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1. Introduction

1. Introduction

All solid materials interact with their surroundings through their surfaces. The nature
of the interactions is determined by the physical and chemical compositions of these surfaces.
The surface chemistry will influence factors such as contact potential, catalytic activity,
corrosion rates, adhesive properties, wettability and failure mechanisms. Consequently,
surfaces influence many important properties of the solid [1]. Controlling the surface density
and selectivity of specific functional groups that exist on the surface is therefore crucial.
Active functionalities dispersed over surfaces are used as bonding agents for specific
molecules and are essential in various biomedical applications [2].

Aminated surfaces are reported to be useful in a vast number of applications such as
immobilization of biomolecules and cell growth [3-5], preparation of enzyme electrode
sensors [6] and modification of carbon nanotubes [7]. Additionally, in the field of adhesion,
amino groups on surfaces can improve the interfacial bonding between fibers and polymer
matrices [8]. These functions play also a role in biocompatibility of artificial biomaterials or
can be used for covalent bonding of bioactive molecules [9].

Amino group determination on surfaces is a challenging task and X-ray photoelectron
spectroscopy (XPS or ESCA) is one of the most widely used methods, also in combination
with FTIR [10,11], TOF-SIMS [12], and mass spectroscopy [13]. XPS along with NEXAFS
was used by Swaraj et al. [12]. The authors focused their investigation on the in situ
characterization of plasma deposited allylamine films.

Direct identification and quantification of amino groups at an aminated surface by
XPS is not possible when the amino groups coexist with a manifold of other nitrogen-
containing species with similar chemical shifts [12,14,15]. A workaround which is often used
in this case is Chemical Derivatization XPS (CD-XPS). Amino groups are reactively tagged
with molecular entities, comprising elements not originally present on the surface of the
samples, e.g. fluorine. In applying CD-XPS on plasma deposited aminated surfaces,
(4-trifluoromethyl)benzaldehyde (TFBA) and pentafluorobenzaldehyde (PFB) are often used
as derivatization reagents for primary amino groups. Fluorescence labelling is also
successfully applied to determine surface amino groups. Dansyl hydrazine and fluorogenic
pyrylium are examples of possible fluorescent markers [11, 16]. However, the
characterization and quantification of fluorescently labelled surface functionalities is still

complicated. Non-specific adsorption and binding result in enhanced background
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fluorescence and quenching phenomena. While fluorescence techniques have the advantage of
a higher sensitivity than CD-XPS, they require calibration before quantitative analysis.

Plasma polymers with amino functional groups are important in adhesion science and
biotechnology. In the latter case aminated surfaces are a preferred template for the
development of cell culture substrates or diagnostic tools such as micro assays [2,17]. Plasma
technology might be a solution for a cost effective mass production of those templates [18].
Among other approaches, low-pressure plasma polymerized allylamine films are of potential
interest because relatively high concentrations of nitrogen-containing moieties can be
obtained and a considerable fraction of them are amino groups [3].

Effects of various external plasma parameters on the chemical character of the plasma
polymers have been widely investigated. Most of them have been focused on Yasuda factor
[19] (defined as W/FM where W is the power, F is the flow rate and M is the molecular
weight of the respective monomer), power and duty cycle. Generally, low values of power
and Yasuda factor have shown a greater retention of structures from the monomer in the
plasma polymers. Inagaki et. al published similar results in terms of high monomer retention
at low power, using a mixture of carbon dioxide with acrylic acid for depositing plasma
polymers [20]. Swaraj et al. used allylamine monomer in order to apply plasma
polymerization and studied the effect of power, pressure and duty cycle on the monomer
retention. They reported that milder plasma conditions show a greater degree of monomer
retention on the polymer surface.

When amino groups are considered, it is inevitable to use derivatization techniques in
order to study the effects of external plasma parameters. Meanwhile, an optimal derivatization
procedure should be developed in order to get a high specificity, a low cross-talk and the
maximum yield from the reactions. Thus, CD-XPS should be applied to different functional

groups in order to compare the reactions and procedures.

This work has the following aims:

1. To examine surface derivatization reactions of amino groups using TFBA and
PFB, and hydroxyl groups using TFAA.
2. Amino group determination on different surfaces (e.g. spin coated surfaces,

SAMs, plasma polymerized thin films) and their comparison.
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To investigate effects of external plasma parameters on amino groups at
plasma deposited poly allylamine surfaces.
To show the efficient use of XPS and NEXAFS as complimentary tools in

surface analysis



2. CD-XPS

2. Chemical derivatization X-ray photoelectron spectroscopy (CD-XPS)

2.1. Introduction

XPS is one of the most widely used surface analytical techniques. It allows a
quantitative elemental analysis of surfaces, however its ability to detect and quantify a
number of functional groups is limited [21]. In several cases, relative chemical shifts of
different groups are below the energy resolution attainable, even by the new generation XP
spectrometers, due to the existence of significant intrinsic peak widths [22]. Therefore, the
data has only limited value for the determination of the concentration of a particular
functional group. For instance, binding energy (BE) shifts of oxygen- or nitrogen-containing
surface functional groups are smaller due to their similar electronegativity. The chemical
shifts from a large variety of such species are present in a narrow BE window, and many of
the peaks indicating these species overlap [23]. Moreover, small BE shifts induced by double
bonds are also present in this region, further complicating the analysis of the C 1s spectral
envelope. Carbon atoms can be distinguished according to the number of bonds to
neighboring oxygen atoms. For instance, a C-O will give a different shift than a C-C or a
O-C-0. However, the differentiation of hydroxyl groups from ethers, peroxides and epoxides
due to their Cls binding energies is not possible [24]. Similarly, the chemical shifts for
nitrogen containing functionalities, such as amine, imine, nitrile or amide on the C 1s or N Is
core levels, are very small.

