver
nanoparticles (SNP). On top of the nanoparticles multilayers of oppositely charged
polyelectrolytes PAH and poly(sodium 4-styrenesulfonate) (PSS) were deposited,
which allowed to study the enhancement of the IR signals as a function of the distance
from the nanoparticles. Furthermore, adsorption of a thiol, N-acetyl-L-cysteine, on the
nanoparticles confirmed the enhancement. In the case of SNP an absorbance signal of
about 15% was observed, which is a factor of about 40 times larger compared to typical signals measure without nanoparticles.

■ INTRODUCTION
The layer-by-layer (LbL) deposition of polyelectrolytes is a
versatile technique to build up multilayers on flat and curved
surfaces.1 The interest in this technique has rapidly grown since
its discovery because the preparation of such multilayers is
quick, versatile, reliable, and cheap. It is possible to implement
the technique on an industrial scale either using a dipping
process or by simply spraying the respective solutions onto the
substrate.2 Furthermore, the environmentally friendly, aqueous-
solution-based method can be applied to substrates of almost
every shape including planar surfaces, colloidal nanoparticles,3

quantum dots,3 and porous solids.4 The technique has found
applications in important fields such as biomedicine,5 solar
cells,6,7 drug delivery,8 and light-emitting diodes.9 The LbL
technique is not limited to polyelectrolytes. For example,
charged particles can be incorporated into polyelectrolyte
multilayer systems, thus enlarging the field of application.
Hybrid films containing both organic and inorganic materials
are of special interest due to their particular electronic and
optical properties.10 For example, charged semiconductor
particles11 or monolayer-protected gold nanoparticles12 can
be incorporated into polyelectrolyte multilayer films.
We recently reported the preparation and optical properties

of polyelectrolyte−metal nanoparticle composite films grown
on glass slides.13,14 The citrate-stabilized gold and silver
nanoparticles were assembled in layers, and the polyelectrolyte
LbL technique allowed one to tune the distance between
particles within different layers with nanometer precision. In
this way the coupling between the plasmons could be tuned by
simply varying the number of polyelectrolyte layers between

the nanoparticle arrays. The technique is again not limited to
flat surfaces. By using the LbL technique, gold nanoparticles
were also assembled around silica beads, which lead to the
emergence of a magnetic resonance.15 Such systems are
appealing in the metamaterials field and for the development
of cloaking devices.16

In the vicinity of the plasmonic particles the electric field can
be enhanced. This is used for surface-enhanced Raman
scattering (SERS),17 but even in the infrared enhancement
can be observed, leading to surface-enhanced infrared
absorption (SEIRA).18−21 SEIRA has been used to study
chemical reactions on metal surfaces,22 and in general SEIRA is
attractive for sensing applications. In contrast to techniques that
rely on mass uptake or the change in refractive index, SEIRA
yields detailed chemical information since an IR spectrum is a
characteristic property of a molecule. Using the finite element
method (FEM), it was shown that SEIRA increases with
increasing particle size.23

In the present study we used attenuated total reflection
infrared (ATR-IR) spectroscopy24−27 to investigate the self-
assembly of polyelectrolyte layers and polyelectrolyte−nano-
particle composites. In ATR-IR spectroscopy an evanescent
field probes the volume close to the internal reflection element.
The penetration depth of the field is several hundred
nanometers, which is considerably larger than the typical
thickness of polyelectrolyte multilayers (tens of nanometers).
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ATR-IR was used before to study LbL assembly of
polyelectrolytes.28−34 Using ATR-IR, we could follow the
LbL assembly of polyelectrolytes and the adsorption of gold
and silver nanoparticles on polyelectrolyte films. The infrared
absorption was enhanced in the presence of the particles, and
the enhancement was about 1 order of magnitude larger for the
silver nanoparticles. The LbL technique furthermore allowed us
to study the enhancement as a function of the distance from the
nanoparticle surface. Because of the enhancement, the
adsorption of thiols on the metal particles could be followed
easily.

