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Ober &chenverstarkte Infrarotabsorption auf
Au-Nanopartikel Imen fiir die optische Biosensorik:

Schwerpunkt dieser Arbeit ist die Untersuchung der ober &tenverstarkten In-
frarotabsorption (SEIRA) von Adsorbaten auf naychemisch érgestellten Au-
Nanopartikel(AuNP) Imen. Die optischen Eigenschaften va AuNP-Filmen

wurden mit VIS-Spektroskopie untersucht; es wurde gezejgtlay sich diese
Eigenschaften durch E ektiv-Medien-Theorien beschreibrelassen. Die SEIRA-
Aktivitat wurde mit FTIR-Spektroskopie von Adsorbaten auf AuNP-Filmen

untersucht. Ein Vergleich der Spektren mit denen vom gleiem Adsorbat
auf einem glatten SEIRA-inaktiven Au-Film ergab SEIRA-Fakoren von 26
im Falle von einzelnen kugelférmigen AuNP, bis hin zu drei @Gfenordnun-
gen im Falle von gewachsenen AuNP-Filmen. Die Morphologieed AUNP-
Filme wurde mit Rasterkraftmikroskopie und Rasterelektraenmikroskopie un-
tersucht. Ferner wurden SEIRA-aktive AuNP-Filme als optishe Sensoren fui
die Ex-situ-Messung von spezi scher Antikorper/AntigenKopplung sowie fur
die In-situ-Messung von Adsorbaten (Octadecanthiol, DNAwahrend des Ad-
sorptionsprozesses eingesetzt.

Surface Enhanced Infrared Absorption on
Au Nanoparticle Films for Optical Biosensing:

This work is focussed on the investigation of surface enhatt infrared ab-
sorption (SEIRA) of adsorbates on wet chemically prepared iAnanoparticle
(AuUNP) Ims. Optical properties of AUNP Ims were investigated with VIS

spectroscopy; it was shown, that it is possible to describédnése properties
with e ective media theories. The SEIRA activity was analyed by FTIR

spectroscopy of adsorbates on AUNP Ims and comparison ofdtspectra with
other FTIR spectra of the same adsorbate on a smooth SEIRA inave Au

Im. A SEIRA factor of 26 was found for a Im of discrete sphercal AuUNP,

while in case of grown AuNP Ims a SEIRA enhancement of up to tiee or-
ders of magnitude was achieved. The AUNP Im morphology washaracterized
with scanning force microscopy and scanning electron misapy. SEIRA ac-
tive AUNP Ims were used as optical sensors for the ex-situ rasurement of
speci ¢ antibody-antigen coupling and the in-situ measumaent of adsorbates
(octadecanethiol, DNA) during the adsorption process.
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1. Introduction

The e ect of surface enhanced infrared absorption (SEIRA) &s discovered in 1980 by
Hartstein and coworkers|[1]. They observed, that the infrad absorption of molecules
can be enhanced by up to three orders of magnitude, if the moldes are adsorbed
on thin Au or Ag surfaces; this e ect is the analogon of surfa enhanced Raman
scattering (SERS) [[2]. The strength of enhancement depends adsorbate, substrate,
metal type, and, because of the relation to the excitation getrum of surface plasmon
polaritons in the IR range, strongly on the metal Im morphobgy and therefore on the
preparation method [3, 4] 5]. Strong SEIRA enhancement is t@ined, if the metal Im
consists of densely packed, but yet separate islands|[6, [}, Bhe origin of SEIRA are
similar to SERS chemical e ects and electromagnetic e ects, as shown in theoretical
[9,110] and experimental [11], 12, 13] works. The origin of tredectromagnetic e ect
are morphology-induced local enhancements of the electragmetic eld; this mainly
occurs in the space between narrow metal islands, where thieatromagnetic eld
may be enhanced by several orders of magnitude [3| 14], anch ¢ described on the
base of e ective media theories [10, 15]. The chemical e e known to be e ective
for adsorbate molecules of the rst layer (rst layer e ect) [€]. This e ect consists
of a static charge transfer|[16], as well as a dynamic intets&an between adsorbate
vibrations and the electron-hole continuum of the substrat [17,113]. However, the
guantitative contribution of these mechanisms to the enharement and to the usually
occurring asymmetry of the absorption lines (Fano lines) meain non-comprehended
[6,119].

SEIRA has not only been observed in ATR (attenuated total reection) geometry, as
done by Hartstein [1] or in [20], but also in re ection|[21] ad transmission geometry
[22,123]. In the last years SEIRA has become an increasinglyeamingful factor in
biospectroscopy: In ex-situ IRRAS (infrared re ection absrption spectroscopy) geom-
etry, the coupling of salmonella antigens to antibodies aget salmonella, that had
been immobilized onto a SEIRA active Au Im, was investigatd [24]. Ex-situ IRRAS
was also used to measure SEIRA of DNA of cancerous rats (somi¢hem were treated
with cancer medication) immobilized on Aul[25]. In the same ovk human RNA, ex-
tracted from brain tumors of di erent stage of progress, wamvestigated. Ataka and
Heberle [[25, 27] monitored the adsorption kinetics of the ptein Cytochrome ¢ on a
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Au/liquid interface using ATR geometry. In this experiment the Au Im worked as
an electrode making it possible to impress a voltage on thelisdiquid interface and
electrochemically induce oxidation and reduction process of the protein.

However, a routinely application of SEIRA spectroscopy iniblogy and medicine is still
foreclosed by too many uncertainties: the SEIRA active metdm must be stable when
exposed to mechanical stress, the preparation method muse leasy and reproducible.
In the past, SEIRA Ims were mainly produced by physical vapo deposition onto
dielectric substrates|[3| 16,17, 2&, 29, 30,131,132, 33} 34,.340 is known to be a metal
with very high SEIRA activity and chemical stability; howewver, when preparing Au Ims
on Si a very convenient and commercially established subsate for IR spectroscopy
problems appear because of the very poor adhesive propestid Au on the natural SIQ
layer. Au peels o from the SiG,/Si even at very low mechanical impact. Therefore in
thin- Im technique, usually a very thin layer of Ti or Cr is used as an adhesive layer
between the Au and the SiQ. On the other hand, this layer causes the Au to grow
more at; this is an e ect that is usually wanted in thin- Im t echnique, but it decreases
the SEIRA activity of the Im [36]. To escape from this dilemma, recently the use of
wet chemically prepared Au Ims has become more common in SEA spectroscopy
[27,137,38]| 39, 40]. However, it seems that especially in th eld of biospectroscopy
the SEIRA active wet chemically prepared metal Ims are useés a tool, while the
quantitative extent of the enhancement is not in focus. Thefore in most works nothing
is mentioned about the enhancement factor, that could be estated by comparison
with measurements of adsorbates on non-SEIRA active Ims. e exact in uence of
the wet chemical preparation on the SEIRA enhancement has et been investigated.

Several methods exist for wet chemical preparation of Au I To get the desired
SEIRA active morphology of densely packed but yet separatslands, a method of
preparation was applied, consisting of a phase of Au nanopiate (AuNP) deposition
onto the substrate, and a growing phase, in which the size dfé AUNP was strongly in-
creased, and the distance between the particles became deralThe methods of AUNP
preparation, deposition on the Si substrate, and the gromgnof the deposited AUNP
are well established in the literature, however this thesis to the knowledge of the
author the rst work, that applies this preparation method for SEIRA spectroscopy,
and that investigates the factor of the SEIRA enhancement.

The chapters of this thesis are arranged in the following wayln chapter 2, funda-
mentals like FTIR spectroscopy, Drude theory, e ective medim theories and basics
about SEIRA are shortly introduced. Also the preparation m#hods of AUNP Ims

are shown, and the investigated adsorbate molecules areeoyi discussed. Chapter
3 gives an overview about the used equipment. Because thise#iis consists of work



that was done at the Kirchho Institute for Physics at the University of Heidelberg,
and work that was done during a two month guest stay at the Natinal Institute for

Materials Science (NIMS) in Tsukuba, Japan, some instrum&n(e.g. FTIR spectrom-
eter, Scanning electron microscope) appear in two di erentersions. The experimental
results are presented and discussed in chapters 4 and 5; dieap! is focused on the
measurements in the visible range, while chapter 5 is dedied to the results of the IR
measurements, the main part of this thesis.

All spectra presented in this thesis have an x-axis showingp¢ wavenumber~ = hEC in
cml. In the spectra of the visible range, the wavelength[nm] = —1% is shown in
addition.
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2.1. Fourier Transform IR Spectroscopy (FTIR)

Already in the 1950s the rst interferometric IR spectromeers came up, and the ad-
vantages over dispersive spectrometers had been realiz&d]] |

" Multiplex advantage (also: Fellget advantage)
Contrary to dispersive spectroscopy, light of every frequey of the analysed
spectrum reaches the detector at any time. This leads to a sigcant increase of
the signal-to-noise ratio.

" Throughput advantage (also: Jaquinot advantage)
The circular aperture enables a throughput of radiation, tht is increased at least
by a factor of six compared to the linear slit of a dispersivenstrument.

" Connes advantage
By means of a He-Ne laser, that is coupled into the spectroneets interferome-
ter, it is possible to determine the position of the movable mror with an error
smaller than 5 nm. Hence follows the high accuracy in the determination of the
wavenumber, which is better than0:01 cnt?.

However, it took until the 1980s for IR spectroscopy to managthe break through,
mainly because of the weak computer performance in earliezays.

The central element of an FTIR spectrometer is the interfemmeter, which is usually a
Michelson interferometer (Fig[ZZIL). The source Q emits lig containing IR radiation.
One exemplarily chosen plain electromagnetic wave with thengular frequency! can
be described by

E(itz)= Eoe' (t 2) ; (2.1)

Eo: complex amplitude
z: way along the optical path
c: speed of light in vacuum
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The time mean intensity of this wave is
p= 2C OEOEO : (22)

When this wave hits the beam splitter S, one part of the beam i ected, while the
other part gets through. In the case of an ideal beam splittetthe re ected and the
transmitted part of the beam have the same intensity, and theamplitude of each is
5%. Both parts of the beam are re ected by mirrors M1 and M2. Wh# mirror M1
is stationary, M2 can be moved to both directions to the distace x from position L.
Therefore, both parts of the beam have an optical retardatoof = 2x and a phase
di erence of = IT They fall back to the beam splitter, where each of them gets
splitted again and two recombined beams are formed: one ofeti falls back to the
light source and is lost. The other one shines through the sg@he and is nally focused
on the detector D.

In case of a monochromatic light source, there is construes interference, when the
optical retardation is an integer multiple of the wavelengt

=n; (n=0;12:); (2.3)
the condition for destructive interference is
B 2

;. (n=0;12:) (2.4)

When mirror M1 is moved with constant velocity, the signal itensity at the detector
shows sinusoidal behavior.
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Figure 2.2: Re ection and refraction medium 2: n,> n,
of light at the interface be-
tween two media having
the refracting indices n;
and n,.

>

A broad band light source emits light of di erent frequencis, which have constructive
interference (destructive, respectively) at di erent opical retardation. In the case of
an ideal interferometer, light of every wavelength will inerfere constructively, when
the optical retardation is zero (zero path dierence). Thisis the point of highest
intensity at the detector (center burst). The relation between intensity and optical
retardation the interferogram is given by

Zr, h i

()= Ep() l1+cos 2 — d : (2.5)
1

p( ): intensity of the light source

In this expression, the spectral information is carried byhe alternating term, therefore
the constant term is Itered out. Since the interferogram isthe Fourier transformed
of the spectrum, the spectrum is obtained by Fourier retrarisrmation of the interfer-

ogram
Z1

S(~) = I( )exp( i2 ~)d : (2.6)
1
The spectrum is not only inuenced by the sample, but also e.goy the spectral
characteristic of the light source, the beam splitter, andhe detector. Therefore a
reference spectrum (background spectrum) is usually takemthout sample, then the
guotient between the single channel sample spectrum and tkangle channel reference
spectrum forms the relative spectrum of the sample.

2.2. Transmission and re ection of light at interfaces

If electromagnetic radiation hits an interface between twdranslucent non absorbing
media having refraction indicesn; and n, (ny; = ”—; < 1), one part of the beam is

n
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re ected and the other part is refracted (Fig.LZR2). While the angle of the re ected
beam#, equals the angle of the incoming bea#, the angle of the refracted transmitted
beam#, yields Snellius' law

Sin#; = Ny Sing; (2.7)

Re ection and transmission coe cients for p- and s-polariatiorﬂ can be calculated
with the Fresnel formula [42]

()= Erp _ N, COS# Ny COSH; ; (2.8)
Eip N, COSH#; + N, COSH;

t = Etp _ 2N, COSH; : (2.9)
Eip N, COS#; + N, COSH;

r= Ers _ Ni{ COS#; N, COSH; ; (2.10)
Eis N, COSH#; + N, COSHy

t, = Eis _ 2N, COSH; ; (2.11)
Eis N1 COSH#; + N, COSH;

|
where Ej; mean the p- or s-component of theE -vector of the incoming (i), re ected
(r) or transmitted (t) beam. The re ectivity R and the transmittance T are, if no
absorption takes place

Rp:s = J.rp;sj2 ; (2.12)
N, COSHy .. .o
= —  ithd =1 Ry : 2.1
Ps = N cosh Jtp;s) ps (2.13)

If the the angle of incidence is perpendicular to the intertae, the expressions for the
re ection coe cients simplify to

1 Nio
ry=rg= ; 2.14
p=Ts= Tna (2.14)
and the re ectivity becomes
1 Nio 2
R= : 2.15
1+ Nqo ( )

Absorbing materials can be described with a complex refrach index

ni=nl+i;; (2.16)

]
Ip-polarization means, that the E -vector is parallel to the plane of incidence, while it is pependicular
to the plane of incidence in case of s-polarization.
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where n? is the real refraction index and ; the absorption coe cient. If absorption
takes place, this leads to complex re ection and transmissi coe cients in (Z8HZ11)
and (ZI2) and [ZIB) must be modi ed:

Rpis = Tpislp:s (2.17)
_ Ny cost _ )
PSS hLcost pstps =1 Rps Aps ! (2.18)

Fig. 23 shows the transmission and re ection coe cients asvell as the transmittance
of a vacuum/Si interface @, = 2—; < 1), assuming the case of no absorption. In case
of perpendicular incidence T, and Ts are identical, because it is not possible to dier
between p- and s-polarization. WhileTs decreases monotonically with increasing;,
T, reaches a maximum before both become zero#t= 90. At the maximum T, =1;

this is the case, if#; equals the Brewster angléfg, that is given by

1
tan#g = — (2.19)
Ni2
In this case, the transmitted and the re ected beam are perpelicular. Because the
p-component of the beam is transmitted completely, the reeed beam is completely
s-polarized.
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Fig. [Z4 shows the transmission and re ection coe cients asvell as the re ectivity of
an interface in case oh, = 2—; > 1, assuming the case of no absorption. #; #.
with 1
sin#, = — ; (2.20)
N2
then the Fresnel coe cients are complex, andR, = Rs = 1; the beam is totally
re ected at the interface. The angle#. is called the critical angle of total re ection.
Even though light is totally re ected at the interface for #; #., electromagnetic
radiation does reach into the rarer medium, shown by the fat¢hat the absolute values
of the transmission coe cients are larger than zero. This eect, which is used in ATR
spectroscopy is further discussed in chap—ZH.3.

2.3. Thin Im optics

When measuring IR spectra of thin Ims, re ection and transnission of light at several
interfaces has to be considered. The case of a thin Im on a semnite substrate is
shown in Fig.[Z3%. If the coherence length of the light is lagy than the thickness of
the thin Im, a coherent approach has to be made. A light beam ikting the interface

10
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Figure 2.5.: Re ection and transmission at the interfaces of a thin Im be tween two semi-in nite
media.

between media 1 and 2 is considered. As mentioned in the pr@w$ section, one part of
the beam is re ected at the interface (Fresnel coe cientry,) and therefore contributes
to the re ectivity, while the other part is transmitted, as any kind of absorption is

neglected. This part of the beam hits the second interface,here again one part is
transmitted and therefore contributes to the transmittane, while the other part is
re ected and hits the rst interface again. Here the beam is @itted again, and so on.
This can be expressed with the Fresnel coe cients;,3 and ty,3, where the index s

or p for the respective polarization is left out for simplicity [42]:

M3 = T2+ tlzei r'23t21+ tlzei rzgei erei rzgei +

=TIt t12r23t2192i 1+ r21r2392i +

tiofoato1€”

=T - 2.21
P rpprpee? ( )
t1o3 = tlzel to3 1+ r21r23e2' + r21r23e2' +
tiotog€
= - 2.22
1 r21r23e2' ( )

11
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Here 2 accounts for the phase shift of a wave that went through the th Im and
back once, compared to a wave that was directly re ected at th rst interface. From
geometric considerations follows

q__
=2 d n} sif# : (2.23)

The transmittance and re ectivity are then obtained with

R = jrigg® ; (2.24)
N3 COSH3 .. .o

T=—"—jt : 2.25
Ny COSH, JU123) ( )

For non-absorbing layers this can be written as [42]

r%z + r§3 + 2r5r,3C0S 2

= : 2.26
1+ r%2r§3+2r12r230032 ( )

N3 Cos#s t%ztg3
_ N1 COS#i (2.27)

1+ 205, + 2115053082

It should be emphasized, that the assumption of a semi-in teé substrate is not met in
reality, and a third interface the backside of the substrate has to be considered as
well. In reality, the back side of the substrate often givesse to multilayer interference,
where the distance between a maximum and the neighboring nmmum is |42]

1
P
4d n3  sin’#

(2.28)

j max minj =

SCOUT

The calculations of IR and VIS spectra in chaf]4 were done Withe software SCOUT
[43]. This program calculates transmission, re ection, ahATR spectra of multilayer
systems according to the matrix formalism, that is discusdein [42]. By de ning and
adapting layer stacks and the optical properties of the lays, spectra can be simulated
guantitatively.