Table 2.1 is an XPS reference table, displaying C 1s and N 1s binding energy
intervals, which are established using literature data. Some of these species, such as aliphatic
thiol SAMs, are investigated in this study and results will be discussed.

High resolution XP C Is and N 1s binding energies obtained from aromatic species
may show differences from their aliphatic counterparts. Table 2.2 displays XP C 1s and N 1s
binding energy intervals established from literature data of aromatic species.

All samples investigated in this study are analized by near-edge X-ray photoelectron
spectroscopy (NEXAFS) in conjugation with XPS. NEXAFS spectra of amino groups on
surfaces revealed that there is a broad range of spectral data and interpretations. To
summarize the status, NEXAFS data are listed in the present chapter for various amine

compounds, taken from dedicated measurements of this study and from the literature.
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Table 2.1. XPS reference table with N 1s and C 1s binding energies for aliphatic species. BE intervals are

established using literature data together with those of our own measurements.

Binding energy
N=C 397.8-399.0 [25,26]
N=C 398.0
N=C=C 398.8 [26]
NH, 399.1-399.6 [25]
NHC=0 400.3-400.7
---NH,/NH;" 400.9-401.7
C-Si 284.4 [27]
C-C,C-H 285
C-COOH (B-COOH) | 285.2 [28]
C-N 285.7-286.0 [25, 28, 29]
C-N, C-0, C=N/C=N | C=N/C=N 286.5-286.7 [25,29]
C-0 286.2-286.7 [25,27,28, 29]
=0 287.6-287.9 [25]
amide: 287.9-288.3 [28,29]
COOH 289.3-290.5 [28]
COOR 289.4

Table 2.2. XPS reference table with N 1s and C Is binding energies for aromatic species investigated in this

study. BE intervals are established using literature data together with those of our own measurements.

Binding energy
N=C 397.8-399 [30]
NH, 399.0-399.3 [30]
NHC=0 400.3-400.7
---NH,/NH;" 400.6-401.9
C-Si 284.4
C-C, C-H + Cyrom 285 +284.3
C-N 285.7-286.0 [29]
C-N, C-0, C=N/C=N | C=N/C=N 286.5-286.7 [25,29]
C-0 286.2-286.7 [29]
287.6-287.9
=0 amide: 287.9-288.3
COOH 289.3-290.5

Table 2.3 displays the NEXAFS reference table with C and N K-edge resonance
energy intervals for aliphatic species. Energy intervals are established using literature data and
those of our own measurements. Table 2.4 displays NEXAFS and N K-edge resonance energy

intervals of aromatic species, which are investigated in this study or found in literature.
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Table 2.3. NEXAFS reference table with N and C K-edge resonance energies for aromatic species investigated

in this study. BE intervals are established using literature data together with those of our own measurements.

Resonance energies
Data from literature
- - N=C 397.5-399.1 [12,15,26,29,31]
N1s - m*( N=C, N-C=C) Nt o o)
o N=C 399.0-8/400.0/402.0 [2931,32]
Nis - =*(N=C, N=C=C) N=C=C 398.7-8/401.5-402.0 [26.32]
Nis —> o*(N-H) of NHy' 398/406.0 [31,33]
Nis —> o*(N-H) 400.6-401.5 33]
Nis - w*(NHC=0) 401.0/405.1 B31]
Nis - 6*(N-C) 405.0-406.7 [29]
Nis - 6*(N=C) 4111 [29]
Nis — 6*(N=C) 4233 [29]
C=C 284.9-285.5 [15,29,34]
e C-N 285.5-9 [15.29.34]
Cls > m*(C=C, C=N, C=N) | o=\ 286.6-9 [15,29.34.35]
C=C-NH, 286.5-8
Cls — o*(C-H) 287.5-288.5 [29,34]
Cls — *(C=0) 288.2-288.7 [29,34,35]
Cls - 6*(C-C, C-N) 292.0-292.9 [29,34]
Cls - 6*(C=C, C=N) 30153025 29]

Table 2.4. NEXAFS reference table with N and C K-edge resonance energies for aliphatic species derived from

literature data together with those of our own measurements.