■ EXPERIMENTAL SECTION
Methods and Materials. Hydrogen tetrachloroaurate(III)

hydrate (Alfa Aesar, 99.999% metal basis), silver nitrate (Sigma-
Aldrich, 99.9999% metal basis), sodium citrate (Sigma-Aldrich),
poly(allylamine hydrochloride) (PAH, Alfa Aesar, average
molecular weight of 120 000−200 000), poly(sodium 4-
styrenesulfonate) (PSS, Sigma-Aldrich, average molecular
weight of 70 000), and N-acetyl-L-cysteine (NAC) (Alfa
Aesar, 98+%) were used as received. All solutions were
prepared using Milli-Q water (18.2 MΩ·cm).
Gold Nanoparticles Solution Preparation. Gold nano-

particles (GNP) solution was prepared according to the well-
known Turkevich method.35−37 In order to prepare spherical
GNP with a diameter of about 20 nm in diameter, first 600 mL
of a 0.25 mM solution of HAuCl4 under constant magnetic
stirring was heated to 100 °C in an oil bath. Then 15 mL of a
0.03 M sodium citrate solution was added to the HAuCl4
solution to reduce the gold ions. A series of color changes were
observed up to 20 min. Finally, when the solution changed to a
deep-red color, the reaction vessel was removed from the oil
bath and allowed to cool to room temperature.
Silver Nanoparticles Solution Preparation. Silver nano-

particles (SNP, ∼6 nm in diameter) were prepared in the
following way.38 In a 500 mL round bottle flask, 196 mL of
Milli-Q water was cooled down to 10 °C. Then 2 mL of
aqueous solutions of AgNO3 (25 mM) and sodium citrate (25
mM) were added under vigorous magnetic stirring. Then 600
μL of an aqueous ice-cooled NaBH4 (0.1 M) solution was
added to that solution in a dropwise fashion. After 2 h the
mixture was yellow, indicating completion of the reaction. The
solution was kept in the fridge until used. Both SNP and GNP
show characteristic plasmon bands in their UV−vis spectra (see
Supporting Information S1).
Preparation of Polyelectrolyte and N-Acetyl-L-cys-

teine (NAC) Solution. 1 mg/mL of PAH and PSS were
dissolved in a 0.1 M solution of sodium chloride in water to
prepare solutions of positive and negative polyelectrolyte,
respectively. Solutions of NAC were prepared at a concen-
tration of 4 mM in water.
Instruments. Scanning electron microscopy (SEM, JEOL

JSM-7600F) was used to characterize the attached GNP on the
surface of a functionalized Ge internal reflection element used
for ATR spectroscopy. UV−vis spectra were recorded on a
Cary Varian 50 Bio UV−vis spectrometer. Transmission
electron microscopy (TEM) was performed using a TEM-
Tecnai G2.
Functionalization of Ge Elements for ATR-IR Spec-

troscopy. Ge internal reflection elements (IREs; 50 mm × 20
mm × 1 mm, Komlas) were used for ATR-IR experiments. The
IREs were first polished with a 0.25 μm grain size diamond
paste (Buehler, Metadi II) and afterward rinsed copiously with

Milli-Q water before the surface was plasma cleaned under a
flow of air for 2 min (Harrick Plasma Instrument). Then the
plasma cleaned Ge ATR crystal was functionalized by
adsorption of the positively charged polyelectrolyte PAH.
That functionalized Ge surface is used for gold and silver
nanoparticle adsorption and for further studies.

ATR-IR Measurements. ATR-IR spectra were measured
with a Bruker VERTEX 80v Fourier transform infrared (FT-IR)
spectrometer with a liquid nitrogen cooled narrow-band
mercury cadmium telluride (MCT) detector. Spectra were
recorded at a resolution of 4 cm−1. For in situ ATR-IR
experiments a dedicated flow-through cell was used made from
a Teflon piece and a fused silica plate (64 mm × 30 mm × 5
mm) with holes for inlet and outlet (39 mm apart) and a Viton
seal (1 mm). The volume of the used flow-through cell is 0.129
mL with a gap of 270 μm.39 The cell was mounted on an
attachment for ATR measurements within the sample compart-
ment of the FTIR spectrometer. The solutions were passed
through the cell and over the Ge crystal at a flow rate of 0.5
mL/min by means of a peristaltic pump (Ismatec, Reglo 100)
located in front of the cell. The angle of incidence was 45°, and
only one side of the Ge IRE was used leading to 20 active
reflections. All experiments were performed at room temper-
ature, and the spectrometer was evacuated to avoid
contributions from gas-phase water and CO2.