2.4. Measuring geometries

Several measuring geometries exist for the IR spectrosamgdi investigation of adsor-
bates on thin Ims. The choice of the measuring geometry uslia depends on the

12
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(a) External reflection (IRRAS) (b) Attenuated total reflection (ATR)

Eop-pol Erp-pol

s-pol z
E() P - Ers pol

€ KPREa

(c) Transmission

-pol -pol
EOPP Erpp =

\g{’

s-pol

S OE? A«;—vﬁ
y

Figure 2.6.: Geometries for the measurement of an adsorbate layer on a sstrate, (a) external
re ection (IRRAS), (b) attenuated total re ection (ATR), (  c) transmission, where
v is the dielectric function of the surrounding medium (here: vacuum), ¢ the
dielectric function of the substrate, and , is the dielectric function of the adsorbate
layer. Taken from ﬂ].

13
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properties of the investigated system, e.g. the substrateelmg transparent or absorb-
ing, the adsorbate layer being isotropic or anisotropic (dole orientation normal or
parallel to surface), the surrounding medium being vacuumrdiquid, etc. The aim
is, to maximize the light intensity at the position of the investigated system (to get a
large absorption signal), and to maximize the light intensy at the detector (to have a
good signal-to-noise ratio).

2.4.1. IR transmission spectroscopy

IR transmission geometry (Fig.L.Zbc) is well suited to inveéigate adsorbates on sub-
strates that show no or only low absorption of infrared radigon, e.g. ionic crystals

in the mid IR. In many cases the angle of incidence is perpendiar to the surface, or
it equals the Brewster angle. In case of perpendicular tramgssion, only the dielectric

function . of the adsorbate layer can be measured. In case of angulandence, both,

a and 5, inuence the transmission spectrum, however, if s-polamr radiation is

used, only , is measured.

The normal transmission of an adsorbate layer on a thin tramsitting Im is approxi-

mately given by [3,[45]
2!

ns: refraction index of substrate
da : adsorbate layer thickness
a . dielectric function of adsorbate layer

2.4.2. IR re ection absorption spectroscopy (IRRAS)

The IR re ection absorption spectroscopy (abbreviated IRRS or IRAS, and also
known as external re ection spectroscopy) is well suited fonvestigation of adsorbates
on substrates, that have a high re ectivity of IR radiation, e. g. metals (Fig[Zba). For
thick non-transparent metal Ims, this is the only method to perform IR spectroscopy.
The electrons of an ideal metal surface screen the componeitthe electric eld par-
allel to the surface([46], and only the component perpendieu to the surface remains.
As a result of this, only adsorbate vibrations perpendicutato the surface can be ex-
cited |47]. To maximize the p-component of the electric eldIRRAS measurements
are usually performed with grazing incidence. The use of mlarized radiation is very
common, because the s-polarized part of the radiation doestrtontribute to the signal
and therefore decreases the signal-to-noise ratio.

14
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Figure 2.7: Evanescent electric eld
near the interface be-
tween two media at total
re ection.

An estimation of the re ectanceR of an adsorbate on an ideal metal substrate is given
by [3, 48]

R I sin? #; 1
4d Im — 2.30
R, ®c cos# a? (2.30)

da : adsorbate layer thickness
a . dielectric function of adsorbate layer

2.4.3. Attenuated total re ection (ATR) spectroscopy

This standard method for characterizing surfaces also knavn as internal re ection

spectroscopy (IRS) was introduced by Harrick [49] and indgpendently by Fahrenfort
[50] (see Fig[Zl6b); it takes advantage of the e ect of an oaging evanescent eld,
when an electromagnetic wave is totally re ected at the intdace between an optically
denser and a rarer medium. If there are absorbing moleculas the rarer medium,
the total re ection will be attenuated, and the re ected light will carry the spectral

information of the absorbing molecules.

The following considerations are based on the assumptiorhat no absorption takes
place. It can be shown from Maxwell's equations, that insidéhe optically denser
medium standing waves are established (see Fig]2.7) due teetsuperposition of the
incoming and the re ected beam|[51]:

E =2cos

Z i (2.31)

15



2. Fundamentals

I3

()
gl— | Figure 2.8: Depth of penetration of
B the electromagnetic eld
o (~ = 2000cm?) at an in-
8 terface between Si (11 =
: : 3:4) and water (n, =1:4
30 ; [o]ao 90 ) (n2 )

These standing waves are perpendicular to the totally re ¢img interface and have the
wavelength

1

0
= _ - - = - 2.32
® " cos#t ' ‘T ny (2:32)

#; . angle of incidence
o: wavelength in vacuum

In the rarer medium, the standing wave is joined by an expon&al decrease of the
eld (evanescent eld):
E=Eo e ® (2.33)
d, : depth of penetration

The depth of penetrationd, is the distance between the interface and the plane, where
the intensity of the radiation has descended oé of its original value Eq. It depends

on the angle of incidencé;, the refracting indices of both media and the wavelength
of the radiation |51]:

a) 1 .

d, P STE 1, : (2.34)
Fig. Z8 shows the#;-dependence of the depth of penetration of the electromadite
eld at an interface between Si and water. There is no energyux going from the
denser medium into the rarer, following by the fact, that thetime average component
of the Poynting vector normal to the interface is zero [52]. \Wen dipoles are placed
within the evanescent eld into the rarer medium, they are alke to absorb light and
absorption bands occur in the IR spectru&

2In case of absorption in the rarer medium, the Poynting vecta is not zero any more, and an energy
ux occurs from the denser medium to the dipoles.
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Figure 2.9.: Components of the electric eld amplitude at the interface versus angle of incidence
#; for a total internal re ection between Si (n; = 3:4) and water (n, = 1:4). The
scale of the ordinate is normalized to the incident amplitude Ey. According to [51].

The electric eld for total internal re ection at a non-absorbing interface was calculated
in [53]. In the coordinate system shown in Fig—2.9, the amplides of the electric eld
at the interface in the rarer medium 2 arel[53]:

2 COH;
1 n?
Py
£ e 2 sin“# Ny, COSH . (2.36)
L nZ, | (1+n%)sint# nZ, '
2 Sin#; COSH;
Ez(z:0+ I 4 P I I (2-37)

1 nZ, (L+n)sinf# nZ
In all of the three expressions above, a factor @fappears, because of the superposition
of the incoming and the re ected beam. The total electric etl amplitude is given by

E> z=0+ ) = Eyz=0+ ) i (2.38)

q
2
Ex@=0+ )= Ex@=o+ ) *+ Ez@=0+)

2 (2.39)

Fig. [Z9 shows the#;-dependence oE,, E, and E, at the Si/water interface. Because
of boundary conditions, the tangential components of the ettric elds are continuous
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at the interface, thereforeEy ;=0+ ) = Ex(z=0) and Ey =0+ ) = Eyz=0). However,
the normal componentE, is discontinuous at the interface. In the denser medium,
Ezz=0 )= % and in the rarer mediumE; ;-0+ ) = 2n12. As can be seen in Fid_219,
the eld amplitudes for both polarizations reach a maximum ear the critical angle#..
At this angle Ey ,-0) = 2; this is a result of the superposition of the incoming and the
re ected wave. Both, Ex and E, reach their maximum at the critical angle#..

Unlike in normal transmission spectroscopy or IRRAS spedscopy on nearly ideal
metal surfacesE - elds exist in all spatial directions, therefore dipoles tall orientations

will absorb radiation. However, becausé&, -0+ ) is larger than Ey ;=) and Ey ;=) ,

dipoles in the rarer medium will absorb stronger, when ori¢sted perpendicularly to

the interface.

Because the penetration depth of the evanescent eld is tygally in the same order
of magnitude as the wavelength, ATR spectroscopy is well sed for the analysis
of strongly absorbing samples. Also for the spectroscopy aflsorbate molecules on
solid/liquid surfaces, ATR may be the only possible geometrif the liquid absorbs IR
radiation. Often multi re ection ATR crystals are used to increase the signal-to-noise
ratio and therefore the detection sensitivity. A very detded overview about ATR
spectroscopy is given in the book by Harrick [51].

2.5. The Drude model

The description of optical properties of metals is often danwith a model dating back
to Paul Drude, who transferred the principals of kinetic gagheory to conduction
electrons in metals. Drude considered the conduction eleats in metals as quasi-free,
i.e. there is no signi cant interaction between electrons raong each other, nor are
there between electrons and the metal ion cores. After an amge collision time
the electrons perform collisions mainly with irregularites of the lattice, such as atomic
defects and phonons; these collisions can be consideredrasidnal resistance. After
every collision each direction of an electron has the sameopability. The movement
of an electron having the charges and the e ective massm under in uence of an
external electric eld E can be described with the di erential equation

mt+m! £= €E : (2.40)

I = 1 rate of scattering

18



2.5. The Drude model

When considering a homogeneous isotropic medium under thmeuence of an external
alternating electromagnetic eld E(t) = Ege ", the dynamic conductivity is given by
Ne€? 1 0

o T 1 = 1 = (241)

where

= 5 (2.42)

is the static conductivity, and n. the charge carrier density. Finally, using the plasma

frequency S

ne2
| = .
Iy ral (2.43)

the dynamic conductivity can be written as

(")
0
ayn (V) = ﬁ (2.44)
From this follows, using the Maxwell equation

rotH = G-+ J (2.45)
and the material equation

D= oE : (2.46)
the relation for the dielectric function

n(!
()= a)+ia)= o+ 2)= o +iet) (2.47)

where ; is the background polarization and P (! ) the polarization of free electrons
according to Drude. The correlation between the dielectriéunction (! ) and the
complex index of refractionr(! ) is given by

R(')=n(!)+i (!)=IO 1(M)+i (1) : (2.48)

n(!): real index of refraction
('): absorption coe cient

Finally, using [Z44) and [Z48), the following relations @ obtained for the rate of
scattering! and the plasma frequency ;:

()= 2 (2.49)

1 1
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W)= ) 2Ty (2.50)

The equations for the real and imaginary part of the dielecic function are then:

1 2
1(M)= 1 lz_'_ip” ; (2.51)

1 2]
1y= — P .
o(1) 2 (2.52)
While these considerations are valid for the IR range, inteand transitions must be
considered, when describing the optical properties in thasible range. This is done by
substituting ; = const. in eq. [Z4¥) by a term accounting for interband trarigons,
as shown in the next section.

2.6. Optical properties of Au nanoparticles

Optical properties of bulk Au

The complex dielectric function including all optical progrties of a real metal in the
visible range is given byl [54],

1)y=1+ "B@)+ P@); (2.53)

where P(!) is the polarization of free electrons according to Drude, dn B(!) is
a contribution due to interband transitions (excitations d d-electrons). Compared to
eq. (Z47) this corresponds to a substitution of the constan; by theterm 1+ B(1).
Fig. [Z10 shows the dielectric function of bulk Au. Like the thher metals the dielectric
function of Au in the IR is characterized by a negative; and a positive ,, both with
decreasing absolute values on the near IR side. In the vigbtange ; becomes zero
at the frequency! o and it is positive for! > ! ,. On the other hand, , increases
strongly in the VIS, because in this range it is dominated bynterband transitions.
As can be seen in FigrZ10,, 44100cm' ( ¢ 227nm). In the region ! I o,
light is almost completely unable to penetrate the metal ands re ected to a very
high grade. In this region metals have the typical high re eivity due to the large
number of free charge carriers, which is of the order CLD?ZC”%3 [55]. The threshold
energy for interband transitions in Au was found to be at19190cmt (521 nm) [56)]
and at 19760 cmt (506 nm) [55], respectively. For! > ! 4, 1 is approximating to
unity. Interband transitions give contributions, but cannot signi cantly in uence ;
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Figure 2.10.: Dielectric function of bulk Au in the mid IR (left) and the UV/ VIS range (right,
di erent scale). The data are a composition of the data published in [58] and|[59]
and obtained through the SCOUT database [43].

[57]. With ;! 1, the re ectivity becomes zero and the metal is transparentyV
transparency of metals). The increase of absorption due taterband transitions and
the decreasing re ection in the violet range are the reasownifthe typical yellow shine
of bulk Au.

The optical properties of metal nanopatrticles have alreadyeen investigated more than
100 years ago by Faraday [60] and Mie_|61], however, seveltadusands of years before
they had already been used for medical applications and tolooglass. A very famous
example is the Roman Lycurgus Cup, which dates back to the fdb century B.C.
This cup looks green in re ected light and red in transmittedight. The reason for this
is the presence of AUNP and their optical properties, that & very di erent from the
ones of bulk Au with its typical yellow metallic shine.

Optical properties of metal nanoparticles are dominated b surface plasmon polariton
resonance of the conduction electrons. When excited by antemnal electromagnetic
eld, the formation of a dipole in the nanoparticle is induce. A compensating restoring
force in the nanoparticle causes the conduction electrons perform collective oscilla-
tions. Because of the presence of free conduction electraimese properties are mainly
observed in Au, Ag, and Cul[62]. The resonance frequency daps on factors such as
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size and shape of the nanoparticles as well as the properteéghe surrounding medium
[63].

Metal spheres

The general solution of the diraction problem of a single dpere of arbitrary mate-
rial surrounded by an embedding medium was rst given by Mien 1908 [61]. He
applied Maxwell's equations with appropriate boundary caditions in spherical coor-
dinates using multipole expansions of the incoming eleatreand magnetic elds; input

parameters were the particle size and the optical functionsf both, particle material

and the surrounding medium. The total Mie extinction consis of multipolar contribu-

tions (dipolar, quadrupolar, octupol, etc.). Each multipde contributes by electric and
magnetic modes, i.e. plasmons and eddy currents, which eaabnsist of absorption
and scattering losses [54].

Small metal spheres and nanoparticles

For metal clusters in the quasi-static regimeR ), phase retardation and higher
multipoles (extrinsic size e ects) become negligible, andipolar absorption is the dom-
inating e ect of extinction [24]. At even smaller size of theparticles (e.g.R < 25nmto
30 nmfor AuNP [64]), intrinsic size e ects occur, as the mean frepath of the conduc-
tion electrons is now in uenced by surface scattering. Thikeads to a size dependence
of the dielectric function of the particles and can be writte as an additive correction
term in the dielectric function of the bulk metal:

part = buk T (R) : (2.54)

This is taken into account by adding a correction term to the Bude scattering rate

.49) [64]:

I EF; (2.55)

where ¢ is the Fermi velocity of the electrons in the metal. The facto describes
elastic electron scattering from the surface of the partieland interface damping, that
is caused by adsorbate induced resonant states, if the paté is covered by adsorbate
or an embedding medium._[64],

+  adsorbate - (2-56)

surface
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Figure 2.11.: VIS transmission spectrum of AuNP (2R 13nm, ¢ 75 1012%) in
colloidal suspension, layer thicknesglt mm.

Width and Shape of the resonance peak

According to Mie's theory, the resonance frequency of spheal particles in the quasi-
static limit should fulll the conditon ; = 2, and the line shape should in
the vicinity of the resonance be described by a Lorentzian 54]. As can be seen
in Fig. ZI0, 1 = 2 is given for! 2,\p 20700 cm' ( Sunp 483nm) An ex-
perimental value approximated by the position of the peak minimum is given by
lane  19230cmt( ame  520nm) as shown in Fig[ZI. In addition to this dis-
crepancy, also the shape of the measured resonance curvesdo& t quantitatively
to Mie's theory. The reasons for that are on the one hand ideaing assumptions of
the theory, e.g. monodisperse spherical particles, or Maglhan boundary conditions,
that are not met in reality. On the other hand, the size e ects that are mentioned
above, were not considered by Mie. Finally and most importanthe contribution of in-
terband transitions, that also were not considered by Mie, ost be taken into account,
i.e. the constant ; must be substituted byl+ '®, because the excitation of electrons
from the energetically deeper d-band into the conductionisand is often crucial for the
optical properties of metallic nanoparticles [54, 64].

In [64] a theory developed by Perssoh [65], neglecting inb@nd transitions, is extended
to realistic metals in an embedding medium by taking into aaunt these e ects. For
nanoparticles in vacuum, this was done before by Zaremba am#rsson |[66]. Inl[E67]
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for AUNP in colloidal suspension, an empiric calibration awe for the mean particle
size €R,) dependence of the spectral position of the absorption peakys as a result
of intrinsic size e ects is given:

2R, [nm] = X A, ( as 500) : (2.57)
n=0
Ag: 12558
Ai: 2:593
As: 0:1921
As: 0:00253

2.6.1. E ective medium theories

Optical properties of AUNP Ims deposited on a surface can gmilar to metal Ims
produced by physical vapor deposition be well described bythe use of e ective media
theories. These theories consider the properties of botthe metallic particles and the
surrounding medium.