Resonance energies

Data from literature

N=C 397.5-399.1 [12,15,26,29-31]
N1s = n*( N=C, N-C=C) N-C=C 398.7 [31]

aromatic ©* 398.4 [29]

N=C 399.0-8/400.0/402.0 12,15,29,31
Nls = m*(N=C, N=C=C) N=C=C 398.7-8/401.5-402.0 [ [26,32}
N1s - o*(N-H) of NH;" 406.0 [31]
N1s - 6*(N-H) 400.6-401.6 [29-31]
N1s - n*(NHC=0) 401.0/405.1 [31]
N1s - o*(N-C) 405.4-407.9 [29]
Nis - 6*(N=C) 411.1 [29]
N1s - 6*(N=C) 4233 [29]

C=C284.9-285.4 [15,29,34]

C=N 285.5-9 [15,29,34]
Cl1s - n*(C=C, C=N, C=N) C=N 286.6-9 [15,29,34,36]

C=C-NH, 286.5-8

C=Ciin, 289.0 [33]
Cl1s = ¢*(C-H) 287.5-288.5 [29,34]
Cls - n*(C=0) 288.2-288.7 [29,34,35,36]
Cls -» 6*(C-C, C-N) 292.0-292.9 [29,34]
Cls > 6*(C=C, C=N) 301.5-302.5 [29]

The identification and quantification of functional groups can be improved
significantly by chemical derivatization. The method is based on a specific reaction between

the targeted functional group and a reagent containing a tag atom (e.g. fluorine), which is not
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2. CD-XPS

part of the studied surface. Quantitative analysis of the tag is then fulfilled by XPS where
derivatization may offer a significant decrease in the detection limit of the derivatization
reagent. Since the selected reagent usually contains more than one tag atom, the sensitivity is
increased due to the enhanced stoichiometry of the reagent and through the high cross-section
of the tag element.

The particular requirements for the successful development of a derivatization reaction

involve:
1. The selection of a reagent with an element having a high photoionization cross
section.
2. Stability under analysis conditions (X-rays and vacuum in XPS).
3. Selectivity, where the reagent tags only the desired functional group
quantitatively, over the entire sampling depth of the technique [24].
4. A high yield of the reaction between desired surface functional group and the

derivatization reagent.

2.2. Chemical derivatization methods and reagents used for amino and hydroxyl

group derivatizations

Liquid-phase or gas-phase reactions are the two derivatization modes, which have
been used prior to XPS analysis. In liquid-phase reactions, the surface contacts the solvent
often for extended period of time, which can lead to a reorganization of the polymer surface.
Rasmussen et al. investigated and characterized the functional groups presence in the surface
region of chemically oxidized polyethylene (PE) [37]. They showed that the surface groups
were highly mobile and migrate into the subsurface region (depth > 1 mm) under certain
conditions. Since XPS only samples the top 100 A, the migration of surface functional groups
into the subsurface region — below the sampling depth of XPS — complicates the quantitative
estimation of the functional group of interest. Using solvents in order to induce the
considerable functional group mobility can cause leaching of low molecular weight
components. The reaction solvent may also influence the surface by swelling, dissolution or
extraction. Such disadvantages complicate the use of liquid-phase derivatization reactions for
the quantitative estimation of surface functional groups. Consequently, vapour-phase
derivatization reactions seem more advantageous due to their less restructuring of the polymer
surface. However, they are difficult to implement successfully because of the additional

requirement of volatility of the imposed liquid reagents. Consequently, the reagent must be
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restricted to liquids of low boiling points or to gases. Mostly reactions are applied under
vacuum in order to work at room temperature. If the derivatization chambers are needed to be
heated, a great care must be taken in order to prevent disturbances, such as dissolution of thin
films under direct contact to the heated chamber walls.

The most frequently used solution media in the liquid-phase derivatization reactions
are pentane and nonhydrous EtOH. The samples are introduced to the boiling solvents in a
reflux condenser containing the reagents. Reaction times are 2-4 hours depending on the
reagent and the solvent. After derivatization, the sample is washed carefully in order to
remove the unreacted and adsorbed reagents. Sonicated baths with different solvents or the
clean hot reaction solvent are used for washing. However, most commonly Soxhlet extraction

is applied for around 12 h to the derivatized samples.

F (0] 0 o
F
Oy
FiC
F F o FcC ’ \\<o
F

PFB TFBA TFAA

Figure 2.1. The structures of pentafluorobenzaldehyde (PFB), (4-trifluoromethyl)benzaldehyde (TFBA) and
trifluoroaceticanhydride (TFAA)

Up to now, the accessibility and the reactivity of the amino groups are studied by
means of tagging reactions mostly with reagents, such as pentafluorobenzaldehyde (PFB),
(4-trifluoromethyl)benzaldehyde (TFBA) and with trifluoroaceticanhydride (TFAA) in liquid
and in vapour phases [2,10,38-41]. The structures of the derivatization reagents are shown in
the Fig. 2.1.

Both PFB and TFBA are solely reactive towards primary amines where TFAA reacts
with primary and secondary amines. Consequently, the reagents are specific against amines.
Other nitrogen functional groups, such as amides, imines and nitriles, do not react with the
derivatization reagents. The expected reactions during derivatization are shown in the

Fig. 2.2.

8 BAM-Dissertationsreihe



2. CD-XPS

H
o A et o,

-H,0
R F
H
I—NH2 _PF8 . I—N=C—QF
- Hy0
2 FF
0
H TFAA )\\CFS
I—N—R - N
- CF3COOH R
0
TFAA
I—NH2 —_— I_NH“/<
- CF3COOH CFs

Figure 2.2. A scheme of surface gas phase derivatization reactions of both primary and secondary amino groups.