■ RESULTS AND DISCUSSION
Polyelectrolyte Adsorption on Ge IRE. During plasma

treatment a thin oxide layer is formed on the surface of the Ge
IRE. The positive polyelectrolyte PAH adsorbs spontaneously
on this surface, whereas negatively charged PSS does not.
Adsorption can be followed in situ by ATR-IR. Figure 1 shows

ATR-IR spectra of the positive electrolyte PAH after adsorption
from 0.1 M NaCl solution and after washing with neat water.
Note that the reference for both spectra was recorded before
the adsorption of the polyelectrolyte while flowing neat water
over the Ge IRE. The initial adsorption of the polyelectrolyte is
very fast, and it reaches saturation within 10 min. The most
prominent bands in the spectrum of adsorbed PAH (Figure 1a)
at 1630 and 1530 cm−1 are assigned to the asymmetric and
symmetric bending vibration of the protonated amine groups

Figure 1. ATR-IR spectra recorded during adsorption of PAH and
subsequent washing. (a) Polyelectrolyte adsorption from 0.1 M NaCl
solution; (b) washing for 90 min with neat water. For both spectra the
reference was recorded while flowing neat water before the adsorption
step.
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[NH3]
+, respectively.40,41 The negative band at 1700 cm−1 is

due to dissolved NaCl, which influences the water spectrum.
This band arises because in spectrum a in Figure 1 the
adsorption of the polyelectrolyte was performed in NaCl
solution, whereas the reference was taken in neat water. Upon
flowing neat water over the sample (spectrum b in Figure 1),
this negative band disappears and the band at 1530 cm−1

shifted to 1560 cm−1 (Figure 1).42 This is explained by a partial
deprotonation of the [NH3]

+ groups due to a slight pH change
upon changing from polyelectrolyte solution to neat water.
Most importantly, Figure 1 shows that the adsorption of the
positively charged polyelectrolyte on Ge is successful. Such as
surface is now prepared for the adsorption of negatively
charged nanoparticles.
Adsorption of Nanoparticles on Functionalized Ge

IRE. Figure 2 shows ATR-IR spectra recorded in situ during the

adsorption of GNP on the functionalized Ge surface. Several
peaks are observed in the spectrum at 3400, 1570, 1390, and
1640 cm−1, which are due to the water stretching modes, the
asymmetric and symmetric carboxylate stretching modes of
citrate, and the water bending mode, respectively. The
nanoparticle solution contains citrates, both free and adsorbed
on the nanoparticles. The initially very fast adsorption of citrate
(peaks at 1570 and 1390 cm−1) is due to adsorption of
dissolved citrate on positively charged PE. This was proved by
repeating the same experiment using dialyzed GNP solution
(see Supporting Information S2). In this case almost all free
citrate ligands were removed by dialysis.
During the adsorption of GNP the absorbance of the water

peaks is increasing. Usually negative solvent peaks are observed
in the ATR-IR spectra upon adsorption of (large) molecules at
the solid−liquid interface due to the displacement of solvent
because with respect to the reference measurement less solvent
molecules are probed by the evanescent field. Here the
opposite effect is observed, i.e. an increase of the water peaks.
This effect is explained by an enhanced infrared absorption near
the GNP, which overcompensates the loss of water molecules
within the evanescent field due to adsorption of the
nanoparticles. GNPs do not have fundamental vibrational

modes in the spectral region shown in Figure 2. However, the
water absorption allows one to follow indirectly the adsorption
of the GNP. Initially adsorption was very fast, and then slowly it
reached saturation after around 40 min (see inset in Figure 2).
Initially the absorbance of the citrate peaks was larger than