Maxwell-Garnett model

The Maxwell-Garnett model was the rst e ective medium theay, which allows the
determination of e ective optical constants of such layerg68]. A derivation can be
found in |69]. The e ective medium theory of Maxwell-Garnet considers an ensemble
of small metal particles embedded in a surrounding medium. he individual polar-
izabilities of the particles are summarized, and the locatld e ects of the particles
are taken into account. The external electromagnetic eld plarizes the particles and
therefore in uences the electromagnetic near- eld aroundhem. The polarization P
of a single sphere in a constant and uniform external eleatrield is uniform, and it's
polarizability is given by

=43Pt M . 2.58
part T2 ( )

part . dielectric constant of metal particles
v . dielectric constant of embedding matrix
r: sphere radius
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2.6. Optical properties of Au nanopatrticles
A sphere of this kind will have a resonance, if{Z.58) has a ninum, i.e. if

Jpat(!)+2 mj = min . (2.59)

The frequencies ful lling condition Z59 are called Frohich frequencies ! ¢ [70]. If
Im pare (! ) = 0, condition (Z29) is reduced to the Mie condition.[61]:

part(! ): 2 M- (2-60)

The correlation between dielectric function and polarizabty is given by the Clausius-
Mossotti relation:

[ —

e

e (2.61)
e

Zlw

e . eective dielectric constant of metal particles and embeddng medium
N :  number of particles per volume unit

From (258) and [Z81) follows the relation for the e ectivedielectric function, depend-

ing on the optical constants of the metal particles and the ebedding medium as well
as of the lling fraction [IZ1]:

e M = f part M

= : 2.62
e +2 M part +2 M ( )

part . dielectric constant of metal particles
v . dielectric constant of embedding matrix
f : lling factor of metal particles

This is known as the Maxwell-Garnett e ective medium expresion [68], which is valid
for a low lling fraction ( f 1) and for the e ective dimensiovﬁ D = 3. It is shown

in chap.[41, that this model is able to describe the opticalrpperties of the prepared
AuNP suspension in a qualitative way.

3An e ective dimension of D = 3 means, that the extension of the particles parallel to the suface

and normal to the surface are equal, whileD = 2 is used, if the extension parallel to the surface
is much larger than normal to the surface.
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Extended Maxwell-Garnett models

There are several extensions of the Maxwell-Garnett modésking into account several
e ects like a particle size dependence of the e ective mediy or an e ective relative

magnetic permeability of the medium, as discussed i [72]. n® extended Maxwell-
Garnett model, that is based on a calculation of size corraons to the depolarization
factor is given by [72]

part(1+2f)+2 M(l f)+( M part)(l f) .
part(l f)+ M(2+f)+( M part)(l f) ’

where = x°+ %ix3, X being a sphere size parameter introduced in_[72].

(2.63)

e — M

Bruggeman model

In case of AuUNP being deposited on a substrate the conditidn 1 is not ful lled
any more, and the Maxwell-Garnett model cannot be used. Dipedipole interaction
between the particles occurs, and the frequency of the patiies are in uenced by oscil-
lating dipoles of the neighboring particles. An e ective mdium model for such systems
is the one of Bruggeman, where the the e ective dielectric netant follows from

1 f M__ e - Pt ¢ : 2.64

D0 n. " mr® 1. (269
whereD is the e ective dimension of the Im. Eq. (Z83) is known as tle Bruggeman
formula |73]. In chap.[Z2, this model withD = 3 is used to describe the optical
properties of AUNP Ims on glass substrate.

For percolated Au Ims (f > % for D =3, f> 1 for D =2) the Bruggeman model

becomes increasingly incorrect, as the assumption of therpeles being small compared
to the wavelength of light is not suitable any more.

N

Other e ective medium models

In the literature a lot of di erent e ective medium models can be found, several of them
are discussed in_[71] and_[74]. Usually, each model is baseddoerent assumptions
about the shape, orientation and number of basic unit cellsna assumes di erent kinds
of interaction; therefore each model has its own range of dmability. For example,
Yamaguchi et al. [75] introduced an e ective medium model,hat was optimized for
the description of a thin metal Im consisting of ellipsoid4 particles:

e =1+ fP M (2.65)

1+qpartM M
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2.7. The SEIRA e ect

Here,qis a depolarization factor, that considers the non spheritahape of the particles
[74].

A very recent model, that was optimized especially for desbing extinction spectra of
colloidal dispersion of AuUNP in the visible range is shown if¥6], where the dielectric
function of Au is described as an extended Drude model with additional Lorentzian

term. The authors show, that this leads to good t of the expemental values of the
dielectric function obtained by Johnson and Christy/[58].

2.7. The SEIRA e ect

If a metal surface is not at on a mesoscopic scale, but ratheonsists of metal islands,
there can be an enhancement of the electromagnetic eld beden the particles by sev-
eral orders of magnitudel[77]. This enhancement is parti@arly high, if the metal Im
consists of densely packed, but yet separate islands|[6}}, 8he IR transmission spec-
tra of adsorbates on such SEIRA active metal Ims may then shovibration lines, that
are extraordinary strong and also asymmetric (Fano lineshecause of near eld inter-
action with plasmonic excitations of the metal islands. Du& the asymmetric shape of
the vibration lines, the transmission minima are shifted tdrequencies slightly below the
vibration frequency. The maximum of SEIRA enhancement shddi be found between
the metal particles at their smallest distance, accordingotthe near eld enhancement
[3]. This is supported by the fact, that SEIRA spectra show maly vibrations, that
are orientated perpendicular to the sidewalls of the parties, as could be shown e. g. by
the dipole-dipole interaction based shift of the CO-streting frequency on iron Ims
[78].

Mid-IR spectra of SEIRA active ultrathin metal Ims can be understood in terms of
local optics and e ective media models. One model that is kmo for a good approx-
imation for similarly shaped metal nanoparticles in a randm monolayer arrangement
is the Bruggeman model, eq[{Z®4), wherg, is denoted by .45, , if the space between
the metal particles is completely lled by adsorbate, whilef is the lling factor of
the metal Im. If the metal particles are covered by just one mnolayer of adsorbate
molecules, the oscillator strength in 445> IS to reduced by the corresponding ratio. The
description of the same system without adsorbate (referemsystem before adsorbate
exposure) is done by substituting ,¢s» by 1 for vacuum, giving the e ective dielectric
function . o. If the Im is in contact with a di erent medium like e.g. a solvent, the
corresponding value for has to be taken into account.

The transmittance T of a Im covered with an adsorbate relative to that of a non-
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exposed Im is approximated by I[3]

T (1+ ns)+2%de Im e’O .

(2.66)

where only the rst order term of the Im thickness d. is taken into account, which is
valid for a Im transmittance of about 90% to almost 100%.

Because pat is @ complex frequency dependent function, the vibrationres of the
adsorbate, that are originally Lorentzian-shaped becomérengly asymmetric, because
now both, Re 445> and Im .45 contribute to the IR spectra [3]. At the percolation
threshol(ﬂ this asymmetry is maximal [3].

2.8. Wet chemical preparation of Au nanoparticles and
Au nanoparticle Ims

Many recipes can be found in the literature about wet chemitgreparation of metal
nanoparticles|[79, 80]. Probably the most famous method wasroduced by Turkevitch

in 1951 [81] and further improved by Frens in 1973 [82]. Sindkis method leeds
to monodisperse spherical AUNP with a tunable size, and alsonce this is a very
established and rather simple method, it was used in this thes.

2.8.1. Preparation of Au nanopatrticles

Monodisperse spherical AUNP were prepared using the methoticitrate reduction of
AuCl, according to Turkevitch [81] and Frens|[82]. Frens showed)dt by changing the
ratio of AuCl, and tri-sodium citrate, it is possible to tune the size of thenonodisperse
spherical AuNP in a rangel0Onm 2R 150nm The reaction taking place can
simpli ed be written as

Au®* Cl, + CgHsNagO; ! Aulp +4Cl +3Na' + CgHs03 :

The tri-sodium citrate works as a reducing agent, which renves the Ct ions from the
Au®" ions, and then reduces the Atf ions to metallic Au, growing to monodisperse
spherical particles. While the remaining Cland Na® ions remain in the colloidal
dispersion, the citrate molecules act as a negatively chad coating of the AuNP.

4The percolation threshold marks the crossover from an isoling discrete metal island morphology
to a connected island network, that is conductive.
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/Dlmroth cooler

cooling water

Figure 2.12: Setup for the preparation of
Au nanoparticles according to
Frens.

The resulting repulsive forces between the AuNP stabilizéné suspension and keep the
particles from settling down. Stored in the refrigerator, his suspension is stable for
several months.

In this thesis, the amounts of AuC} and tri-sodium citrate were used as published
in [83] and [84], leading to a AuNP size 02R  13nm 2nm (standard deviation).
In detail, 100 ml of 1 MM aqueous solution of AuCj are heated in a three neck ask
(see Fig[Z1IR). This is done under re uxing conditions, i.evater vapor is condensed
inside the Dimroth cooler and then fed back into the ask, in oder to keep the concen-
trations at a constant level. During the complete process gireparation, the mixture
inside the ask is stirred using a te on covered magnetic stibar. After the solution
inside the ask has started boiling,10 ml of 388 mM aqueous solution of tri-sodium
citrate at room temperature are added. The following reduan process is indicated
by characteristic color changes: After addition of the coltess tri-sodium citrate solu-
tion the originally yellow AuCl, solution turns clear, as the Clions are removed from
the Au®" ions. With increasing size of the AuNP, the color of the mixtte changes
from clear to dark blue to wine-red, according to the opticabroperties of the particles
(see chap[Zl6). When the mixture has reached its nal statefter about two minutes,
it is kept at boiling temperature for another 15 min and then let cool down to room
temperature while still being stirred.
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H3CW NH,
o /—F
s
/ "0
/_O K Figure 2.13: Chemical structure of
the APTES molecule.
H3C CH,

Materials HAUCI,4 (99.999% purity) was purchased from Aldrich. Tri-sodium ¢rate
(CeHsNazO7) was purchased at Merck in p. a. purity. Puri ed water (speck resistance
18 M cm) was used.

2.8.2. Preparation of Au nanopatrticle Ims

AuNP were immobilized onto SiQ/Si substrates and onto glass substrates using
the same recipe: First, the Si wafer (glass slides, respeety) are ultrasonically
cleaned with methanol forl5min. Then they are put into 10% solution of (amino-
propyl)triethoxysilane (APTES, see Fig.[Z7IB) for one hour This treatment replaces
the OH groups adsorbed on the naturally grown SiQlayer with APTES molecules
forming a monolayer, whereas their amino groups are oriemtal away from the sub-
strate |85]. After taking the samples out, they are thoroudly rinsed with methanol,
ultrasonically cleaned with methanol to remove any excessnaunt of APTES, rinsed
with methanol again, and let dry in air. The samples are thenraealed at 100°C
for one hour to complete the Si-O bond formation [85]. Afteraoling down to room
temperature, the samples are put into water fod0 min and then put into AUNP sus-
pension. During this time, AUNP from dispersion are immobited onto the substrate
because of the a nity of the positively charged APTES amino goup to the negatively
charged citrate layer of the AuNP. Because of the repulsiverces between the AuNP,
the deposition rate decreases with increasing coveragesuking in a nal state of a
AuNP submonolayer on the substrate as shown in Fi.%.3 on pal. After one to
three hours of exposition, the samples are taken out, rinsedth water and let dry in
air.

Materials APTES and methanol were purchased in p. a. purity at Merck and. Baker,
respectively.
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2.8.3. Growth of Au nanoparticles

In nanotechnology, a well known technique for the enlargingf AUNP is hydroxylamine
growth of AuNP [79,186, 87| 88, &9]. Thermodynamically, hydxylamine (NH,OH) is
able to reduce Ad* ions to metallic Au, however, this reaction is highly accetated by
the presence of Au surfaces |86]. For example, when AuNP ina@ution or immobilized
on a surface are exposed to aqueous solution of AuGland hydroxylamine, the AG*
ions get reduced by the hydroxylamine and the resulting mellac Au goes into growth
of the existing nanoparticles completely. Nucleation of me particles in solution does
not take place. Applying this technique to AUNP Ims on a subgrate (e.g. prepared
as described in chad—Z8.2) will result in larger AUNP and #refore smaller distances
between the particles. Finally the Im will percolate and b&eome conductive. In this
thesis, two di erent recipes for hydroxylamine growth of AINP were used, both of
which can be found in the literature |[79] €6, 87, 88, 89]:

Single step method

In this growth method, 50% solution of hydroxylamine in wate is used. During the
growth process, vigorous stirring is necessary to preventamicle nucleation in the
solution. In detail, AUNP/SIO ,/Si samples are exposed to aqueous solution @B mM
AuCl, and 0:4 mM hydroxylamine while vigorously stirring. After a de ned time, the
process is terminated by taking out the samples, rinsing witwater and letting dry in
air.

Multi step method

This growth method requires the use of hydroxylamine hydriddoride. No stirring is
needed during the growth process. In detail, AUNP/SIQ'Si samples are exposed to
aqueous solution 0D:3 mM AuCl, and 0:4 mM hydroxylamine. This initiates a growth
process of the AUNP lasting for abouf min. After 2 min, the initial amount of AuCl 4 is
added again to the solution; this process is repeatedtimes. After 2n min the process
is terminated by taking out the samples, rinsing with water ad letting dry in air.

Materials Aqueous solution of hydroxylamine (50%) was purchased at ok, hy-
droxylamine hydrochloride was purchased at p.a. grade frodcros Organics.
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2. Fundamentals

CHj3

Figure 2.14: Structure of the octade-
canethiol molecule.

HS

2.9. Adsorbate molecules

The characterization of the AUNP Ims regarding SEIRA activty was done with ad-
sorbate experiments using alkanethiol molecules, that haween widely investigated
in the past [90,191, 92| 93]. In following experiments bionetules like antibodies and
DNA have been investigated.

2.9.1. Alkanethiols

Alkanethiols formerly known as mercaptans are organic co mpounds containing one
or more SH (thiol) groups as functional groups. Compared tol@hols, the oxygen
atom is replaced by sulfur. The names of the alkanethiols adkerived from the corre-
sponding alkane and the ending -thiol (methanethiol, etranethiol, etc.). Linear long
chain alkanethiols like hexadecanethiol (gH33SH) or octadecanethiol (GgsH37SH, see
Fig. Z14) are commonly used for the preparation of self agsigling monolayers (SAM).
This is possible, because of the strong bond between the Sk and the Au surface.
During the adsorption process of a SAM, the molecules are pkd parallel next to each
other on the surface (striped phase), as long as the coveragdow; with increasing
coverage, the van der Waals interaction between the alkyl ains increases, leading
to a standing up geometry, with the molecules being tilted Wl respect to the sur-
face normall[91] 22]. Because the adsorbate-adsorbate rattion increases with rising
length of the chains, long chained alkanethiols are usuallyreferred when preparing
SAMs. The surface of a SAM is very inert preventing multilayeadsorption; however,
by replacing the terminating methyl group with a di erent group, the chemical and
physical properties of the surface can be modi ed. Typicalpplications of SAMs are
protective coatings against corrosion, resist in lithogghy, modi cation of wetting and
gliding properties of a surface, and surface modi cation fdiosensing |[91].
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2.9. Adsorbate molecules

Vibration band position [cm™]  Strength
CHg: antisym. stretch 2952-2972 VS

sym. stretch 2862-2882 VS

antisym. bending 1440-1470 ms

sym. bend.: -C(CHg) 1370-1380 m
CHj: antisym. stretch 2916-2936 VS

sym. stretch 2843-2863 VS

scissor 1445-1475 ms

skeletal: -(CH)n- in phase, twist 1295-1305 -
-(CH3)n- in phase, rock 720-726 m
C-C skel. stretch 1120-1180 (doublet)
S-H stretch:  R-SH (liquid) 2560-2590 w
C-S stretch R-SH 650-660 w
(a)
Vibration band position [cm™]

CD3 sym. stretch 2073

CD, sym. stretch 2103

CD, antisym. stretch 2200

CD3 antisym. stretch 2220

(b)

Table 2.1.: (a) IR characteristic frequencies ofn-alkanethiols, according to [94] (vs: very strong,
ms: medium strong, m: medium, w: weak), (b) frequencies of th CD stretching
modes, according tol[95].
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Figure 2.15.: IRRAS spectra (#; = 83 , p-pol.) of (a) d-ODT monolayer, (b) ODT monolayer
on 40nm Au/ 1 nm Cr/Si. The reference of (a) was the sample of (b) and vice
versa.
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2.9. Adsorbate molecules

Vibrational modes of alkanethiols

Due to the structure of n-alkanethiols, their IR spectra are similar to the IR spect
of n-alkanes. A summary of vibrational modes is given in Tali._2.1In this thesis,
the long-chained octadecanethiol (ODT, ¢H37SH) was used as adsorbate molecule.
Besides the advantage of an easy preparation of SAMs, the ¢pohain also ensures a
strong IR signal because of the high quantity of CHgroups. In several experiments
of this thesis the use of deuterated ODT (d-ODT, GD37SH) was preferred: because
of the higher mass of the D atoms, the CD-stretching vibratios can be found at
a lower wavenumber in a range betweef050cm' and 2250 cm!, while there is no
absorption in the range of the CH-stretching vibration. Ths makes d-ODT SAMs on
Au a well suitable reference system for ODT SAMs on Au. In cas# in-situ ATR-IR
measurements, the use of d-ODT was preferred in order to sepi@ the CD-stretching
vibration peaks of the adsorbate from the CH-stretching vitation peaks from the
surrounding solvent (ethanol). FigZZTb shows IRRAS speetof ODT and d-ODT in
the range of the CH-stretch vibrations and CD-stretch vibréions, respectively.

2.9.2. Antibodies

Antibodies (also: immunoglobulin, 1g) are proteins, that @ produced by an animal or
human as a reaction to the presence of an external substaneat{gen). Their function

\g/;

~10 nm
O L

L antigen binding site - heavy chain
—= disulfide bond

@ carbohydrates light chain

Figure 2.16.: Chemical structure of an antibody molecule according to@(leﬂ), and schematic
composition (right). The antibody consists of two identical light and heavy
polypeptide chains connected with disul de bonds. The bindng sites for anti-
gens are at the end of the Fab fragments. Taken fron@?]
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band vibration band position tm?]
amide | C=0-stretch 1630-1680
amide Il CN-stretch, NH-bend 1515-1650
amide Il CN-bend, NH-bend 1200-1390
amide A NH-stretch 3300

Table 2.2.: Selection of some IR characteristic frequencies of protei 41,199/ 100]. There is no
agreement about the exact origin of the amide Ill band in the iterature.

is to disarm antigens and thus to protect the animal or human g@ainst infections

and diseases. The basic structure of an antibody molecule Ysshaped (Fig.[Z15)
consisting of two identical heavy chains and two identicalight chains connected by
disul de bonds. Antibodies have a speci ¢ high a nity for th e antigen, that has caused
their synthesis; the antigen is identi ed by a special groupthe antigenic determinant

(epitope). This group couples with a binding site of the anbodies according to the
key-lock principle. The basic structure of an antibody haswo binding sites, therefore
two identical epitopes can be bound. If these two epitopes loag to di erent antigens,

they are crosslinked([98]. Polysaccharides, nucleic aciaisd proteins (and therefore
antibodies themselves) can act as antigens.