Boiling points of all three reagents are (PFB: 164-166 °C, TFBA: 180 °C and TFAA:
40 °C) suitable for both liquid and gas phase reactions. Only a few reports discuss the use of
TFAA as an amino group tag [22,42,43] since the hydroxyl groups present on the surface are
compatible with the reagent. When -OH and -NHx groups are expected in a sample, it is
challenging to distinguish these groups by the elemental composition. The reagent can be
bonded to -OH or -NH- or -NH,. Another disadvantage of TFAA is its air-sensitivity. The
reaction should be done with great care in order to prevent or minimize a possible
hydrolization. Due to the disadvantages and the possible side reactions, TFAA was only used
for the derivatization of hydroxyl groups which is explained in the following chapters.

TFAA is by far the most applied derivatization reagent for -OH group determinations
either in the gas [44,45] or liquid phase [46]. Its high vapour pressure makes it perfectly
suitable for gas phase reactions. The reactions are fast and usually lead to a high yield [45].
However, when TFAA is applied to a surface containing exclusively oxygen-carrying
functional groups, few side reactions may occur. For instance, the epoxy group may give a
similar reaction. As already mentioned, TFAA is able to react with other nucleophilic
functional groups, such as amines or thiols. Ratner et al. carried out an X-ray photoelectron
spectroscopic investigation of the selectivity of hydroxyl derivatization reactions [47]. TFAA,
acetylchloride (AcCl) and heptafluorobutyryl-chloride (HFBuCl) were used in order to
derivatize surface hydroxyl groups. The results showed that none of the three reagents were
hydroxyl selective in the presence of other oxygen carrying functional groups, especially
epoxides. Additionally, HFBuClI is reactive towards unsaturated groups. The reactions are

shown in Fig. 2.3.
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0 (CFC0),0 CF4(CF,),COCI Q
R—O—C—CF, R—OH R—O—C— CF,—CF,—CF,
+ +
CH4COCI HCl
HO—C—CF,

Figure 2.3. Hydroxyl derivatization reactions with (CF;CO),0 (TFAA), CH3C(O)Cl (AcCl) and
CF;(CF,),C(O)Cl (HFBuCl).

There are some alternative derivatization reagents for surface hydroxyl groups when it
is necessary to avoid side reactions. Malitesta et al. used titanium di-isopropoxide-bis
(2,4-pentandionate) (TAA) in order to detect -OH groups on the surfaces of
electrosynthesized polypyrolles (Fig. 2.4). The area of the high resolution Ti 2p spectrum was

correlated to the number of derivatized -OH groups [21].

oW N

(H3C). HCO\ : 0 2propanol \ 1

(H3C) 2HCO)OQ\ SC)ZHCO).Q\

Figure 2.4. Titanium di-isopropoxide-bis(2,4-pentandionate) derivatization of surface hydroxyl groups.

Dang et al. achieved the labelling of -OH groups through silylation with
tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (TDFS). This allows the detection of -
OH groups on glass since they cannot be identified by XPS directly when glass is used as
substrate. Its presence does not result in any significant change in binding energy of either Si
or O. The Si content could be estimated by calculating the fluorine content due to the reaction
shown in Fig. 2.5 [38].

Cl Cl
R—OH + CI—%i——(CHZ)z-(CFz)s—CFg, —> OR—Si—(CH,),{(CF,)s—CF;
Cl Cl

Figure 2.5. Silylation of surface -OH groups. Although all three labile chlorine groups of the silane molecule are
available for silylation with the -OH groups in glass, only one bond is generally formed from each silicon of the

silane to the glass substrate.
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Ivanov et al. used fluorescence labelling for surface hydroxyl groups on plasma
polymerized polyethylene films (Fig. 2.6). Dansyl chloride was coupled to -OH
groups. Although the reaction procedure is long and complicated, fluorescence labelling is a

sensitive tool for quantitative determination of surface hydroxyl groups [48].
S0,Cl

3h, 20°C
R—OH + —> R—0—S0,
Pyridin
NMe, Q NMeZ

Figure 2.6. Derivatization of hydroxyl groups by dansyl chloride.

Hollaender et al. studied fluorescence labelling in order to detect carbonyl and primary
amino groups [16]. They reported that dansyl hydrazine (DHy) and fluorescamin (fluram)
label carbonyl and amino groups, respectively. As with all fluorescence markers, tagging
reactions were carried out in liquid phase. Oxygen plasma treated polyethylene films, which
carry carboxyl groups (>C=0) were used. These groups form a Schiff base (>C=N-CH,-CH,-
NH,) with diaminoethane (DAE). The nitrogen concentration represents the carbonyl
concentration. DHy reacts in a similar way to DAE. Coupling of fluorescamin to the -NH;
groups of DAE functionalized surface was done in another experiment. Fig. 2.7 displays the
functionalities on the surface after the reaction with DAE (a), DHy (b) and fluorescamin (c),
respectively. It is reported that the fluorescence yield of fluram is considerably higher than the
dansyl fluorophore and the resulting spectrum is more intense. They concluded that the

detection limit of fluorescence labelling is much lower than the detection limit of XPS, even if

(@) (b) (©) Q
-

I=N\/\NH2 I=NHNOZS oh, I= SN =0

N’ OH

e O

OH

it is considered that the XPS sensitivity of nitrogen is small.