the one of the water peaks. This can be explained by the fast
adsorption of unbound (dissolved) citrates on the positively
charged PE surface followed by the slower adsorption of citrate
capped GNP. When applying a washing step, the spectrum did
not change, which shows that the adsorbed GNPs are stable on
the Ge surface. However, the absorbance of citrate peaks at
1570 and 1390 cm−1 are very sensitive to the nature of the
solution and pH. When adsorbed GNP was washed with Milli-
Q water, the absorbance of the citrate peaks did not change.
However, when 0.1 M NaCl solution was flowed over the stable
GNP surface, the absorbance of the citrate peaks decreased
(Figure 3). Similar behavior was observed when a solution of

positive electrolyte PAH in 0.1 M NaCl was flowed over the
adsorbed GNPs (Supporting Information S3). This shows that
in the presence of NaCl citrate is removed from the surface.
The citrate is replaced by water, which leads to the positive
band in the spectrum at about 1640 cm−1.
Analogous experiments to the ones described above were

repeated with silver instead of gold nanoparticles. A comparison
of the corresponding ATR-IR spectra after adsorption is shown
in Figure 4. The IR bands are much stronger in the case of
silver nanoparticles (SNP). For example, the band associated
with the water bending mode is about 9 times stronger for SNP
than for GNP. For the citrate bands the enhancement is even
stronger. For example, the symmetric carboxylate stretching
mode of citrate is stronger by a factor of over 13 in the SNP
case. It is difficult to quantify the intrinsic enhancement for the
two cases because other factors enter into play such as the
different effective surface area for the two samples (different
coverage and interparticle separation and different size of the
particles). Larger particles should give stronger enhancement.23

As the smaller silver nanoparticles give stronger enhancement
than the larger gold nanoparticles, we conclude that other
factors than particle size play a dominant role in our case. It is

Figure 2. ATR-IR spectra of GNP adsorption on a PAH functionalized
Ge IRE. Spectra were measured during the adsorption of GNP, and
the background spectrum was taken just before GNP adsorption. After
taking the background (red spectrum), the first five spectra were
measured in time intervals of 48 s. The last spectrum was measured
after 40 min.

Figure 3. ATR-IR spectra of citrate-stabilized GNPs adsorbed on
PAH-functionalized Ge IRE during the flow of 0.1 M NaCl solution.
The background was taken after GNP adsorption and a neat water
washing step, just before flowing the NaCl solution. The negative
peaks indicate removal of citrate from the surface upon flowing NaCl
solution.
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interesting to note that the relative enhancement in the silver
case is larger for adsorbed citrate than for (bulk) water.
SEM Images of GNP on Functionalized Ge Surface.

Figure 5 shows the SEM images of GNPs adsorbed on a

functionalized Ge ATR crystal surface. The spherical GNP of
around 20 nm in diameter are well dispersed. This is due to the
mutual repulsion between adsorbed nanoparticles as a
consequence of Coulomb interaction. The particle density on
the surface is 650 particles/μm2, which corresponds to a
coverage of about 20%. Because of the small size of the SNP
(around 6 nm in diameter, see TEM image in the Supporting
Information S7), SEM did not yield useful information in this
case.
Layer-by-Layer Deposition of Polyelectrolytes. We

further studied the layer-by-layer deposition of positively and
negatively charged PE on the blank Ge surface. The positive
charge of the amine group on the functionalized Ge surface
allows the attachment of GNP as well as negatively charged

polyelectrolyte through electrostatic interactions. The strong IR
peaks of PSS allow one to follow the growth of the multilayers.
Figure 6 shows ATR-IR spectra of an experiment where a

polyelectrolyte multilayer was grown on the Ge IRE by

alternatively flowing positively and negatively charged PE over
the sample. Characteristic peaks of negatively charged PSS are
assigned as follows: The peak at 1180 cm−1 is due to the
asymmetric stretching vibration of SO3, the peak at 1125 cm−1