Extraction of antibodies  Antibodies are attained by injecting a host animal A with

antigens from a di erent animal B. As this procedure is repead several times, the
host animal develops speci ¢ antibodies against this antan (A vs. B antibodies). Af-

ter a certain time, these antibodies can be extracted from éhserum of the host animal.
Because most antigens have several di erent epitopes, dntidies extracted from the
host animal are heterogeneous mixtures of antibodies, eagshing speci c to one epi-
tope. Such a mixture of antibodies is called polyclonal. Matlonal antibodies on the
other hand are speci c to one epitope only; their synthesisimore complicated. The
antibodies used in this theses were polyclonal antibodieSlore information about the

biological properties of antibodies can be found e.g. in_[98

Vibrational modes of proteins

The band positions of the most important IR active vibratiors of proteins are shown
in Tab. Z4. In addition to these vibrational bands, the CH-#etching vibrations at

2840cmt 2980cm' and the CH-bending vibrations at1370cmt 1470cm' can be
detected in the spectra (see Talli—2.1)! [27,199, 100]. It muse emphasized, that the
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2.9. Adsorbate molecules

amide bands consist of several vibrational modes; only theast contributing are listed

in Tab. 7. The shape and exact position of the bands depend several factors such
as the state of aggregation, concentration, sample prepéian, and the type of amide

(primary, secondary, tertiary) [41].

2.9.3. DNA

DNA (deoxyribonucleic acid) is a macromolecule containinghe genetic information
of all cellular forms of life. It is a linear polymer consistig of a backbone of sugar-
phosphate units, to which di erent substituents are attacled. The sugar units are
deoxyribose, each connected with one of four possible basadenine (A), cytosine (B),
guanine (G), thymine (T). The chemical structure of a DNA moécule containing the
four di erent bases is shown in FigCZZ77. The bases attachéd the backbone form a
sequence, which describes the genetic information and teére the instruction for the
reproduction of proteins.

While adenine has a tendency to couple with thymine, guanineouples with cytosine
due to hydrogen bonds. Therefore, two complementary singlBNA strands will com-
bine, and the well known double helix structure is formed ([.ZI8). In this structure
the backbones of each strand are on the outside of the helixnning into opposite
direction, while the base pairs are in the middle. The base pa are coupled by weak

guanine thymine cytosine adenine

H

sugar phosphate backbone

Figure 2.17.: Chemical structure of a DNA molecule with its four bases adeine, cytosine, gua-
nine, and thymine.
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2. Fundamentals

Figure 2.18: The double helix struc-
ture of DNA. Taken from
[101].

hydrogen bonds, that can be released as a result of biocheahiprocesses or exter-
nal impact like e.g. temperature. For more information regaling to the biological
functions of DNA, see e.g. [98].

Vibrational modes of DNA

Fig. 219 shows FTIR spectra of the nucleic acids adenine, tegine, guanine, and
thymine. Due to the complexity of the DNA structure the specta consist of a large
variety of absorption peaks, not only in the so-called ngeorint area below 1450 cmt,
where e. g. vibrations of single bound C, N, and O atoms of onga molecules can be
found, but also up to 1700 cmt, as well as in the range of CH-stretch, OH-stretch,
and NH,-stretch vibrations (2800cm' 3300 cmt). More information about IR spec-
troscopy of nucleic acids and other biomolecules can be faoue. g. in {99,103, 104]. A
detailed overview about IR bands of nucleic acids in solutiois given in [105].

2.10. Adsorption kinetics the Langmuir model

Random adsorption processes of molecules resulting in a rmatayer have been found
to be well described by a model, that was introduced by Langni[106]. This model
assumes a maximum coverage of a monolayer, where each atormolecule contacting
the surface adsorbs, and no desorption takes place. Accoglito Langmuir, such an
adsorption process is characterized by |93]

d

-/ 1 ; (2.67)
and has a time time dependent coverage
(t)=1 e ket . (2.68)
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2.10. Adsorption kinetics the Langmuir model

1.0 1.0
E 0.5 E 0.5
0.0 0.0
4000 3000 2000 1500 1000 50( 4000 3000 2000 1500 1000 500
Wavenumber [crh ] Wavenumber [crh ]
(a) adenine (b) cytosine
1.0 1.0
Eos Eos
0.0 0.0
4000 3000 2000 1500 1000 500 4000 3000 2000 1500 1000 500
Wavenumber [crh ] Wavenumber [crh ]
(c) guanine (d) thymine
Figure 2.19.: FTIR spectra of adenine, cytosine, guanine, and thymine, t&en from [102].
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wherea = 1 , cis the concentration inmoll *; and k, a rate constant inImol *s .
This model is known as the rst-order Langmuir model. In the iterature [93], it was
shown, that the adsorption process of-alkanethiols can principally be described by
eq. (ZB8) witha = 1. Adsorption processes that are controlled by di usion havéeen
found to be well described by eq[Z68) witla = % [107]. In [103] it is shown, that
this di usion limited rst-order Langmuir model ts to the t ime dependent coverage
of antibody-antigen coupling.

A second-order model for non-di usion-limited adsorptiorprocesses is shown in_[107],
and given by

d _ .
at Kso[l 1] 2 (2.69)

1

(t): o 1 l+ksot

(2.70)

Many models for adsorption kinetics exist; all being basednadi erent assumptions,

e.g. monolayer or multilayer growth, strength of binding eergy, consideration of
di usion on the surface or desorption. Several models suddor monolayer adsorption
are discussed ir [93]; a model for multilayer growth was irdduced in 1938 by Brunauer,
Emmett and Teller (B.E. T. theory, [109,1110]).

When monitoring adsorption processes with in-situ IR spexdscopy, this is usually

done by analyzing the time dependent peak area(t) of an absorption structure, or

if the peak shape does not change with increasing size theithe dependent peak height
h(t). The correlation between peak area (height, respectivelgnd surface coverage is
assumed to be proportional

AR () : h)/ (1) : (2.71)

which is reasonable in the regime of monolayer coverage.
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3.1. The FTIR spectrometers

Bruker IFS 66v/S This evacuable FTIR spectrometer, which was used for the mea
surements at KIP in Heidelberg, is equipped with a set of tramission units and
re ection units. It is controlled by the software OPUS [111]. All measurements were
made using an MCT (mercury cadmium telluride) detector, whih works at LN, tem-
perature on the base of the internal photoelectric e ect. MT detectors do not work
linearly, i. e. the sensitivity depends on the incoming radint power. This non-linearity
however is compensated by OPUS . Measurements_[112] haveosvn, that after cool-
ing the detector and waiting for a stabilization period of abut two hours, this detector
works stable for about six hours. However, even during thisnie an approximately
linear decrease of sensitivity may occur due to warming.

Thermo Nicolet Nexus 670 FT-IR  This FTIR spectrometer was used for the exper-
iments performed at NIMS in Tsukuba, Japan. The arrangemennside is very similar
to the one of the Bruker IFS 66V/S; however, this spectrometethat is controlled by
the software OMNIC [113], is not evacuable, instead it is mrged with a constant
N, ow during the measurements. Because of the extraordinaryigh sensibility for
concentration changes of polar gases, absorption bands akgous water and gaseous
CO, can sometimes be seen in the spectra. The measurements o1 gpectrometer
were also performed with an MCT detector.

3.1.1. Transmission- and re ection units

Multi sample transmission unit (for IFS 66v/S) This transmission unit a self-
construction of the group allows the measurement of severesamples without disrupt-
ing the vacuum of the spectrometer. The samples are moved bymaanipulator, that
can be operated from outside the spectrometer. It is poss#bio cool the samples with
LN, during the measurement.
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3. Equipment

~ exit aperture

Figure 3.1.: IRRAS unit with a xed angle of incidence #; = 83 . After going through the
entrance aperture, light hits a Au mirror, that re ects the b eam onto the plane of
the sample position. The sample re ects the light onto a secad Au mirror, and
the light leaves the IRRAS unit through the exit aperture to nally proceed to the
detector. For more information, see text.

Re ection unit Bruker A 513 (for IFS 66V/S) This commercially available re ection
unit allows the variation of the angle of incidence within a ange 15° #; 85°.
The angle of re ection can be changed by software control,d. no opening of the
spectrometer and therefore disruption of the vacuum states inecessary. By a system
of eight mirrors, the IR beam is de ected in a way, that it is fa@used on the sample
position, and the re ected part nally hits the detector. To obtain a well de ned
polarization of the IR beam, it is possible to insert a polager. Both, focusing on
the sample and polarization of the beam, are not in uenced bghanging the angle of
re ection.

IRRAS unit (for IFS 66v/S)  This re ection unit with a xed angle of incidence #; =
83 (Fig. B) has been constructed in the context of this thesisThe aim was to have
a re ection unit, that is specially designed for measuremés with grazing incidence.
When using Bruker's A513 for measurements with grazing irdence, two disadvantages
occur: (i) with increasing#; it becomes more di cult to align the mirrors properly; at
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3.1. The FTIR spectrometers

the same time, small alignment errors can have a fatal impaon the measured spectra.
(i) Also with increasing #; , the light spot at the re ecting plane becomes larger due
to an increasing distortion. It becomes possible, that theiohensions of the spot are

larger than the size of the sample; in this case, changing tsamples between reference
and sample measurement usually causes a strong e ect on thesbkline because of small
di erences between the reference and sample size.

These disadvantages have been eliminated in the construmti of this IRRAS unit: (i)
The IR beam is de ected slightly by just two plain Au mirrors. The mirrors are in a
xed position in the re ection unit, only the position of the complete IRRAS unit on
the tripod baseplate is to be aligned. (ii) The samples areithon the opening of the
sample holder, with the side to be analysed facing down; thamaples are required to
cover the opening completely, therefore no alignment of theample is necessary, and
the lighted area of each sample is always the same. The IRRASitis constructed in
a way, that IR radiation re ected by any other part besides the sample does not reach
the detector; the intensity of scattered radiation at the déector is very small compared
to the intensity of the radiation re ected by the sample.

Harrick Seagull (for Nexus 670 FT-IR)  This commercially available re ection unit
can be operated at di erent angles within a rang&® #;  85° without misaligning,
defocusing or changing the polarization of the incident raaltion.

3.1.2. ATR units

ATR ow cell (for Bruker 66v/S) This ATR unit (Fig. £Z], which was constructed in
the context of the preceded diploma thesis [40], is optimiddor the ATR measurement
of molecules on solid/liquid interfaces. It ts to Bruker's A513 and allows a variation
of # in the range 25° #; 80°. The ow cell is connected to the outside of the
spectrometer via air tight feed throughs, so its interior cabe manipulated from outside
without disrupting the vacuum state. The ow cell as well as he coating of the O-ring
and the connectors are made out of te on and therefore are wemert. The tube made
out of PP is disposed after every experiment. To exclude anphance of contamination
by the syringe or the valve, the syringe is mounted at the oubw of the cell and used
to draw the liquid into the cell. The ATR crystal is a 25 mm diameter Si hemisphere
(purchased at Mateck, Julich) covered with a naturally grow oxide layer. Compared
to di erently shaped ATR crystals, a hemisphere has the advaage, that for all #;
every light beam pointing to the center of the re ecting plam hits the spherical surface
of the ATR crystal with normal incidence, and no refraction mist be considered.
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— : pressure inside spectrometer: about 3 mbar

<4+— mirrors ——»

syringe

valve
AuUNP film

#— Si hemisphere
v\O-ring |nﬂ0W

outflow
. 4—

teflon flow cell

PVC holder
inflow

¥
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\ . teflon
cell
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(b)

Figure 3.2.: Scheme (a) and photo (b) of the ATR unit.
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3.2. The UV/VIS spectrometer

Computer

Lightsource

Sample
(b)

Figure 3.3.: (a) Scheme of the UV/VIS spectrometer USB 2000 : Light from the input ber

enters the optical bench through the connector (1), it then hits the collimating
mirror (2), where it is focused onto the grating (3). The grating di racts light from
the collimating mirror and directs the di racted light onto the focusing mirror (4),
that nally focuses the light onto the CCD detector (5) [114].
(b) Scheme of the setup for UV/VIS transmission measuremerd: Light coming
from a deuterium-halogen light source is directed to the sarple through an opti-
cal ber. Another ber guides the transmitted light to the sp ectrometer, that is
connected with a computer.

Seagull ATR kit (for Nexus 670 FT-IR)  This ATR kit was purchased by Harrick as
optional accessory of the Harrick Seagull re ection unit. @gether with the provided
ow cell it allows the measurement of molecules on solid/ligjd interfaces with di erent

#i. Like in case of the self designed ATR unit, the interior of ta ow cell can be
manipulated from outside using a disposable PP tube, that iair tightly fed into the

spectrometer. The ow cell is made out of stainless steel, éhmaterial of the O-ring is
Kalrez. The used ATR crystal was the same as used for the expeents with the self
designed ATR ow cell.

3.2. The UV/VIS spectrometer

Ocean Optics USB 2000 The USB 2000 is al1904g light pocket size dispersive
UV/VIS spectrometer (Fig. B3a). The detector is a 2048-efeent linear Si CCD ar-
ray ranging from = 1100nm 200 nm(~= 9000cnt* 50000cm') with a spectral

resolution of 2 nm [114].

Fig.[3:3b shows a typical setup for UV/VIS measurements. Thigght source is a halogen
deuterium lamp, that works on the shine through principle, .ie. the light coming from
the halogen source is focused on a small diameter aperturdhie deuterium bulb. This
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source has a continuous spectrum in the requested range, gvhis overlaid by sharp

lines at 656 nm(Balmer- ) and 486 nm(Balmer- ). Because the intensity of these lines
usually saturates the CCD detector when measuring UV/VIS sgctra, they may cause
large artefacts in the relative spectra.

3.3. Scanning probe microscopes

3.3.1. Scanning force microscope (SFM)

The SFM images presented in this thesis were obtained usirtgetmulti mode instrument
MMAFM-2 by Digital Instruments. All measurements were performed ex-situ in air
and at room temperature in tapping mode. The probes (Veeco,RiP-11100) were made
of Si (P-doped) with a tip radiusr 10nmand a resonance frequencf, 30kHz.
The basic principles about scanning force microscopy, thas also known as atomic
force microscopy (AFM), can be found in/[115, 116].

3.3.2. Scanning electron microscope (SEM)

Most SEM images presented in this thesis were measured at thmstitute of Physical
Chemistry of the University of Heidelberg using a Leo GeminiThey were performed
ex-situ at room temperature at a pressure lower thath 10 ®mbar. The electron beam
was accelerated with a current oL0kV. A good material contrast was obtained using
the secondary electron detector. The SEM image shown in FIg-3 was measured at
NIMS in Tsukuba, Japan with a Hitachi S-4800. An introduction about SEM is given
in [117].
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4. VIS spectroscopy of Au
nanoparticles experiments and
discussion

The optical properties of the wet chemically prepared AuNP @re investigated with VIS
spectroscopy. In addition to the measurements, VIS spectrgere calculated assuming
an e ective medium model according to Maxwell Garnet and Brggeman. This was
done with AuNP dispersion for di erent concentrations (ch@. E1) and for AuNP of
di erent size, immobilized on glass substrates (chap—4.2)n the latter case, the AUNP
were hydroxylamine grown, therefore with increasing sizéné¢ spherical shape of the
particles was lost, as detected with SFM (see on paQé 55).

4.1. VIS spectroscopy of Au nanoparticles in
suspension at di erent concentrations

The VIS transmission of spherical AUNP suspension was intiggmted. First, a refer-
ence spectrum with water in the plastic cuvette was obtainedThe water was then
replaced by as-prepared AuNP suspension of the concentmatic  7:5 102 %
After recording a spectrum, the concentration was stepwiseeduced by replacing:
of the suspension with water; after each reduction step, orspectrum was recorded.
Fig. &1 shows the obtained spectra; for concentrations giter than zero, they all have
a minimum of transmission at520 nm however, as the concentration of AuNP in the
suspension decreases, the transmission increases. As mast in chap.[Z5, the min-
imum of transmission is originated by a surface plasmon poiton resonance of the
spherical AUNP. For lling fractions f 1, the frequency of the absorption maximum
should not depend on the concentration, since dipole-digointeraction between par-
ticles do not occur. In accordance with this, the wavelengtbf minimal transmission
does not change with the concentration.
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Figure 4.1.: VIS transmission spectra (hormal incidence) of suspensioaf spherical AUNP (2R
13nm 2nm, layer thicknessd = 4mm). The reference spectrum was taken with
water in the cuvette. The concentration of the suspension wa stepwise reduced

. 2 particl . 1 particl
from 7.5 10 parrﬁes to 44 10 parr|nc|es .
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Figure 4.2.: Calculated transmission (normal incidence) of an4 mm thick Maxwell-Garnett ef-
fective medium of AuNP surrounded by water with respect to the transmission of
water. The spectra are calculated for the mid IR region (lef) and for the visible
region (right). The dielectric function of the AuNP is that o f bulk gold (Fig. EZT0
on pagel[Zl), the dielectric function of the water was assumetb be constant with

1 = 1:8; 2 = 0, neglecting the vibrational modes of water in the IR. The red
numbers show the volume fractions corresponding to the caldated spectra. The
layer thickness of the sample and the reference id = 4 mm, surrounded by two
half spaces of vacuum.