Figure 2.7. Oxygen plasma treated polyethylene after reaction with DAE (a), DHy (b), and fluorescamin (c).

2.3. Characterization of derivatized surfaces by other analytical methods

Derivatization techniques have been extensively used in conjunction with a wide

variety of analytical techniques, such as Fourier transform infrared spectroscopy (FTIR), near

11
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edge X-ray absorption fine structure (NEXAFS) spectroscopy, time-of-flight secondary ion
mass spectrometry (TOF-SIMS) and fluorescence spectroscopy.

Before XPS, the only technique available for studying polymer surfaces was reflection
infra-red spectroscopy (either attenuated reflection (ATR) or multiple internal reflection
(MIR) spectroscopy). This technique requires fairly large samples with flat or easily
deformable surfaces and typically gives information pertaining to » 1 mm into the material. In
the recent years, improved FT-IR techniques allow an increased surface sensitivity and a
decreased sample size. Due to its ease of use, high chemical bonding information and
indestructibility, FT-IR became one of the most widely used analytical techniques to identify
specific chemical functional groups in numerous types of organic and biological samples [17].
In particular, the surfaces of organic thin layers [2,49], including plasma deposited films
[2,50] have been characterized using attenuated total reflection [2,51] and reflection-
absorption FT-IR [52-55]. Despite the advantages, FT-IR has played an ancillary role in the
quantification of specific surface chemical compositions. Functional groups are usually
analyzed using better quantitative surface analysis techniques, such as XPS, mainly because
the extinction coefficients for organic thin layers are unknown in FT-IR and even in the most
favourable cases, FT-IR cannot match the sensitivity of XPS. For compensation, several
studies have quantified organic thin layers by using FT-IR spectroscopy with another
technique, such as XPS [2,56].

The application of Auger electron spectroscopy (AES) in this field has
commonly been discounted on the grounds of unacceptably high rates of radiation damage.

Another vibrational spectroscopy with much potential in this area is Raman
spectroscopy. Spectra from thin polymer films have been described and with the Raman
microprobe it is possible to analyse polymeric materials at high spatial resolution (» 1 mm)
while sampling the first few micrometers. The great advantage of the vibrational
spectroscopies is their ability to comment on morphology, which is a very important aspect of
polymeric structures.

In parallel with the growth and development of XPS over the last three decades, the
technique of secondary ion mass spectrometry (SIMS) has also been evolving. The basic
principle of SIMS is the bombardment of a surface with a beam of energetic ions and
subsequent mass analysis of the sputtered ions and cluster ions. SIMS has much higher
elemental sensitivity than XPS and all elements including hydrogen, can be detected by this
method. Additionally, as the analysis is based on the mass separation of the secondary

particles, it has both, isotopic and molecular specificity. The time-of-flight (TOF) mass
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spectrometer is ideal for static SIMS applications. Using this instrument, the ion beam is
operated in a pulsed mode, which minimizes the number of incident ions and therefore
maximizes the available information. CD-ToF-SIMS was also used by Lee et al. in order to
quantify surface amino groups [17]. Characteristic molecular secondary ions of chemical tags
are detected by TOF-SIMS. The surface amino groups on plasma polymerized
ethylenediamine (PPEDA) films were quantified using UV-visible absorption spectroscopy
compared to FT-IR, XPS and TOF-SIMS. In order to determine the surface amine density on
PPEDA by UV-visible spectroscopy, the non-absorbing amine groups were converted into
nitrobenzyl-substituted imines [39]. Then, a correlation correlated between surface amine
densities and normalized TOF-SIMS, XPS and FT-IR intensities is applied. It is published
that TOF-SIMS revealed a good correlation between surface amine density and the secondary
ion signal of the chemical tag molecules. Quantifications by SIMS can be carried out
accurately by comparison of the specimen being examined with standards of very close
composition. However, for routine analysis of unknown specimens, quantification will not
usually be attempted.

Since often used surface sensitive methods (e.g. FT-IR and XPS) are costly and often
fail at low concentrations, the use of simple and sensitive fluorometric methods in conjunction
with labelling techniques are very attractive. Although the detection of characteristic emission
bands of surface-linked fluoropores have been often reported [48,57], the potential of
fluorometry to identify and quantify reactive groups and intermediates at surfaces is still
under discussion [58].

Steady-state spectrofluorometry and confocal flourescence microscopy were applied
by Resch-Genger et al. in order to monitor the amino functionalities on plasma coated
polypropylene (PP) [11]. They used a chromogenic and fluorogenic pyrilium label Py-1. The
corresponding derivatization reaction is shown in Fig. 2.8.