is due to an aromatic ring vibration, the one 1038 cm−1 is due
to the SO3 symmetric stretching vibration, and the band at
1008 cm−1 is due to a C−H bending mode of the aromatic
ring.43 Figure 6 reveals negative water peaks at 3300 and 1665
cm−1, which arise due to the displacement of water from the
volume probed by the evanescent field upon polyelectrolyte
adsorption. It is clear from the spectra that the amount of water
displaced is more important for the negative polyelectrolyte. A
quantitative analysis reveals that the change of the water
absorbance at 3300 cm−1 is larger for PSS than for PAH by a
factor of 1.85 for first bilayer, 2 for second bilayer, 2.25 for third
bilayer, and 2.5 for fourth bilayer. The observation that PSS
displaces more water than PAH can be explained in the
following way: The adsorption of a polyelectrolyte on a layer of
oppositely charged polyelectrolyte is charge-driven. The
number of charges in each layer should therefore be about
the same. However, the unit volume per unit charge is not the
same for the two polyelectrolytes. A rough estimate (see
Supporting Information) gives a relative value of 3.1 for the two
polyelectrolytes used in this study; i.e., the negative
polyelectrolyte uses about 3.1 times more volume than the
positively charged polyelectrolyte. This value is close the one
determined from the ATR-IR experiment, particularly in the
upper layers.

Nanoparticle PE Multilayer Composites. The growth of
successive polyelectrolyte layer on blank Ge as well as on top of
a GNP layer was quantitatively followed by in situ ATR-IR
spectroscopy. For this the change of absorbance of the most
prominent peak of PSS at 1176 cm−1 was measured after
deposition of each (PAH/PSS) layer. Figure 7 shows the result
for (PAH/PSS)n (n = 1−9) and (PAH/GNP)(PAH/PSS)n (n
= 1−8). For the system without GNP the increase of the PSS

Figure 4. ATR-IR spectra of adsorbed GNP and SNP on PAH-
modified Ge surface. In both cases the background was taken before
particles adsorption. GNP was adsorbed up to 40 min, whereas SNP
was adsorbed up to 70 min to reach saturation. The GNP spectrum
was scaled by a factor of 6.

Figure 5. SEM Images of GNP on a functionalized Ge surface. The Ge
ATR crystal was plasma cleaned before PAH functionalization. After
40 min of GNP adsorption the crystal surface was washed with
copious amounts of neat water.

Figure 6. In situ ATR-IR spectra recorded during layer by layer growth
of positively and negatively charged PE on a Ge ATR crystal surface.
The background was taken in 0.1 M NaCl solution before the PAH/
PSS LBL attachment was done. Washing was done in between each PE
layer attachment step with NaCl solution. Spectra were recorded at the
end of each washing step. The time needed for each adsorption and
washing step was about 10 min.
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absorbance value per layer slightly increases from about 0.0107
for the first layer to about 0.0143 absorbance units for the fifth
layer, which corresponds to an increase by 34%, and stays more
or less constant afterward. This indicates that in the very first
layers less PSS is adsorbed and that after 5 layers the adsorbed
amount per step stays constant. Note that supralinear film
growth has been observed before.44 The behavior is completely
different for the system with the GNP. Here the absorbance of
the PSS peak is strongest for the first layer and then decreases
until reaching an almost constant value after five depositions.
Note that the absorbance of the first deposition is about double
compared to the system without GNP, whereas after five
depositions the absorbance increases are similar. Both the
stronger absorbance as compared to the system without the
GNP and the decrease of the absorbance for successive layers
can be explained by the enhancement of the IR absorption due
to the GNP. The electric field enhancement is expected to
decay from the nanoparticle surface, and the layer-by-layer
experiment can actually “measure” this decay. From Figure 7 it
can be seen that enhancement is observed up to 4−5 layers.
One PE double layer has a thickness of about 2.5 nm.45,46

Therefore, we can conclude that the enhancement can be
observed in this case up to a distance of 10−12 nm from the
nanoparticle surface, which corresponds to about one nano-
particle radius. As expected, the largest enhancement is
observed for the very first layer, which is closest to the
nanoparticles surface. However, the absorbance from the
second PSS layer is almost as large.
Figure 8 shows the ATR-IR spectra of one PSS layer on the

top of GNPs and SNPs, respectively. The particles were first
adsorbed on the functionalized Ge IRE crystal surface, and then
PAH solution (1 mg PAH/mL in 0.1 M NaCl) was flowed over
the sample to make the particles surface positively charged.
After washing with neat water, the background was measured
before the adsorption of PSS (1 mg/mL PSS in 0.1 M NaCl)
and measurement of the ATR-IR spectra. The absorbance of
PSS on SNP is more than 8 times stronger compared to the
GNP case, in line with the enhancement observed for the water
and citrate bands due to GNPs and SNPs (Figure 4).
Adsorption of a Thiol on GNPs and SNPs. Figure 9