Comparison with calculation

The optical properties of AUNP suspension were simulated glitatively using the ef-
fective medium model by J. C. Maxwell Garnetti[68]. As mentioed in chap.[Z&1L, this
model is valid for low lling fractions of metal particles ina surrounding matrix. The
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calculation of the spectra, which are shown in Fig—4.2, wasode with the software
SCOUT (see chap.[Z3) [43]. Spectra were calculated for thvisible range as well as
for the mid IR range. Qualitatively, the calculated spectrat well to the measured
ones in the visible range. All spectra show a strong absorpti peak at521 nm With
increasing volume fraction, the position of this peak doesoh change, however, the
strength increases. For volume fractions> 1 10 ° the absorption peak increasingly
a ects the blue range of the spectra, and nally completely bsorbs radiation in the
range belows50 nmforf  2:5 10 . When looking to the calculated IR spectra one
nds a relative transmission close to unity for the same llng fraction. For a remark-
able loss of transmission in the IR range, the lling fractio must be higher by at least
one order of magnitude.

4.2. VIS spectroscopy of Au nanoparticles of di erent
size

AuNP of di erent size, deposited on glass substrate were iastigated with VIS spec-
troscopy in transmission and re ection geometry. The sampl preparation was done
as described in chapl—Z8.1 tb2.8.3: After AUNP of the as-gared colloidal suspen-
sion were deposited onto the glass substrate, their size wasreased by exposition to
hydroxylamine/AuCl 4, aqueous solution. For the AuNP growth, the multi step method
(see on pag€=31) was used. The number of growth cycles each thlem taking 2 min
was varied from 0 to 7. According to the preparation method,he samples had the
following layer stack:

sample layer stack: reference layer stack:
AuNP Im
APTES
glass glass
APTES
AuNP Im

Transmission spectra of hydroxylamine grown AuNP

The relative transmission spectra are shown in Fig._4.3 (t9p The reference spectrum
was measured with glass only. As can be seen, the relativertsmission of the Im

of non-grown AuNP is qualitatively similar to the relative transmission of AUNP sus-
pension, shown in Fig[Zl1: Red light is transmitted to a higér grade than blue light,
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Figure 4.3.: (a) transmission spectra and (b) 45°-re ection spectra of @larged AuUNP on APTES
modi ed glass. In addition, the re ection spectrum of a smooth 40nm Au Im is
shown. The reference spectrum is taken from the transmissio(re ection, respec-
tively) of glass. The red numbers show the time of hydroxylanine growth, where
0 min means, that particles were not enlarged at all. Due to the lage di erence in
intensities between reference and sample spectra in re eiin, spectral features of
the light source appear. The largest of those features the Balmer - and -line
at 656 nmand 486 nmare eliminated.
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4. VIS spectroscopy of Au nanoparticles experiments and stussion

and there is a surface plasmon polariton related minimum ofdnsmission neas20 nm
the signal is too weak for a clear assignment to a wavelengthhere is a second weak
absorption signal near600 nm that can be assigned to interaction between particles,
as for AUNP Ims deposited on a substrate dipole-dipole intactions between particles
become non-negligible. As the AuNP become larger (and so dake lling fraction),
the absorption structures overlap, become stronger and r@damore and more into the
near IR region. A maximum of transmission appears nea#90 nm however, the ag-
gregate transmission decreases. Finally, the relative tramission of the Im with a
growth time of 12 minis very low.

Re ection spectra of hydroxylamine grown Au nanoparticles

The 45° relative re ection spectra are shown in Figl4l3 (btdm). The reference
spectrum is the re ection of glass without AUNP. It can be sag that the presence
of non-enlarged AuNP on the glass surface causes a broadbamtease of re ectivity

by a factor of 1:3. If the particles are enlarged, the re ectivity is further increased.
This is rather the case for light with > 500 nm according to the optical properties
of bulk Au, as discussed in chagd—2.6; with increasing parte& size the typical yellow
shine of bulk gold appears.

Comparison with calculation Using a 3D Bruggeman e ective medium model
(chap.[ZB&1) and the following layer stacks for sample an@ference,

sample layer stack: reference layer stack:

AuNP Im ( 30nm)

glass (1 mm) glass (1 mm)

AuNP Im ( 30nm)

the relative transmission and re ection spectra of AUNP Ins in the mid IR and in the

VIS range were calculated with the software SCOUT [[43]. Tte change of AUNP size
was considered by a variation of the lling fraction, rangiig from 0.1 to 1. As can be
seen in Fig.[Z4a and b, the calculated VIS spectra corresgbto the measured ones
(Fig. £3) in a qualitative way. The calculated IR spectra a@ shown in Fig[4#c and d.

It must be considered, that as mentioned in chap.[Z6.1 the Bruggeman model be-
comes incorrect in the regime of high lling fractions, beazse for AUNP that are grown
together the condition of a particles size small compared the wavelength of light is
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Figure 4.4.: Calculated normal incidence transmission spectra (a, c), ad #; = 45 re ection
spectra (b, d) of an e ective medium according to the Bruggeman model with
respect to the transmission/re ection of glass. The spectea are calculated for the
visible region (top) and for the mid IR region (bottom). The d ielectric function
of the gold particles is described by that of bulk gold (Fig.[ZIQ on page21), the
dielectric function of glass was assumed to be constant; = 2:4; , =0, neglecting
any absorption bands in the IR. The red numbers show the volune fraction of each
e ective medium calculated.
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4. VIS spectroscopy of Au nanoparticles experiments and stussion

not met any more. It is therefore not possible to describe theeasured spectra quan-
titatively. One also has to keep in mind, that the calculatims were done with the
bulk Au dielectric function, as shown in Fig[ZZT0, i. e. intdband transitions are taken
into account, but no intrinsic size e ects. It was mentionedn chap.[Z®, that intrinsic
size e ects become important for AUNP having a size smallehan R 30 nm [64].
Therefore the neglect of intrinsic size e ects may be anotheeason for discrepancies
between measured spectra of small AUNP and the calculatedegpra.

SFM analysis

The samples corresponding to the spectra shown in FIg. . 3revénvestigated with SFM,;
the images are shown in Fid.4l5. One can see, that the parédize increases with the
time of hydroxylamine growth. As the particle size becomesiger, particles seem to
coagulate, loosing their spherical shape and their monogersity. At the same time,
a rearrangement of the AuNP takes place, leaving parts of theubstrate uncovered.
The biggest di erences in morphology can be found for Ims {eto (g): While the
morphology of Im (e) is still dominated by the shape of sepate nanoparticles, in
Im (f) these are signi cantly larger and more coagulated. The area of bare substrate
is signi cantly higher thanin Im (e). In Im (g), the origin al shape of the nanopatrticles
cannot be seen any more; this Im has obviously passed the petation threshold. The
Im is conductive, but yet has trenches, that seem to reach den to the substrate.

In Tab. B, quantitative data extracted from the images of Ims (e) to (g) are compre-
hended. The data are obtained using the SFM software Nanospe [118]. In more
detail, the software calculates the ratio of the surface ake and beneath a manually
entered threshold. For an adequate threshold (just above Isstrate height) from this
follows the Au covered surface &,. Nanoscope also calculates the total Au volume
Va, above the selected threshold, a 3D lling fraction %), and the 3D surface of
the sample Ag,s) by connecting neighboring points to triangles and adding pu their
areas. From these follow the values in Tali_4.1, whehg, is the scanned area and ,,

Im  Ber Bat Ba T g [nm]
(e) 095 126 121 Q37 12
(f) 087 151 138 Q39 18

() 090 154 144 043 18

Table 4.1.: SFM analysis of the AuNP Ims shown in Fig. EEBl The given quartities are Acoy :
area covered by Au,Aq: scanned areaAq: total 3D surface area,Ap, : 3D surface
area of the Au, Va, : total volume of the Au, Vy: scanned area maximum height
of AUNP Im, dnom: nominal thickness of Au Im. For more information, see text.
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4.2. VIS spectroscopy of Au nanoparticles of di erent size

2: Height

(d) 6 min. (e) 8 min. (f) 10 min.
Measure Data Zoom

)

1: Height 500.0 nm

(g) 12 min.

Figure 4.5.: SFM images 600nm 500nm) of hydroxylamine grown AuNP on the APTES
treated glass surface. The time of hydroxylamine growing wa varied in steps
of 2min from O min (a) to 12min (g) and is given for each image. Please notice the
di erent z-scale.
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4. VIS spectroscopy of Au nanoparticles experiments and stussion

Figure 4.6: Simplied illustration of
the eect of tip convo-
lution in SFM measure-
ments. The dashed line
represents the measured
height. The sperical par-
ticles are distorted in xy
direction.

the 3D Au surface, i.e.Agys Minus the area of the bare substrate. The nominal Im
thickness (@nom) 1. €. the thickness of the AuNP Im, if the particles were sm eared
over the substrate is obtained by dividing the Au volume V,, by the scanned area
Ao.

Error consideration

Before discussing the values given in Tab.—34.1, some consi®ns about the errors
should be made. There is an error occurring, when extractingpe data out of the
measured SFM images. This error is mainly in uenced by maniig determining the
correct threshold level, and it a ects all values in Tab[Z]l since all are calculated
on base of the threshold level. However, the most dominatirgrror in this analysis
occurs during the measurement of the SFM images: When anahg structures like
nanoparticles in the size regime of the SFM probe radiu®( 10 nm), the particle size
in xy direction is strongly overestimated due to tip convoltion. Fig. &8 illustrates the
case of spherical particles in the same size regime as the fljne resulting height pro le
is a convolution of the particle and the tip geometry. In the ase shown in Fig[Z]6,
the distance between the patrticles is too small for the probt® reach the substrate
in between. The red space is out of reach for the SFM tip, theie@e no information
about this space can be obtained with this method, i.e. a sangpconsisting of the
yellow spheres only and a di erent sample consisting of theelffow spheres and the red
structures would give the exact same SFM image.

Because the discussed error, in Tab—4.1 only Ims (e)-(g)hat consist of larger struc-
tures, were taken into account; however, these values ardllsstrongly a ected by tip
convolution and therefore must be considered as a rough @sétion.
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5. IR spectroscopy of adsorbates on
Au nanoparticles experiments and
discussion

5.1. SEIRA on Au nanoparticles

Reversible adsorption of AuNP out of colloidal suspensionnothe APTES covered
SiO,/Si surface was investigated with in-situ ATR-IR spectrosopy. After a submono-
layer of AUNP has formed on the surface, it was exposed to aques solution of
aminoethanethiol (AET), causing a coverage of the AuNP by AE,; this resulted in
the desorption of the AuNP from the surface [119], as shownlbe in this chapter.

5.1.1. Adsorption of Au nanoparticles on SiO ,/Si surface
monitored by in-situ ATR-IR spectroscopy

As mentioned in chap[ZZ6, AuNP have a strong absorption band the visible range
due to surface plasmon polariton resonance; in the infraratb measurable plasmon
polariton related signal is expected. Figihl1l shows the spml changes due to the
exposition of the APTES coated Si@/Si surface to the AUNP suspension; the reference
spectrum had been measured with water in the ow cell. The moslominant change
is a broad increasing absorption signal a3386 cm', that can be assigned to the OH-
stretching vibration of the surrounding water [120]: As theAuNP adsorb on the APTES
coated SiQ/Si surface, a Im with a substantial degree of SEIRA activily is formed.
This enhances the absorption signal from the water, resulig in the occurrence of this
absorption peak directed towards lower relative re ectionbecause the absorption of
the water is higher in the sample spectrum than in the referee spectrum.

Development of the vibrational spectra during adsorption p rocess

The spectral changes in the range of the CH-stretching vibtians are shown in more
detail in Fig. BJIb. It can be seen, that three structures apgar in the spectra during
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Figure 5.1.:
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In-situ ATR-IR spectra (#; = 45 , p-pol.) of AuNP during adsorption on the
APTES coated SiO,/Si surface [119]. (a): overview, (b): magni cation of the
dashed frame shown in (a).

The reference spectrum was obtained with water in the ow cel contacting the
SiO,/Si surface. The spectra are vertically shifted against eah other. For spectral
explanations, see text.



5.1. SEIRA on Au nanoparticles

the AUNP adsorption on the APTES coated SiQ/Si (surface of the ATR crystal), the
strongest being located aP906 cm'. This signal can most possibly be assigned to the
CH,-stretching vibration of the sodium citrate that is coverirg the AuNP [121]. As
more and more citrate covered AuNP adsorb on the SBi surface, this vibration
should become increasingly enhanced, synchronized withetenhancement of the OH
peak of the water. However, the signal is too weak for a quatative discussion. The
two other peaks that are located aP851 cm! and 2922 cm' are directed towards higher
re ection and can presumably be assigned to a frequency shof the (CH,); vibration
of the APTES layer on the SiQ/Si surface [121]. Although their exact interpretation
remains open, their origin is likely due to changes of the einenment of the APTES
molecules since they interact with the sodium citrate layecovering the AuNP. There-
fore, their peak heights are correlated to the AUNP coverage the SiO,/Si surface.

Adsorption kinetics of the AuNP

For monitoring the adsorption kinetics, the heighth of the water's OH-stretching band
at 3386 cm' was analysed, see Fid_5.2. The coverage of the surface by RuiNas
assumed to be linearly correlated to the height of the peak 8386 cm! because of two
reasons: (i) The shape of the peak does not change with incsesy height, and (i) the
average distance between the AuNP (Fig._3.3) is big enough teglect dipole-dipole
interaction between the particles, so that every additionaAuNP contributes the same
part in SEIRA enhancement. Fig.[5R shows the OH-stretchingeak height vs. time,
wheret = 0 marks the time, when the exposure of the surface to AUNP suspson
began. The relative peak height was calculated with

(R=Ro) 3386 cm?

h=100 1 ;
(R:RO) baseline

(5.1)

where the baseline was interpolated linearly betwee?600cm! and 4000cmt. The
acquisition time of the spectra was adapted to better followpectral changes, therefore
the measured points are not equidistant on the time axis, antthe size of the error bars
changes according to the signal-to-noise ratio. According the points calculated from
the spectra, the main part of the adsorption process takesaae within the rst 20 min;
saturation is obtained after about two hours.

The measured points were tted with a rst order Langmuir model (chap.[Z1ID), that
describes a random adsorption process in the rst monolayein this case, the time
dependent coveragg t) is given by eq. [ZE€B) and the peak height is

h)=b (t) d; (5.2)
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Peak height [%0]

Figure 5.2.:
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5.1. SEIRA on Au nanoparticles

Figure 5.3: Ex-situ SEM image
(400nm 400nm) of AuNP
on the APTES coated surface
of a Si-ATR crystal after the
AuNP adsorption has saturated

[129].

100 nm

where b is a scaling factor andd accounts for the baseline shifts including those due
to possible instabilities during the measurement. Whed b, the t parameter bis
corresponding to the nal peak height.

The time dependent peak height was tted to eqs.[{Z®8) and{d) with b, ck_, a, d
being the t parameters. In detail, the t parameter d was obtained by averaging
the measured points fott < 0, while the other t parameters were obtained by tting
egs. [Z6B) and [[RR2) to the measured points far > 0. All points were weighed
according to the number of scans of the corresponding spestr. This procedure led
to the following best t parameters:

best t
b 2:1613 00046
ck, 0:4186s! 0:0048s?
a 0:4597 00052

d 641 103 047 10°3

The concentration was roughly estimated to be 7.5 10'5P2"®s The fact, that the
obtained t parameter a = 0:4597is close to%, suggests a di usion limited adsorption
process of the AUNP to the SiQ¥Si surface, where every particle, that makes contact to
the surface, adsorbsLL_;LbS]. A SEM image of AUNP on APTES tread Si-ATR crystal
after the adsorption has saturated is shown in Fig.5.3.
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Figure 5.4.: In-situ ATR-IR spectra ( #; =45 , p-pol.) of AET during adsorption on the AuNP
on the APTES coated Si0,/Si surface. The reference spectrum was taken with
water in the ow cell contacting the AUNP submonolayer on the SiO,/Si surface.
The adsorption of the AET onto the AuNP causes the desorptionof the AUNP from
the surface. (a): overview, (b): magni cation of the dashedframe shown in (a).
The spectra are vertically shifted against each other. For pectral explanations, see
text.

5.1.2. Adsorption of AET and desorption of Au nanoparticles
monitored by in-situ ATR-IR spectroscopy

After the adsorption process described above was saturatethe ow cell was thor-
oughly purged with water in order to remove the AuUNP suspensn from the ow cell
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5.1. SEIRA on Au nanoparticles

and to ensure that only the surface bound AuNP remain. A new ference spectrum
was taken of the remaining AUNP submonolayer on the ATR cryat with only water
in the ow cell, then 20 M aqueous solution of AET (aminoethanethiol) were intro-
duced into the ow cell while recording relative re ection pectra. As can be seen in
Fig. B4a, soon after the AUNP submonolayer was exposed to AEBolution, a broad
band at 3386 cm' appeared, showing into direction of higher relative re e¢on. This
means that with increasing time the absorption of radiationn this range is becoming
smaller compared to the reference spectrum. In agreementtlwithe AuNP adsorp-
tion experiment, the reason for that must be decreasing SERactivity of the surface,
indicating a desorption process of the AUNP from the surfacas explained below.