R—NH, * . R_N®
\ 7 \

Figure 2.8. The marker reaction of the blue fluorescent reporter Py-1 with surface amino functionalities,

yielding a red polymer conjugate.
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Steady-state spectrofluorometry, although commonly applied for fluorometric surface
analysis, is a bulk measurement technique that cannot differentiate between surface-attached
dye molecules and dye molecules diffused into the support material. On the other hand, the
confocal laser scanning microscopy (CLSM) yield the emission intensity as a function of the
z-axis from the top of the polymer support, within the film and from its bottom, enabling the
distinction between the dye molecules attached to amino groups localized at the PP surface
and fluoropores diffused into deeper layers of the substrates. The authors published that Py-1
is a suitable fluorescent marker to monitor primary amino groups since the reaction takes
place at room temperature and it is relatively easy compared to the same kind of marker

reactions when markers have bulky groups in ortho positions.
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3. Experimental

3.1. Surface characterization techniques
3.1.1. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy was developed in the mid-1960s by Siegbahn and
his co-workers at the University of Uppsala, Sweden [59]. In XPS, electrons are liberated
from the specimen as a result of a photoemission process. An electron is ejected from an
atomic energy level or a valence band by an X-ray photon, mostly from an Al-Ka or Mg-Ka
primary source, and its kinetic energy is analysed by the spectrometer (Fig.3.1). Then the data
presented as a graph of intensity (usually expressed as counts or counts/s or atomic units)

versus electron energy is the X-ray induced photoelectron spectrum [1].

Photoelectron  Auger electron

Vacuum level

Valence band

X-ray fluorescence

Binding energy

1) Core level

Figure 3.1. Schematic representation of photoionization process and a possible relaxation mechanism.

XPS not only allows to identify and quantify the constituting elements of a sample, but
makes it also possible to obtain information on their chemical state. The core level peaks in
XPS show a clear shift in binding energy, the so-called chemical shift, related with
differences in the chemical environment of the emitting element.

The kinetic energy of the measured electron depends on the energy hv of the primary
X-ray source. The characteristic parameter for the electron is its binding energy. The relation
between these parameters is given by the Equation 3.1 where BE and EK are respectively the
binding and the kinetic energy of the emitted photoelectron, hv is the photon energy, and ¢ is

the spectrometer work function.

BE =hv—EK - ¢ (Equation 3.1)
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3.1.1.1. Surface analysis by XPS

The primary beam of XPS has a penetration depth of a few micrometers. The
photoelectron can only travel a limited distance of nanometer scale. Since the mean free path
of the electrons in solids is very small, a majority of the detected electrons originate from the
top few atomic layers. The distance, electrons travel without undergoing an inelastic collision,
is known as the inelastic mean free path. It is typically of the order of 2 to 3 nm for the Cls,
Ols, and Nls core levels of organics when electrons have a kinetic energy between 100 to
1000 electron volts (eV). This distance corresponds to around 10 atomic layers in most

materials, and thus, the technique is surface sensitive.

3.1.1.2. Qualitative analysis

The qualitative analysis identifies the elements that are present in the specimen. For
this purpose, a survey or wide energy scan spectrum is recorded. Each element has a
characteristic XPS spectrum and a chemical shift, which can vary from a fraction of an
electron volt up to several eVs. The instrumentation of XPS is equipped with data treatment
systems running automatic peak identification tools. The computer curve fitting of a high
resolution XPS is now a routine application. The identification of composing elements of a
sample under investigation is in most cases straightforward, except unless peaks are
overlapping.

The shifts observed in XPS are due to both, initial-state and final-state effects. In the
case of initial-state effects, the charge on the atom before photoemission is responsible from
the value of the chemical shift. Consequently, when the number of bonds to electronegative
atoms increases, XPS chemical shift increases. For instance, the binding energy of Cls in a
C-F group is shifted by 2.9 eV where CF, and CF; carrying groups are shifted by 5.9 eV and
7.7 eV respectively.

Final-state effects occur after photoionization. These effects are core hole screening,
relaxation of electron orbitals and the polarization of surrounding ions. They play the major
role in the determination of chemical shift value. In most metals, a positive shift between the
elemental form, mono-, di-, and trivalent ions is expected. Cerium shows an exception by a

negative shift of nearly 2 eV between Ce and CeO, due to large final-state effects.
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3.1.1.3. Quantitative analysis
The intensity (/) of a photoelectron is given by the Equation 3.2.
I =n-J-6(Exin)'D(Exin) -‘T-L-A-A(Exin)-cos0 (Equation 3.2)

where n is the number of atoms of the element per cm’® of the sample, J is the X-ray flux in
photons/cm®sec, o(Eyiy) is the photoelectric ionization cross-section for the atomic orbital of
interest in cm”, D(Eyy) is the detection efficiency for each electron transmitted by the electron
spectrometer, T is the analyzer transmission, L is the angular asymmetry of the intensity of
the photoemission from each atom, A is the area of the sample from which photoelectrons are
detected, MEkin) is the inelastic mean free path of the photoelectrons in the sample, 6 is the

angle of emission of the electrons measured from the surface normal.

The equation 3.2 leads to

n=1/(J-o (Exin)'D(Exin)-T-L-A-A(Exin)-c0s0) (Equation 3.3)

The denominator in the Equation 3.3 can be defined as the atomic sensitivity factor, S. If a

peak from each of two elements is considered, the Equation 3.4 is obtained:
nl/nzz(ll/Sl)/(Iz/Sz) (Equation 3.4)

This expression may be used for all homogenous samples. Thus, for any spectrometer,
it is possible to develop a set of relative values of S for all of the elements. Multiple sets of
values are necessary for instruments with multiple X-ray sources at different angles relative to

the analyzer and different X-ray energies.