shows ATR-IR spectra measured during adsorption of NAC on
different surfaces and after washing with neat water. First we
tried to adsorb NAC from aqueous solution directly on a

plasma cleaned blank Ge IRE surface (spectrum a in Figure 9).
Only very small bands could be observed due to adsorbed
NAC, and during rinsing with water (spectrum b in Figure 9)
the NAC desorbed. The behavior was different when the
plasma cleaned Ge IRE was first functionalized with PAH. In
this case NAC adsorption was evident (spectrum c in Figure 9)
with its characteristic peaks at 1721, 1631, 1561, and 1385 cm−1

due to the carboxylic acid stretching, amide I vibration, amide II
vibration, and symmetric carboxylate stretching, respectively.
During neat water washing spectral changes were observed,
which we ascribe to the change of pH (pH 3 for NAC solution
and pH 5.8 for water). Notably the carboxylic acid stretching
peak at 1721 cm−1 disappeared whereas the asymmetric
carboxylate stretching peak appeared at 1584 cm−1 47

(spectrum d in Figure 9). Finally NAC was adsorbed on the
GNP attached to PAH functionalized Ge (spectrum e in Figure
9). The thiol has a high affinity for gold. As is evident from
Figure 9, the NAC bands are even stronger in this case, which
we again ascribe to the enhancement effect due to gold. In
addition, the spectrum also changed qualitatively, which

Figure 7. Increase of absorbance of the PSS peak at 1176 cm−1 in the
ATR-IR spectra as a function of adsorbed PSS layers (a) with GNP
(PAH/GNP)(PAH/PSS)n (n = 1−8) and (b) without GNP (PAH/
PSS)n (n = 1−9).

Figure 8. ATR-IR spectra of PSS on GNP and SNP surfaces. The
background was taken before PSS adsorption. After adsorption of
particles and washing with neat water, PAH solution was flowed over
the sample to make the surface positively charged, and then PSS
adsorption was performed.

Figure 9. ATR-IR spectra of NAC adsorption and washing: (a)
adsorption and (b) washing on blank Ge surface; (c) adsorption and
(d) washing on PAH surface; (e) adsorption and (f) washing on GNP
surface. In all three cases the background was taken before adsorption
of NAC on the respective surfaces, and then adsorption was continued
up to saturation. Washing was done with neat water.
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indicates a different interaction of NAC with gold than with
PAH. Note that in the experiment with the GNP some NAC is
probably also adsorbing on the free PAH surface.
The adsorption of NAC was repeated on the SNPs. The

spectrum is compared to the one recorded for GNP in Figure
10. The spectra look qualitatively the same but different from

the spectrum recorded for NAC on PAH (Figure 9). However,
the bands of NAC on silver are stronger by a factor of about 9,
which we ascribe again to the stronger enhancement on SNPs
than on GNPs.

■ CONCLUSIONS
ATR-IR spectroscopy is a valuable tool to study polyelec-
trolyte−nanoparticle composite films. Upon adsorption of
polyelectrolyte, negative bands of displaced water can be
observed besides the bands of the polyelectrolyte. The
adsorption of gold and silver nanoparticles is evidenced by
the water bands. These bands are positive, despite the
displacement of water, due to enhanced infrared absorption
near the nanoparticles. Citrate ions that stabilize the nano-
particles can also be evidenced. Enhanced infrared absorption
was also found for thiols adsorbed on the nanoparticles and for
polyelectrolyte multilayers built on top of the nanoparticles.
The latter system allows one to study the enhancement as a
function of the distance from the nanoparticles surface. For
gold nanoparticles with 20 nm diameter the enhancement was
observed up to a distance of about 10 nm from the nanoparticle
surface, that is, up to about one nanoparticle radius. The
enhancement observed for silver nanoparticle layers was almost
1 order of magnitude larger than the one for gold nanoparticles.
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