Development of the vibrational spectra during desorption p rocess

In Fig. B-4a, the presence of the AET is indicated by the broadbsorption of it's NH,
group in the range betweer8000 cm' and 3300 cm*. The appearance of this absorption
signal is in good agreement with the behavior of the AET: In tl early spectra just
after the AET injection, the absorption peak appears very gekly, according to the fact,
that AET adsorbs on the surface of the AuNP very quickly. Withincreasing time, the
AuNP now covered by AET desorb from the surface, therefore the signal becomes
weaker again. The exact position of the NpHpeak of the AET is in uenced by hydrogen
bonding to the surrounding HO molecules. FigCaMb depicts the spectral changes of
the CH-stretching vibration during the AET adsorption and AuNP desorption. A
closer view shows one structure &906 cmt, that appears very quickly after the start
of the AET adsorption, and two structures at 2854 cm' and 2924 cmt, that appear
relatively slowly. The quickly appearing signal a2906 cm' can with agreement to the
spectra in Fig.[5b be assigned to CH-stretching vibrations of the tri-sodium citrate.
A signal showing towards higher relative re ection indicags the removal of absorbing
matter between the measurements of the reference and the sde) therefore this signal
strongly suggests the quick replacement of the citrate maleles by the AET molecules.
This is due to the fact that the interaction between the positely charged APTES layer
and the negatively charged citrate layer on the AuNP surface only weak compared
to the chemical bond formation of the thiol group to Au. The gjnals at2854 cm' and
at 2924 cmt, that occur slowly after the AET adsorption starts, can be asigned to
CH-stretching vibration of the APTES layer [121]: They are dected towards higher
relative re ection, because with desorption of the AUNP frm the surface, the SEIRA
activity becomes lower than it was in the reference system.
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5.1.3. SEIRA of antibody-antigen coupling on Au nanopartic les in
transmission spectroscopy

SEIRA active AUNP Ims were used for the ex-situ detection ofspeci c antibody-
antigen coupling by means of IR spectroscopy. The opticaldsensor was a monolayer of
goat vs. rabbit antibodies immobilized ont)2R 13 nm AuNP/APTES/SIO ,/Si. The
immobilization of the antibody monolayer was done accordgnto a method that is in-
troduced and explained inl[27]. This method did not cause arsygni cant change of the
AuNP arrangement, as checked by SEM after the IR measuremeantThe non-specic
antibody-antigen coupling was realized by exposing the sgfes to goat vs. mouse anti-
bodies where no coupling is expected in the ideal case. Fgrezi ¢ antibody-antigen
coupling, samples were exposed to rabbit vs. horse antibesj in this case coupling of
antibodies in solution to the immobilized antibody layer isexpected to take place, and
a second layer of antibodies is formed on top of the previoysmmobilized antibody
layer. The exposition of the biosensor to antibody solutionvas realized by putting
25 | of bu er solution onto the sensor Im and then adding25 | of the as-purchased
antibody solution. Finally, the drop was covered with an olgct slide, to realize the
full coverage of the sensor Im by antibody solution and alsto prevent the liquid to
dry o and leave an antibody multilayer. After the exposition time of one hour, the
object slide was removed, and the sample was thoroughly rets with bu er solution
to remove the excess amount of uncoupled antibodies. Thisgmaration was done with
SEIRA active AUNP Ims as well as with smooth Ims prepared byphysical vapor de-
position (40 nmAu/ 1 nmCr/SiO, /Si), that are known to be SEIRA inactive |40]. The
set of the antibodies in this experiment is shown in TalL35.1.

Fig. BEE3a shows the IR transmission spectra (normal incidee) of antibody-antigen
coupling on the SEIRA active AuNP Im; the IRRAS spectra & = 75 , p-pol.) of
antibody-antigen coupling on the SEIRA inactive40 nmthick Au Im are depicted in
Fig. B 8b. In both cases, the speci ¢ antibody-antigen colipg can clearly be detected
by the appearance of characteristic absorption bands of geins, the amide | band at
1645cmt 1661 cmt, the amide Il band at 1523cm! 1523 cmt, the CH-stretching
bands at2850cm' 2963 cmt (clearly detected only in case of the SEIRA active AUNP
Im, Fig. £54&), and nally the broad amide A band near 3300 cm* (see Tab[ZZR). The

goat vs. rabbit Dianova GmbH, #111-005-003
rabbit vs. horse Dianova GmbH, #308-005-003
goat vs. mouse Dianova GmbH, #115-005-003

Table 5.1.: Antibodies used for the detection of speci ¢ antibody-antigen coupling.
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Figure 5.5.:

5.1. SEIRA on Au nanoparticles
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(a) IR transmission spectra (normal incidence) of non-speicc antibody-antigen cou-
pling (top) and of speci ¢ antibody-antigen coupling (bott om). For both spectra,
the reference system was a monolayer of goat vs. rabbit antidies, immobilized
on 2R 13nm AuNP/APTES/SIO ,/Si. The reference samples have then been
exposed to non-speci c antigens (goat vs. mouse antibodig¢s and with specic
antigens (rabbit vs. horse antibodies), respectively.

(b) IRRAS spectra (#; = 75 , p-pol.) of non-speci ¢ antibody-antigen coupling
(top) and of speci c antibody-antigen coupling (bottom). F or both spectra, the
reference system was a monolayer of goat vs. rabbit antibods, immobilized on
40nm Au/lnm Cr/SiO ,/Si. The Au Im was prepared by physical vapor deposi-
tion and is considered as smooth and SEIRA inactive. The refeence samples have
then been exposed to non-speci ¢ antigens (goat vs. mouse tinodies), and with
speci ¢ antigens (rabbit vs. horse antibodies), respectiely.

For a scheme of the layer stacks, see Fig.3.6. The spectra avertically shifted.
For spectral explanations, see text.
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transmission (normal incidence): IRRAS#; =75 , p-pol.):
sample: reference: sample: reference:
spec. or non-spec. AB spec. or non-spec. AB
goat vs. rabbit AB goat vs. rabbit AB goat vs. rabbit AB goat vs. rabbit AB
AuNP AuNP 40 nm Au 40 nm Au
APTES APTES 1nmCr 1nm Cr
SiO,/Si SiO,/Si SiO,/Si SiO,/Si

Figure 5.6.: Layer systems of the samples corresponding to the spectra stvn in Fig. 3.

absorption band at 1411 cm'-1415cm* can presumably be assigned to CH-bending
vibrations of the CH, and CHs; groups [27].

In case of non-speci ¢ antibody-antigen coupling, these ahacteristic bands do not
occur, indicating that this kind of coupling does not take ce in a signi cant quantity.
However, there are small structures in the spectra at the ®ant frequencies. To
understand these structures, one has to keep in mind, that these spectra the reference
as well as the sample consisted of one monolayer of antibad@n the respective Au
Im (see Fig. B8); therefore in the single channel spectrasémple and reference), the
characteristic absorption bands appear, and only in the i@ case they are canceled
out completely in the relative spectra.

SEIRA enhancement factor of Au nanoparticles/APTES/SIO ,/Si Im

The SEIRA enhancement factor of the AUNP/APTES/SIO,/Si Im is estimated by

comparison of the spectra of speci ¢ antibody-antigen colipg shown in Fig.[5%a and
b. As an approximation, the height of the amide | band of both [gectra is compared,;
itis &= 1:2%in case of the SEIRA non-active Im, andy-  0:5% in case of the
SEIRA active Im. From eq. (E229) follows for the approximae relative peak height of

an adsorbate vibration on a transparent substrate in transimsion geometry!|[3]

T 2!
TO C(ns + 1)

dalm o ; (5.3)

where d, is the layer thickness of the adsorbate and assuming a didlac function of
the adsorbate layer with negligibly small background polaation and weak oscillators,
e, Im 4« Im L With the same assumption, for an adsorbate layer on a

a? ;k
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5.2. SEIRA on hydroxylamine grown Au nanopatrticles

smooth metal surface in IRRAS geometry, the approximate ralive peak height follows
from eq. (Z30) and is given by [3]

R I sin?#

Ro %Cc  cos#

Im » (5.4)

Finally it is assumed that 5 measured in transmission corresponds tQ, measured
in IRRAS, because the oscillating dipoles should have thermsa orientation relating

to the Au surface; this Au surface is parallel to the substrat in IRRAS and mostly

normal to the surface in SEIRA transmission, as most SEIRA éancement comes from
molecules on the sidewalls|[3]. Therefore follows from ed83) and (52) the ratio

R=R, sin #
=2(ng+1
T=T (ns+1) COSH;

(5.5)

between the IRRAS intensity and the one of a hypothetic relate transmission spec-
trum at normal incidence without metal islands, but with the adsorbate on the trans-
parent substrate [3]. Taking into account

R
=1:2% ;:

Neubsr = 34, # =75 ;, —
0

and nally assuming a surface coverage ratio ofﬁ = 0:5 (this is the result of
considering the low coverage of the SYI5i surface by AUNP, where the AUNP surface
is estimated to consist of hemispheres, see HQ.15.3 on padg, ®ne would expect to
see an absorption peak in transmission as high a% = 0:019% In fact, the height of
the absorption peak in transmission is% = 0:5%; from that it follows a SEIRA factor

of about 26 for this not yet SEIRA optimized morphology.

5.2. SEIRA on hydroxylamine grown Au nanoparticles

In the previous chapter SEIRA active Au Ims were prepared bydeposition of AUNP
on the APTES treated SiG,/Si surface. As can be seen in Fig—3.3, this leads to a
submonolayer coverage of the surface by AUNP. However, it svenentioned before, that
highest SEIRA activity is expected for densely packed but yeseparate metal islands
[€,17,.8], therefore one would expect a signi cant increasé the SEIRA activity, if the
size AuNP on the surface became enlarged and the average atise decreased. The
method of hydroxylamine growth o ers a possibility to incrase the size of the AUNP;
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in more detail, the presence of a Au surface enables hydraxyline to reduce AuCj
to bulk Au, that grows on the surface; nucleation of new parties does not take place
(see chapZZ813). In the following chapters, hydroxylaméngrowth of AUNP was used
to increase the SEIRA enhancement of the Au Im.

5.2.1. SEIRA of ODT on Au nanoparticle Ims

SEIRA of an ODT monolayer on hydroxylamine grown AuNP Ims onSiO,/Si sub-

strate was investigated with ex-situ IRRAS & = 60 , p-pol.) and IR transmission

spectroscopy (normal incidence). For the growth of the AuNRhe single step method
(chap.[Z8:B) was applied. After the growth process was cotaped, the samples were
exposed tol mM solution of ODT in ethanol over night, where a self assemblinmono-
layer was formed on the Au surface.

5.2.1.1. Variation of Au nanoparticle growth time

The AuNP Ims were prepared in the following way: (i) deposiion of AUNP onto
the APTES treated SiG,/Si surface (deposition time: 3 h), (ii) hydroxylamine growth
of the deposited AuNP using the single step method (see chdh8.3). The time of
hydroxylamine growth of the AUNP was varied for the di erent samples from 2:3@nin
to 5:00min in steps of30s First, the re ection spectra were taken, then the same set
of samples was measured in transmission geometry. In cas¢heftransmission spectra,
the reference was the transmission of vacuum; for the re @oh spectra, the re ection
of a SiQ,/Si wafer was the reference. Fighl7 shows the region of théd&tretching
vibrations between2840cm! and 2980 cm!, where the peaks can be assigned to the
vibrations of the methyl and methylene groups the followingvay (see Tab.[ZIlL on
pagel3B):

2849cmt  sym. CH,
2870 cm* sym. CH;
2917cmt antisym. CH,
2959cm' antisym. CHs

While three of these vibrational modes can clearly be assigph to absorption peaks
in the spectra, the peak of the symmetric Cktstretching vibration is only very weak.
There seems to be no clear correlation between growth timedaBEIRA activity, how-
ever, the most intense absorption structures can be found iransmission for the5 min
grown Im, and in re ection for the 4:30 min grown Im. The e e ct of absorption peaks
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Figure 5.7.: (a) IR transmission (normal incidence) and (b) re ection (#; = 60 , p-pol.) spectra
of an ODT SAM on hydroxylamine grown AUNP Ims on APTES/SIO ,/Si. Both
measurements were performed with the same set of samples. Asference, the
transmission of vacuum (a) and the re ection of Si0O,/Si wafer (b) were measured.
The spectra are normalized and vertically shifted.
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5. IR spectroscopy of adsorbates on Au nanoparticles experents and discussion

in IRRAS spectra showing to the direction of higher relativee ection is known |122]
and has been observed before [28, 40]. More on this will fellon chap. .2 T.P.

It must be noted, that the samples of the spectra in Fig_5l7 doot only show the ab-
sorption features originating from the ODT monolayer, but &o from the AUNP Im,
the APTES layer, and the SiQ/Si wafer; this is, because the reference was measured
with vacuum (transmission) and a SiQ/Si wafer (IRRAS), respectively. Because Si
wafers show no absorption structures in the respective ramdsee Fig[[B.l), and also
no plasmon polariton related signal of the AUNP Im is expead in that range (see
chap.[Z®), these layers should only in uence the baseliné the spectra, but not be
associated with absorption signals. However, the APTES mesiules also consist of CH
and CHs; groups (see Fig—Z13 on pagel30), therefore APTES gives atcition to the
absorption peaks of the spectra shown in Fig.5.7. The raticebween APTES and ODT
concerning the number of CH groups is 6:17. Because of the di erent mechanisms con-
tributing to SEIRA the electromagnetic e ect and the chemi cal e ect it is not possi-

ble to derive out of that the same ratio between APTES and ODT @ncerning the total
peak strength of the CH-stretch vibrations at 2849 cm! and 2917 cmt. Measurements
[123], where d-ODT/AuUNP/APTES/SIO ,/Si and ODT/AuNP/APTES/SIO ,/Si were
both measured vs. Si@Q'Si suggest, that the contribution of the APTES to the total
CH,-stretch signal is less than 7%.

To escape from this problem, in chafi._5.2.2 deuterated ODT thiits characteristic CD-
stretching vibrational bands in the2050cm' 2250 cmt range was used as adsorbate.

SEIRA enhancement factor

An estimation of the SEIRA enhancement factor was done by cguaring the height of
the CH,-antisymmetric-stretch peak of the spectra shown in Fig.3.to the height of
the corresponding peak of a ODT spectrum on a smooth SEIRA ioéve |Im, depicted
in Fig. ZZI8b on pagd_34. For this estimation, th& min grown AuNP Im measured
in transmission geometry (Fig.[2l7a) is considered. Usingj.e(®3) and taking into
account

Nsubstr = 3:4; #; =83 ; —R =0:34% ;
Ro

one would expect to see an absorption peak in transmissiontloé height T—OT =0:0048%
In fact, the height of the absorption peak in transmission is% 109% if the strength

of the absorption peak in Fig[&Ja is assumed to consist of & 7contribution of the

APTES layer as discussed before, a SEIRA factor of about 20filows as a very rough
estimation. Compared to the SEIRA factor of 26 of the non-gmen AuNP, the growth

has as expected led to a morphology, that is much more SEIRA active.
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In this estimation of the SEIRA factor, the area with adsorbges that contribute to the
signal in the spectra was assumed to be equal. As suggestedSBM (see Tabs[Z4I1
and 52 on pagd 34 anf¥9), the surface of the Au islands is largcompared to the
at area by a factor of roughly 1:3. Knowing, that only the adsorbate on the sidewalls
signi cantly contribute to the signal in the SEIRA spectra, one can assume, that the
area with adsorbate contributing to the signal is smaller foSEIRA active Im, than for
at Ims. This would mean, that the real SEIRA factors are higher than the estimated
ones.
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5.2. SEIRA on hydroxylamine grown Au nanopatrticles

Figure 5.8.: (on page 72) Ex-situ SEM images { m 1 m) of hydroxylamine grown
AuNP/APTES/SIO ,/Si. The bright structures mark the Au, while the dark back-
ground is the substrate. The deposition time of AUNP on the APTES treated
SiO,/Si samples was3h. The time of the hydroxylamine growth procedure was
di erent for each sample and is given at the bottom of each imae.

After measuring the IR spectra shown in Fig. 5.7, the morphoby of the hydroxylamine
grown AuNP Ims was investigated with SEM. The resulting imaes are shown in
Fig. 5.8. The images show a material contrast, where the bhgstructures are Au and
the dark background is the substrate. The 2D surface covera@% of the substrate
by Au was calculated with the software ImageJ :

Im | (@ (@ (@© @ (@€ O
Aw | 067 0.64 051 0.71 0.62 0.55

Ag

An error of 0:03is estimated. Qualitatively, Im (a) consists of partially very small
islands; some of them still have a circular outline indicatig, that these islands might
still have their original spherical shape. Other islands h& a large and rather branched
structure. The surface coverage by Au is relatively high. Fn (b) hardly shows any
more circular shaped objects, the branched islands are bd®a than the ones in Im
(a). Film (c) has a signi cant lower surface coverage than t other Ims; it consists
of islands that are mainly not as broadly branched as the ones Im (b). Film
(d) has a very atypical morphology compared to all the others It consists of very
small particles, that are very densely packed resulting irhe highest surface coverage
of all Ims. It must be assumed that the morphology of this Im was in uenced by
irregularities during the preparation process. Finally, Ims (e) and (f) both consist
of rather compact and clearly separated islands, some of thewidely branched. The
2D surface coverage of Im (e) is signi cantly higher than tle one of Im (f), as the
average distance between the islands is smaller. While Ine)is the one with the most
intense absorption structures in re ection, Im (f) is the one with the highest SEIRA
activity in transmission.
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Concerning the 2D surface coverage by Au, there is no cleaemd observable for the
Ims shown in Fig. 5.8. This suggests that in this regime of gwth, vertical growth

is preferred to lateral growth, therefore the islands becoenhigher, but do not tend
to grow laterally and percolate. However, this behavior maygertainly change with
increasing time of growth.