3.1.1.4. Instrumentation of XPS

XPS measurements were carried out with an AXIS Ultra DLD electron spectrometer
manufactured by Kratos Analytical, UK. XPS spectra were recorded using monochromated

Al Ka excitation at a pass energy of 80 eV for survey spectra and 20 eV for core level spectra.

The electron emission angle was 0° and the source-to-analyzer angle was 54°. The binding
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energy scale of the instrument was calibrated following a Kratos Analytical procedure, which
uses ISO 15472 binding energy data [60]. Spectra were taken by setting the instrument to the
hybrid lens mode and the slot mode providing approximately a 300 x 700 um2 analysis area.
In case of insulating samples the charge neutralizer was used. The binding energy scale was
corrected for charging using an electron binding energy BE of 285.0 eV for the aliphatic
hydrocarbon Cls component [61, 62].

3.1.2. Near-edge X-ray absorption fine structure (NEXAFS)

I:(} o*
Ionization energy -----—----—----—--i-m-miem e
I:> *
LUMO
HOMO *—©

hv

s
J ' Ground state

Figure 3.2. Schematic representation of an X-ray absorption process.

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy, in addition to
being surface-sensitive in the electron yield, can provide molecular information that is
complementary to XPS, in particular regarding unsaturated moieties. Using polarized, high
intensity synchrotron X-rays, NEXAFS also supplies information on functional group
orientation [6]. The spectra are obtained by monitoring the absorption of X-rays as a function
of energy, close to a core level excitation energy. Absorption is found to occur when the
photon energy can promote the core electron to an unoccupied valence orbital [29]. Strong
absorption occurs when the symmetry of the valence orbital is optimal, and sharp absorptions
occur when the valance orbital energy corresponds to a bound state. In organic polymers,
these conditions are best met when there is a ' orbital, associated with the atom (e.g. when it
displays sp or sp” hybridization). Fig 3.2 shows a schematic representation of an X-ray

absorption process.
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3.1.2.1. Instrumentation of NEXAFS

NEXAFS spectroscopy was carried out at the HE-SGM monochromator dipole magnet
beam line at the synchrotron radiation source BESSY II (Berlin, Germany). Spectra were
acquired at the C, N and F K-edges in the TEY (total energy electron yield) mode [33]. The
resolution E/AE of grid 1 at the carbonyl n* resonance of CO (hv =287.4 eV) was found to
be in the order of 2500. The slit-width used was 150 um. Spectra were recorded at an angle of
55° measured between the surface plane of the sample and the direction vector of the incident
linearly polarized light beam. In case of thiol SAMs spectra were recorded also at angles of
30° and 90°. Energy alignment of the energy scales were achieved by using an I, feature
referenced to a Cls — 7m* resonance measured with a fresh surface of a HOPG (Highly
Ordered Pyrolytic Graphite, Advanced Ceramic Corp., Cleveland, USA) at 285.4 eV [63].
Spectra are shown with the pre-edge count rate subtracted and after normalization in units of

the absorption edge jump [33].

3.1.3. Error estimations

The reported XPS values for N/C and O/C ratios or component areas after peak fittings
in this work have an estimated statistical error of 5%. For the cases where an error bar is
shown, the method of calculation is explained in the corresponding chapter. For NEXAFS

studies, no error estimation is done since the data is not used for quantification.

3.1.4. 'H - Nuclear magnetic resonance spectroscopy ("H-NMR)

NMR spectroscopy is one of the principal techniques used to obtain chemical and
structural information about molecules. NMR exploits the magnetic properties of nuclei and
measures their radio frequency absorptions. Depending on the local chemical environment,
different protons in a molecule each resonate at slightly different frequencies. Since this
frequency is dependent on the strength of the magnetic field, it is converted into a field-
independent value, known as the chemical shift. By understanding different chemical
environments, the chemical shift can be used to obtain structural information about the

investigated molecule to assign signals to an atom or a group of atoms [64].
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3.1.4.1. Instrumentation of NMR
The NMR spectra were measured with a 400 MHz multicore spectrometer from the

company Joel. CDCl; and DMSO-Dg were used as solvent. Trimethylsilane (TMS) was used

as reference.
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3.2. Preparation of test samples
3.2.1. Liquid-phase derivatization reactions of PFB and TFBA
3.2.1.1. Chemicals used

4,4’-methylenebis(2,6-dimethylaniline) (CAS 4073-98-7) was purchased from
Aldrich, 4,4’-methylenebis(2,6-diethylaniline) (CAS 13680-35-8), 4,4’-methylenebis(2,6-
diisopropylaniline) (CAS 19900-69-7) and 2,2’-diaminobibenzyl (CAS 34124-14-6) were
supplied from Acros Organics.

The derivatization reagents of 4-(trifluoromethyl)-benzaldehyde (TFBA)
(CAS455-19-6) and pentafluorobenzaldehyde (PFB) (CAS 653-37-2) were supplied from
Alfa Aesar. Ethanol (CAS 64-17-5) used as the solvent was purchased from Merck KGaA.