It should be emphasized, that in spite of the very high SEIRA @ivity, that is in
the same magnitude of order for all measured Ims, the repradibility of the growth
process (single step hydroxylamine growth) does not seem b of a high enough
grade yet. In fact, it was experienced before and it is knowmdm literature [79], that
this process is highly sensitive to any kind of perturbationand due to perturbation
nucleation of Au in solution can occut, resulting in a termination of the growth process.
Another problem is caused by the stirring of the solution dung the growth process.
This was done automatically with a te on coated magnetic stibar, leading to turbulent
ow in the beaker. The samples were exposed to the solution maally with an inert
tweezer, making it impossible to ensure the exact same ow mditions for each sample.
Better results might be obtained for an automated chemicalrgparation process.

In the experiments of chap. 5.2.2 the multi step method of hydxylamine growth was
used, where stirring is not necessary and therefore a higheproducibility is expected.

5.2.1.2. Variation of the angle of incidence

SEIRA of an ODT SAM on an hydroxylamine grown AuNP Im on Si sulstrate was
investigated with IR re ection spectroscopy at di erent angles of incidencet;. For this
measurement, the sample of the previous experiment with a digoxylamine growth
time of 5min was used. As reference, the re ection of Si had been measugdthe
respective angle of incidence. In addition to the measurenteof the spectra, the ADC
intensity measured by the detector was recorded.

Fig. 5.9a shows the spectra of di erent angles of incidenca the region of the CH-
stretching vibration. As the angle of incidence is varied,hte baseline of the spectra
changes and the height of the absorption peaks changes aslwBlarting at # = 15
and going to larger#;, the baseline rises and reaches a maximum near= 70 . Going

to even larger angles of incidence#(> 70 ) leads to a strong decrease of the baseline.
Near #; = 77 the baseline height becomes lower thah and the orientation of the
spectra is inverted. The behavior of the baseline in this speal range corresponds
to the behavior of the relative intensity | sampie=lreference Measured from the detector,
that is depicted in Fig. 5.9c. In the same gure the#;-dependence of the relative

Inucleation of Au in solution can be detected by a characteritic color change from yellow (AuCly
ions) to purple (AuNP in solution).
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Figure 5.9.: (a) IR re ection spectra (p-pol.) of an ODT SAM on hydroxylam ine grown AuNP

Im on APTES/SIO ,/Si. As reference, the re ection of a SiO,/Si wafer was mea-
sured for dierent #;. (b) Total intensity (p-pol.) measured from the detector
vs. angle of incidence. This measurement was done (i) with th sample and (ii)
with the reference in the re ection unit. (c) Quotient |sample =lreference and relative
peak height at 2912 cm? vs. angle of incidence. For more information, see text.
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height® of the largest absorption peak a912cm! is shown. Similar to the baseline
behavior, the relative peak height rises until it reaches a aximum near#; = 65° after
which it strongly decreases. As mentioned before, ne#iy = 77° the orientation of the
peak is inverted. This behavior can be better understood ithe total intensities of
the sample re ection and the reference re ection are conded separately as shown in
Fig. 5.9b: The total intensity of the reference re ection ha a minimum at the Brewster
angle#g near 71 ; at this angle a total intensity of 1100ADC counts is measured.
According to eq. (2.19), a Brewster angle ofg = 74° is expected for a vacuum/Si
interface. However, the natural oxide layer on the Si wafepWers the refractive index
of medium and therefore lowers¢tg. Compared to the case of reference re ection, the
total intensity of the sample re ection is shifted towards hgher values of intensity, and
the minimum intensity i. e. the Brewster angle is shiftedt o#z 78°. Both e ects
are mainly due to the presence of the AUNP Im, which enhanceke re ectivity of the
sample compared to the bare substrate (in accordance to thalculated spectra shown
in Fig. 4.4d on page 53), and which forms an e ective medium &u and vacuum on
the SiO,/Si surface and therefore enlarges the Brewster anghg .

This measurement shows, that the angle of incidengg 65 leads to the highest
absorption structures, when measuring the relative re ean of an adsorbate layer on
hydroxylamine grown AuNP Ims of this kind. This is a di erence compared to IRRAS
spectroscopy on thick metal layers, where usually grazingaidence is preferred.

5.2.2. SEIRA of d-ODT on Au nanoparticle Ims

SEIRA of a d-ODT monolayer on hydroxylamine grown AuNP Ims a SiO,/Si sub-

strate was investigated ex-situ with IR transmission speobscopy (nhormal incidence).
For this experiment, d-ODT was used instead of ODT, becausén¢ CD-stretching

peaks in the spectra can be considered as a clear ngerprint the adsorbate. The
SEIRA enhancement was estimated by comparing the measurelsarption structures

with those of a d-ODT monolayer on a smooth Au Im.

Variation of Au nanoparticle growth time

The AuNP Ims had been prepared the following way: (i) deposion of AUNP onto
APTES treated SiO,/Si surface (deposition time: 1 h). (i) Hydroxylamine growth of
the deposited AuNP using the multi step method described irhap. 2.8.3. The number

2Because the exact position of the baseline is not known, the gak height was approximated as the
di erence between the re ection at the maximum Rmax at 2912 cntt and at the minimum R, at
2136.cmt.
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of growth cycles of the AUNP was varied from 3 to 7, each cyclasting for 2 min. After
the growth process, the samples were exposed over nightltoM solution of d-ODT
in ethanol, while the reference samples were exposedltoM solution of ODT for the
same period, as shown in the following scheme:

sample layer stack: reference layer stack:
d-ODT monolayer ODT monolayer
hydrox. grown AuNP hydrox. grown AuNP
APTES APTES
SiO,/Si SiO,/Si

Fig. 5.10 shows the measured spectra in the range of the CDedthing vibrations. The
absorption peaks can be assigned to the CD-stretching viltiens of the CD, and CDs
groups of the d-ODT molecule as follows (see Tab. 2.1 on pad®:3

2068 cm! to 2070cm'  sym. CDs
2084cm! to 2089cmt  sym. CD,
2189cm'! to 2194cm!t antisym. CD,
2215cmt to 2219cm'  antisym. CDs

While the 6 min grown AuNP Im is least SEIRA active, the 8 min to 12 min grown
Ims show about the same enhancement. However, the signi ody highest SEIRA
active Im is the one grown for 14 min.

SEIRA enhancement factor

An estimation of the SEIRA enhancement factor was done by cqraring the height
of the CD,-stretching peaks shown in Fig. 5.10 to the height of the carsponding
peak in the non-enhanced d-ODT spectrum shown in Fig. 2.15a page 34. For this
estimation, the 14 min grown AuNP Im is considered. With eq. (5.5) and taking into
account

R
Nsubsr = 3:4; # =83 ; — =0:13%;
Ro
the expected height of the absorption peak in relative tramsission would beT—I =
0:0018% However, the height of the measured absorption peak in tramission is

T—OT 0:9%; from that follows a SEIRA factor of about 490. In comparisomwith the
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growing time

tg:6 min

<
o
—
N

tg:8 min

tg:10 min

tg:12 min

tg:14 min

2068 _
2215

}0.5%

(o2}
!
i
N

1800 2000 2200 2400

Wavenumber [cm™]

Figure 5.10.: IR transmission spectra (hormal incidence) of a d-ODT SAM onhydroxylamine
grown AuUNP on APTES/SIO ,/Si. The reference was the transmission of an ODT
SAM on hydroxylamine grown AuNP on APTES/SIO ,/Si. The growing times
refer to the sample and the reference. The spectra are vertidly shifted.
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SEIRA activity of the AUNP Ims grown with the single step method, this is about
25%.

Like in chap. 5.2.1 this estimation was done assuming, thathé area covered with
adsorbates contributing to the signal is equal for the SEIRAIm and the at Im,
whereas in reality it is smaller for the SEIRA active Im, andtherefore the SEIRA
factor is higher than assumed. Because the exact extend ofigterror is not known,
the conclusion should be, that for both preparation methodshe SEIRA activity is of
the same order of magnitude.

SFM analysis

The samples corresponding to the spectra shown in Fig. 5.1@ne investigated with
SFM; the images are shown in Fig. 5.11. One must keep in mindhatt for these images,
the same error considerations must be made as discussed iapchd.2. Qualitatively,
a trend from a high amount of small discrete particles to a snlar amount of larger
particles, that are partially connected, is observable wimeconsidering Ims (b) to Im
(e). Film (b) shows a very interesting state, where small p#icles are agglomerating
to form larger particles. Film (a) consists of particles, tht seem to be larger on the
lateral scale, than those of Im (b), however, on the heightsale the particles of Im
(a) are signi cantly smaller. This might be an artefact fromthe tip. Tab. 5.2 shows
data extracted from the pictures shown in Fig. 5.11 as desbgd in detail on page 54.
Again this was done only for the Ims consisting of larger namparticles as these are less
a ected by tip convolution; still the data in the table are a ected by tip convolution
and must be considered as rough estimations.

Im A Bar Sa Y doon[nm)
(c) 071 156 127 Q30 19
(d) 088 125 113 038 21

(e) 079 139 118 Q37 22

Table 5.2.: SFM analysis of the AUNP Ims shown in Fig. 5.11. The given quantities are Acy :
area covered by Au,Aq: scanned areaAq: total 3D surface area,Aa, : 3D surface
area of the Au, Vp, : total volume of the Au, Vp: scanned area maximum height
of AUNP Im, d,om: nominal thickness of Au Im. For more information, see text.

79



5. IR spectroscopy of adsorbates on Au nanoparticles experents and discussion

(a) 6 min. (b) 8 min. (c) 10 min.

(d) 12 min. (e) 14 min.

Figure 5.11.: SFM images 600nm 500nm) of hydroxylamine grown AuNP on
APTES/SIO ,/Si. The time of hydroxylamine growth was varied in steps
of 2 min ranging from 6 min (a) to 14 min (e).
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5.2.3. In-situ SEIRA of d-ODT on Au nanoparticle Ims

SEIRA of d-ODT monolayers on hydroxylamine grown AuNP Ims vere investigated
during the adsorption process with in-situ ATR-IR spectrosopy #; = 30 , p-pol.).
Deuterated ODT was chosen instead of plain ODT in order to sepate the IR absorp-
tion peaks of the adsorbate monolayer from the ones of theweht. The AUNP Im had
been prepared on the APTES treated Sig)Si (surface of the ATR crystal) by (i) one
hour deposition of AUNP on the surface and (ii) hydroxylamie growth of the deposited
AuNP using the multi-step method of Brown et al. [87], applyig three to ve growth
cycles of2 min each (see chap. 2.8.3). After taking reference spectra wigthanol be-
ing in the ow cell, ethanol was replaced by2 M solution of d-ODT in ethanol, while
relative spectra were taken. The spectral changes in the Cédretch vibration range
are shown in Figs. 5.12a-5.14a. Qualitatively, the serie§ gpectra look very similar for
all three experiments; as the d-ODT molecules adsorb on theuNP Im, absorption
structures appear, that can be assigned to GDand CDs stretching vibrations of the
adsorbate, according to the following scheme (see Tab. 24 page 33):

2070cmt to 2073cmt  sym. CD;

2090cm' to 2091cm!  sym. CD,

2193 cm! to 2195cm'  antisym. CD,
2214cmt antisym. CD3

However, a quantitative comparison of the spectra in Figs..B2a-5.14a (please notice
the di erent scale) shows, that the area of the absorption ks is signi cantly di erent
in the three experiments, as shown in the next paragraph.

Absorption kinetics of d-ODT on AuNP Im

For each of the three adsorption experiments the area of theDCstretching absorption

structures was calculated using OPUS . This was done by irgration of the spectra
between2000 cm! and 2250 cm! and linearly interpolating the baseline in this range.
The result of the calculations is shown in Figs. 5.12b-5.140he non-equidistance of
the experimental points on the time axis is a result of the chrging time resolution

during the measurement; so is the di erent size of the errorars, as the signal-to-noise
ratio depends on the acquisition time.

The experimental points in Figs. 5.12b-5.14b were tted wh a rst-order Langmuir
model (chap. 2.10). Based on eq. (2.68) the time dependendetlee peak area was
tted with

At)=b 1 et +d; (5.6)
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(@) (b)

(8) In-situ ATR-IR spectra ( # = 30 , p-pol.) of a d-ODT SAM during the
adsorption on3 2 min grown AUNP Im/APTES/SIO ,/Si (spectra are vertically
shifted, the times next to the spectra refer to the d-ODT injection). The AuNP
Im has been prepared ex situ one day before the measurementThe reference
spectrum was taken with ethanol in the ow cell.

(b) Calculated area and rst-order Langmuir t of the absorp tion peaks between
2000cm! and 2250cm! vs. time, wheret = 0 marks the starting point of d-
ODT exposure. The dashed lines are the con dence boundarieaccording to the
standard deviations of the best t parameters. The kink in the curve is caused
by the change of the time scale. For more information, see tex
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Figure 5.13.: (a) In-situ ATR-IR spectra ( #; = 30 , p-pol.) of a d-ODT SAM during the
adsorption on4 2 min grown AUNP Im/APTES/SIO ,/Si (spectra are vertically
shifted, the times next to the spectra refer to the d-ODT injection). The AuNP
Im has been prepared ex situ one day before the measurementThe reference
spectrum was taken with ethanol in the ow cell.

(b) Calculated area and rst-order Langmuir t of the absorp tion peaks between
2000 cm! and 2250 cm? vs. time, wheret = 0 marks the starting point of d-ODT
exposure. The kink in the curve is caused by the change of theirhe scale. For
more information, see text.
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Figure 5.14.:
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(@) In-situ ATR-IR spectra ( # = 30 , p-pol.) of a d-ODT SAM during the
adsorption on5 2min grown AuNP Im/APTES/SIO ,/Si (spectra are vertically
shifted, the times next to the spectra refer to the d-ODT injection). The AuNP
Im has been prepared ex situ one day before the measurementThe reference
spectrum was taken with ethanol in the ow cell.

(b) Calculated area and rst order Langmuir t of the absorpt ion peaks between
2000 cm! and 2250 cm? vs. time, wheret = 0 marks the starting point of d-ODT
exposure. The kink in the curve is caused by the change of theime scale. For
more information, see text.



5.2. SEIRA on hydroxylamine grown Au nanopatrticles

growth time Fig. cke [ ] (cku)[mas ] blem™] (b)[em™] dcm™] (d) [em™1]
3 2min () 512b 1:680 10 2 0:040 10 2 0:3163 0:0028 399 10°% 071 10 3
4 2min (i) 5130 1:382 10 2 0:012 10 2  1:2919 0.0034 721 10° 020 10 3
5 2min (i) 5.14b  1:138 10 2 0:013 10 2  1:3004 0.0051 1.06 10 2 029 10 2

Table 5.3.: Best t parameters for the rst-order Langmuir model as shown in Figs. 5.12b-5.14b,
wherec=2 10 ®moll *.

with a = 1, which is known as an adequate parameter far-alkanethiols [93]. The
t parameters were b, ck_, and d accounting for baseline shifts including those due to
possible instabilities during the measurement. In additio to the best t curve (solid
line) in Fig. 5.12b the con dence boundaries are shown as desl lines, which are
based on the standard deviations of the best t parameters. df the other experiments
these con dence boundaries were covered by the best t curvand therefore are not
shown. All calculated best t parameters are resumed in Tab5.3. In the following,
the 3 2min grown Im is regarded as Im (i), the 4 2min grown as Im (ii), and
the 5 2min grown as Im (iii).

The t parameter b can be considered as the area of the absorption structureseaf
saturation, sinced is negligibly small compared tdy. Thereforebis proportional to the
SEIRA activity of the Im. The SEIRA activities of Im (ii) an d (iii) are equal within
their standard deviation. Film (i) is signi cantly less SEIRA active than (ii) and (iii).

The rate constant k. depends on the di usion process, i.e. the adsorbate molees)
the solvent, and the temperature. Therefore the t parameteck, it is expected to be
equal for these three experiments, since all experimentsregerformed the same way,
and the concentration of the molecules was highly reprodinde. An explanation for
the di erent values might be di erences of the d-ODT injecton into the ow cell. It
was mentioned before, that the adsorption model described kq. (2.68) is suited for a
di usion limited adsorption process, meaning that the adsdate movement is governed
only by Brownian motion of the adsorbate molecules. Howevdhe adsorbate molecules
are injected into the system by exchanging pure ethanol by adrbate molecules solved
in ethanol; therefore in the beginning of the adsorption press, the movement of the
molecules is mainly in uenced by the ow of the solvent instad of by Brownian motion,
and the assumptions of the Langmuir model are not ful lled. Aso, the uids were
exchanged manually with a syringe, giving rise to errors due a lack of reproducibility.
On the other hand, since this error a ects only the very begining of a long adsorption
process, the model for the t still seems to be appropriate,sashown by the well tting
curves in Figs. 5.12b-5.14b.

As a conclusion of this experiment one can say, that the AuNAms grown for4 2 min
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5. IR spectroscopy of adsorbates on Au nanoparticles experents and discussion

and for5 2 min show signi cantly higher SEIRA activity in ATR spectroscopy than the
AuNP Im grown for 3 2min. Therefore, the next experiment in-situ monitoring of
a DNA adsorption process with ATR-IR spectroscopy was perbrmed with a5 2min
grown AuNP Im.

5.2.4. In-situ SEIRA of 4 base DNA on Au nanoparticle Ims

The adsorption process of thiolated DNA molecules was moaied in-situ by ATR-IR
spectroscopy. The SEIRA active AUNP Im was prepared by onedur deposition of
AuNP on the APTES treated SiO,/Si surface (ATR crystal) and by applying the multi-
step method of hydroxylamine growth (5 growth cycles d® min each, see chap. 2.8.3).
The reference was measured with water in the ow cell. Fig. 55 shows the changes of
the relative re ection, after the water in the ow cell was replaced with 2 M aqueous
solution of 5'-ATCG-3'-C3Hg-SH (purchased at Eurogentec GmbH, Belgium). As can
be seen, several structures occur in the measured range. Aparison with the spectra
of adenine, guanine, cytosine, and thymine in Fig. 2.19 on ga 39 does not allow a
reliable peak assignment, since these spectra were takeonirseparated nucleic acids
and not from DNA strands.

For a comparison, IRRAS spectra#; = 83 , p-pol.) of a dry monolayer (and a multi-
layer, respectively) of 5'-ATCG-3'-GHg-SH on40 nm Au/Si were measured in vacuum.
The DNA multilayer Im was prepared by putting 50 | of 200 M DNA stock solu-
tion on the Au Im and letting it dry o. This results in an inho mogeneous Im of
10 nmol DNA on about 5 5mn? of the Au surface. The reference was the re ection
of 40 nmAu/Si. The two IRRAS spectra and the saturated ATR spectrum & Fig. 5.15
are shown in Fig. 5.16. Very strong absorption structures oabe seen in the IRRAS
spectrum of the DNA multilayer (c). However, because the absgption structures in
spectra (a) and (b) are relatively weak, most of them cannotlearly be assigned to
structures of spectrum (c). In addition, the structure of tre DNA molecules may be
di erent for a dry monolayer, a dry multilayer and a monolaye in water, which can
also be a reason for changes in the IR spectra. The dashed bm¥ig. 5.16 marks an
absorption structure of the ATR-IR spectrum (b), that presumably corresponds with
an absorption structure of the IRRAS spectrum (c). Therefa, this structure was used
to investigate the time dependence of the adsorption proes

Adsorption kinetics of the DNA molecules

For monitoring the adsorption kinetics, the area of the absption structure at
1560cmt 1735cmt (dashed box in Fig. 5.15) was calculated for each spectrumh@&
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Figure 5.15.:

5.2. SEIRA on hydroxylamine grown Au nanopatrticles

t<
t=5min
t=10 min
t =20 min
t = 60 min

t=120 min

t =260 min

1200 1400 1600 1800
Wavenumber [cm™]

In-situ ATR-IR spectra (# = 30 , p-pol.) of 5-ATCG-3'-C 3Hg-SH during the
adsorption on hydroxylamine grown AuUNP/APTES/SIO ,/Si. The Im prepara-
tion is described in the text. Times given with the spectra refer to the point of
injection of the DNA solution. The dashed box marks an absorpion structure,
that is used for monitoring the coverage of the surface by DNAmolecules (see on
the preceding page). The spectra are vertically shifted.
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Figure 5.16.: (a) ex-situ IRRAS spectrum (# = 83 , p-pol.) of a monolayer 5-ATCG-3'-
C3Hg-SH on 40 nm Au/ 1 nm Cr/SiO ,/Si in vacuum, reference: 40 nm Au/ 1 nm
Cr/SiO »/Si in vacuum,

(b) in-situ IR ATR spectrum ( # = 30 , p-pol.) of a monolayer 5-ATCG-3'-C 3Hg-
SH on AuNP/APTES/SIO ,/Si in water, reference: AUNP Im/APTES/SIO ,/Si
in water,

(c) ex-situ IRRAS spectrum (#; = 83 , p-pol.) of a multilayer 5-ATCG-3'-
C3Hg-SH on 40 nm Au/ 1 nm Cr/SiO 5/Si in vacuum, reference: 40 nm Au/ 1 nm
Cr/SiO »/Si in vacuum.

The dashed box marks an absorption structure, that is used fo monitoring the
coverage of the surface by DNA molecules. The spectra are warally shifted.
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5.2. SEIRA on hydroxylamine grown Au nanopatrticles

calculation of the peak area was done with OPUS [111] linady interpolating the
baseline betweerl560 cm! and 1735 cmt. The experimental points were tted with a
rst-order Langmuir model. According to previous consideations and eq. (2.68) the
time dependence of the peak area was tted with

At)=b 1 et +d; (5.7)

with a=0:5and b, ck_, and d being best t parameters:

best t
b 0:829 Q014
ck, 0:0994s! 0:0034s?
d 0:0277 00029

The concentration of DNA in solution wasc = 2 10 ®moll . As can be seen in
Fig. 5.17, where the peak area vs. time is plotted, the select peak area and therefore
presumably the Au surface coverage by DNA molecules ts to ¢ rst-order Langmuir
model with a = 0:5. In the beginning of the adsorption process there is a deviah, as
the majority of the points lies beneath the best t curve. Hovever, most points are
within the error on the t curve. The applicability of this m odel therefore suggests
a di usion limited adsorption processes, where every molge having contact with the
surface is bound.
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Figure 5.17.. Calculated area of the absorption structure at1560 cm* 1735cm! (dashed box
in Fig. 5.15) and rst-order Langmuir t of the peak area vs. t ime. The dashed
lines are the con dence boundaries according to the standat deviations of the
best t parameters. The point t = 0 marks the time when DNA was injected into
the system; the kink in the curve is caused by the change of théime scale at
t =22 min. During the acquisition of the spectra the time resolution was adapted,
causing a non-equidistance of the measured points on the timaxis and a change
of the size of the error bars due to the di erent signal-to-nase ratio.
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6. Summary and conclusion

In this thesis, the SEIRA activity of wet chemically preparel Au nanoparticle Ims was
investigated focusing on a better applicability in opticabiosensing. The Ims were pre-
pared by deposition of AUNP onto the substrate and a wet cheweal enlargement of
the nanoparticles, to get the typical SEIRA active morpholgy of densely packed but
yet separate islands. The resulting morphology was characized by VIS spectroscopy,
scanning force microscopy, scanning electron microscopydalR spectroscopy of ad-
sorbates. By comparing SEIRA enhanced spectra of adsorbsiterith non-enhanced
spectra of the same adsorbate, a factor of the enhancementikcbbe estimated. These
estimations show, that Ims of non-grown Au nanoparticle samonolayers were able to
enhance the absorption signals of antibodies by a factor afughly 26, while in case
of grown Au nanoparticle Ims a SEIRA enhancement by three aters of magnitude
was observed with octadecanethiol as adsorbate. Even if #gevalues are a ected by
several uncertainties e. g. the exact e ective surface incease for the adsorbate is un
known and the reproducibility for Im preparation is yet to optimize the obtained
information is very important for a deeper understanding oSEIRA and its routinely
application in biology and medicine.

VIS spectroscopy of Au nanoparticles

VIS spectroscopy has shown to be a suitable characterizatimethod for Au nanoparti-
cle Ims close to the percolation threshold. Measurementand comparing calculations
showed, that the spectral behavior of Au nanoparticle Ims ear the percolation thresh-
old is dominated by a surface plasmon polariton resonancéein becomes broader with
increasing lling fraction, nally leading to a non-transmitting Im in consistence with
theory. The transmission and re ection spectra can be desbed with a 3D Bruggeman
e ective medium model using the bulk dielectric function ofAu. While interband tran-
sitions of d-electrons have to be taken into account, the niegt of intrinsic size e ects,
i.e. size dependence of the dielectric function for parted smaller thanR  25nm,
does not lead to great discrepancies between experimentatibtained and calculated
spectra.
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6. Summary and conclusion

SFM and SEM of Au nanoparticle Ims

Scanning probe microscopy like SFM and SEM have showed to beeay helpful tool for
the analysis of Im morphology. When being aware of the advaages, disadvantages
and errors of both methods, they can be partially complemeaty methods of analysis.
SEM has the advantage of a much higher resolution compared &-M, in addition it
is a much faster method. As a result, it is easy to look onto Ige areas of the sample
in a reasonable time, compared to SFM, were a change of scangnarea is rather time
consuming, since usually the tip has to be lifted and contaetl again. Because of the
good resolution (typically up to 2nm) the coverage of the substrate by Au is imaged
very accurately. This is not the case for SFM, if the sample osists of structures in the
same size regime as the tip radius. On the other hand, SFM imegcontain a height
pro le of the morphology, and therefore also provide very imortant information.

The SFM images of hydroxylamine grown AuNP Ims (multi step nethod after one
hour of AUNP deposition) show, that with increasing growth ime more Au is placed
on the substrate; this is strongly suggested from the heiglatf the particles and their
lateral dimensions. With increasing growth time, the nanoarticles have a tendency
to coagulate, engaging the smaller particles. This leads t@ather widely branched
structures, similar to physically evaporated Ims near thepercolation threshold.

The SEM images of hydroxylamine grown AuNP Ims (single stepnethod after three
hours of AUNP deposition) show roughly similar behavior: wike for short growth time,
there are still single nanoparticles and rather narrow brashed islands, the small islands
cannot be found for longer growth times, as they are engagey larger widely branched
Au islands. All of the SEM investigated Ims still consist ofdiscrete particles with the
bare substrate in between.

IR spectroscopy of adsorbates on Au nanopatrticle Ims

In order to get information about the SEIRA activity of the chemically prepared AUNP
Im, IR spectra of adsorbates on the respective Au Im were masured. This was done
in transmission geometry, re ection geometry, and ATR geomstry.

In-situ monitoring of Au nanoparticles adsorption on SiO ,/Si The adsorption
process of AUNP on the APTES treated Si@Si was monitored with in-situ ATR-
IR spectroscopy. During the adsorption process, a SEIRA ae¢ Au nanoparticle
submonolayer was formed, as indicated by an enhancement bétOH-stretching and
OH-bending absorption band from the surrounding water. Tla enhancement is only
a ected by the enhancement of the electromagnetic eld beteen the particles; the
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chemical rst-layer e ect cannot enhance the water's vibréonal bands, since the rst
layer of the AuNP is still occupied by the negatively chargeditrate layer.

Since the height of the relative absorption band was propadnally to the nanopatrti-
cle coverage of the surface, the relative peak height vs. enplot depicted the time
dependence of the coverage. It could be shown, that the maiarpof the nanoparticle
deposition process takes place within the rst 20 minutes,ral saturation is reached
after approximately two hours. In the literature, some re@es suggest exposition times
of the surface to the AuNP dispersion of several hours; as ansequence of this experi-
ment a deposition time of one hour was determined to be su ci@. It could be shown,
that the adsorption process can be described with a rst-oet Langmuir model.

By exposition of the immobilized AuNP to AET, it was possibleto replace their citrate
coverage with an AET layer. The repellent forces between tl@mino groups of the AET
and the amino groups of the APTES layer are presumably respsible for a desorption
of the AuNP from the surface. The desorption process could detected in the ATR-IR
spectra, as the SEIRA increased absorption bands of the sounding water decreased
again, i.e. in the relative spectra an absorption signal agared, showing to higher
relative re ection. Thus it could be shown, that the depositon process of AUNP onto
APTES treated SiO,/Si substrate is reversible.

For Au nanoparticle submonolayers prepared by depositiomto a substrate for a cer-
tain time, one can say, that even if the SEIRA activity is not & its optimum because
of the large average distance between the particles, theskns are reproducible in
preparation; however care must be taken, since the adsorkathay cause this Im to
be removed from the substrate.

Antibody-antigen coupling on Au nanoparticles  Au nanoparticle submonolayers
were used as basis of an optical biosensor sensitive to a speantigen. For compari-
son, a smooth Au Im on SiG,/Si substrate, that was known to be SEIRA inactive, was
prepared the exact same way as the SEIRA active sensor. In ead speci ¢ antibody-
antigen coupling the characteristic vibrational absorptn structures of proteins could
be identi ed in the IR spectra these could not be seen for bensors exposed to
unspeci ¢ antigens, demonstrating, that this coupling dog not take place in a signif-
icant quantity. In comparison to a non-SEIRA active biosensr, the AUNP Im was
enhanced by a factor of about 26.

SEIRA of alkanethiols on AuNP  Hydroxylamine growth of AUNP was used to cre-
ate Ims with a morphology near the percolation threshold toincrease the SEIRA
activity. For the growth process two methods were used refeed to as the single
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6. Summary and conclusion

step method and the multi step method. The SEIRA activity wasinvestigated by

comparison of adsorbate experiments with SEIRA active Im&nd non-SEIRA active

Ims, as adsorbate the well investigated octadecanethiolas used (d-octadecanethiol,
respectively). The SEIRA enhancement of the Ims was by thme orders of magnitude.
It was remarkable, that for each series, the SEIRA factor wawithin the same order

of magnitude, even if SFM or SEM images indicated signi cantli erences of the mor-

phology. On the other hand, in spite of these di erences, alims consisted of relatively

densely packed metal islands that were still separated, arnllerefore were in the range
of percolation a known condition for high SEIRA activity.

In addition to ex-situ experiments in transmission and re etion geometry, in-situ ATR-
IR measurements were carried out, with d-octadecanethiolkeing the adsorbate. This
experiment was done with several hydroxylamine grown AuNPIms, where the time
of growth was varied. The absorption structures of the d-oatlecanethiol monolayer in
the spectra were large enough not only to clearly identify #nmolecule by its spectral
ngerprint (CD-stretch vibration), but also to monitor the adsorption process. In
accordance to literature, the time dependent coverage ofdhsurface was in agreement
with a rst-order Langmuir model.

SEIRA of DNA on AuNP After SEIRA activity of hydroxylamine grown AuNP
Ims was investigated in ATR geometry, a Im with high SEIRA activity was used for
the investigation of the adsorption process of a thiolated WA molecule (5-ATCG-3'-
C3He-SH). As expected from a rather complex biomolecule many aption structures
appeared in the relative re ection spectra during the ads@tion process; it was pos-
sible to monitor the adsorption process of the DNA moleculeylconsidering the time
dependence of the area of absorption structures. Like in easf the octadecanethiol,
the adsorption process was found to yield a rst-order Languair model, leading to the
conclusion, that the adsorption process of the DNA molecwdas di usion controlled,
and that every DNA molecule that makes contact to the Au surfee adsorbs.

SEIRA in biospectroscopy

The experiments presented in this thesis clearly show the ehtages, that wet chem-
ically prepared SEIRA active AUNP Ims o er to biospectrosopy. With the exper-
imental setup and the wet chemical preparation of Au Ims, itis possible to detect
monolayers of biomolecules and monitor the adsorption press in-situ by taking ad-
vantage of the SEIRA e ect.

In comparison to physically evaporated Ims, the preparatn of wet chemical AUNP
Ims is much less time consuming, since no ultra high vacuunrgatment is required,
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and therefore no time consuming activities like bakeouts deak detection have to be
done. There is also no need for an adhesive metal layer suchCasor Ti. In addition
to this, a positive side e ect is the strongly decreased nagial e ort that is needed for
this preparation method, which does not signi cantly exces the cost for the chemicals
and for glass ware. The enhancement factors obtained by thigeparation method
were remarkably high by three orders of magnitude.

On the other hand, although it was possible to reproducibly nepare SEIRA active
Ims, more control on the Im growth i.e. on the morphology wauld be desirable. It
seems, that in the process of wet chemical preparation, tieeare still uncertainties, that
foreclose the exact reproducibility, meaning that perforing the exact same preparation
twice would lead to the same morphology in the SFM or SEM imagend therefore to
the exact same SEIRA enhancement. Here, the critical poins icertainly the growing
process of the AuNP, that takes place in a short time with retavely low reproducibility.
This was especially the case for the AUNP Ims grown with the ydroxylamine single
step method, as could be detected with SEM. The main reasorr fihis is presumably
the required stirring, that leads to a turbulent ow inside the beaker during the growth
process. Therefore, considering the reproducibility of nh preparation, the multi step
method is certainly more promising.
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A. Abbreviations

AB
ADC
AFM

APTES
ATR
DNA

d-ODT

lg

IR

IRRAS

LN,
MCT

PP
PVC
RNA
SAM

SEIRA
SEM
SERS
SFM

uv
VIS

antibody

analog-digital converter

atomic force microscopy (=scanning force microscopy)
(aminopropyl)triethoxysilane

attenuated total re ection

deoxyribonucleic acid

deuterated octadecanethiol
immunoglobulin (antibody)

infrared

infrared re ection absorption spectroscopy
liquid nitrogen

mercury cadmium telluride

polypropylene

polyvinyl chloride

ribonucleic acid

self assembling monolayer

surface enhanced infrared absorption
scanning electron microscopy

surface enhanced Raman scattering
scanning force microscopy (=atomic force microscopy)
ultraviolet

visual
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B. Various IR spectra

B.1. Silicon

Fig. B.1 shows IR transmission spectra of a double sided psled and a single sided pol-
ished Si wafer. Both wafers had a naturally grown oxide layeresulting in absorption
at 1109 cmt. The other absorption structures result from dopants like Bor N. Above
1500 cm! no absorption structures can be seen in the spectra, and thelative trans-
mission isT=T, 65%in case of the double sided polished wafer (because of reieat
losses on the interfaces). In case of the single sided paddhwafer, the transmission
becomes lower with increasing wavenumber because of saartig

0.6 (a)
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L 04f -
£
0.2} . i
(b)
0.0 ' - ' - '

1000 2000 3000 4000
Wavenumber [cm™]

Figure B.1.: IR transmission spectra (normal incidence) of Si wafers. (r1:6 mm thick double
sided polished wafer, (b)0:5 mm thick single sided polished wafer. The reference
was the transmission of vacuum.
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B. Various IR spectra
B.2. Water

Fig. B.2 shows an ATR-IR spectrum (45°) of water. In the measad range two strong
absorption signals can be seen; the peak 4640 cm' can be assigned to the OH in-
plane bending mode, while the very strong structure in the rge2800cmt 3600 cm*
originates from OH stretching vibrations [124, 125].

1.0

0.9

_OH bending

0.7 -
06r OH stretching ]
N N N N 1 N N N 1 N N N 1 N N N N 1 N N N N 1 N N N N
1500 2000 2500 3000 3500 4000 4500

Wavenumber [cm]

Figure B.2.: ATR-IR spectrum (#; = 45 ) of water. The reference spectrum was taken with air
contacting the ATR crystal.
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