3.2.1.2. Reaction of 4,4’-methylenebis(2,6-dimethylanyline) with PFB

1 mmol (0.25 g) of 4,4’-methylenebis(2,6-dimethylaniline) was refluxed with 2 mmol
(0.39 g) of PFB in 10 ml of ethanol for 2 h. The colour of the solution turned into yellow
immediately after the addition of PFB. Very fast formation of a white precipitate was
observed. The reaction displayed in Fig. 3.3. The product kept in the fridge overnight and the
powder was filtrated the next day and dried under vacuum.

Yield: 0.54 g, 89%, '"H-NMR (400 MHz, CDCl3) & [ppm] = 1.13 (s, 12H, [CH3]), 3.94
(s, 2H, [CH;]), 6.91 (s, 4H, aromatic), 8.37 (s, 2H, [CH=N]).

-2H,0 F
F

o F |O |O
F
u EtOH F N N F
. - | |
F
HoN NH,
F

F

Figure 3.3. Reaction between 4,4’-methylenebis(2,6-dimethylanyline) and PFB.
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3.2.1.3. Reaction of 4,4’-methylenebis(2,6-dimethylanyline) with TFBA

1 mmol (0.25 g) of 4,4’-methylenebis(2,6-dimethylaniline) was refluxed with 2 mmol
(0.35 g) of TFBA in 10 ml of ethanol for 2 h. The light pink colour of the 4,4’-
methylenebis(2,6-dimethylaniline) — ethanol solution turned into yellow after the addition
of TFBA. A clear yellow solution formed during reflux. The solution was reduced and kept
in the fridge overnight. A yellow powder formed until the next day which was filtered off

and dried under vacuum.

Yield: 0.48 g, 86%, '"H-NMR (400 MHz, CDCl;) & [ppm] = 1.13 (s, 12H, [CH3]),
3.95 (s, 2H, [CH3]), 6.98 (s, 4H, aromatic), 7.73 and 8.02 (d, 8H, aromatic), 8.26 (s, 2H,
[CH=N)).

o
L 2 H EQOH
ZHQO
HN NH,

Figure 3.4. Reaction between 4,4’-methylenebis(2,6-dimethylanyline) and TFBA.
3.2.1.4. Reaction of 4,4’-methylenebis(2,6-diethylaniline) with PFB

1 mmol (0.31 g) of 4,4’-methylenebis(2,6-diethylaniline) was refluxed with 2 mmol
(10.39 g) of PFB in 10 ml of ethanol for 2 h (Fig. 3.5). The reaction formed a clear green
solution and kept in the fridge overnight. The yellow precipitate was filtered and dried under
vacuum.

Yield: 0.57 g, 87%, "H-NMR (400 MHz, CDCl3) & [ppm] = 1.14 (tr, 12H, [CH3]), 2.47
(g, 8H, [CH2]), 3.91 (s, 2H, [CH3]), 6.93 (s, 4H, aromatic), 8.36 (s, 2H, [CH=N]).

EtOH
K H;O

Figure 3.5. Reaction between 4,4’-methylenebis(2,6-diethylanyline) and PFB.
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3.2.1.5. Reaction of 4,4’-methylenebis(2,6-diethylaniline) with TFBA

1 mmol (0.31 g) of 4,4’-methylenebis(2,6-diethylaniline) was refluxed with 2 mmol
(0.35 g) of TFBA in 10 ml of ethanol for 2 h (Fig. 3.6). The reaction formed a clear yellow
solution and kept in the fridge. After a couple of hours, the formation of a precipitate was
observed but the solution cooled overnight. Then the yellow powder is filtered and dried
under vacuum.

Yield: 0.52 g, 87%, "H-NMR (400 MHz, CDCl3) & [ppm] = 1.10 (tr, 12H, [CH3]), 2.47
(g, 8H, [CHa)]), 3.92 (s, 2H, [CH3]), 6.95 (s, 4H, aromatic), 7.75 and 8.01 (d, 8H, aromatic),
8.28 (s, 2H, [CH=N)).

0
O O + 2 H)‘\@\ EtOH
-2 H,0
HaN NH z
z : CF4
FiC

Figure 3.6. Reaction between 4,4’-methylenebis(2,6-diethylanyline) and TFBA.

NMR data shows that the product is clean. The yield can be improved by evaporating

more solvent from the mother solution.

3.2.1.6. Reaction of 4,4’-methylenebis(2,6-diisopropylaniline) with PFB

4,4’-methylenebis(2,6-diisopropylaniline) has a purity of 85%, which has to be taken
into considerations during the calculations.

1 mmol (0.43 g, 85% purity) of 4,4’-methylenebis(2,6-diisopropylaniline) was
refluxed with 2 mmol (0.39 g) of TFB in 10 ml of ethanol for 2 h. The clear reaction solvent
kept in the fridge overnight and the powder was filtered the next day and dried under vacuum.
The reaction between 4,4’-methylenebis(2,6-diisopropylaniline) and PFB is shown in Fig. 3.7.

Yield: 0.62 g, 80%, 'H-NMR (400 MHz, CDCly) & [ppm] = 1.14 (d, 24H, [CH3]), 2.92
(sep, 4H, [CH]), 3.98 (s, 2H, [CH,]), 6.87 (s, 4H, aromatic), 8.32 (s, 2H, [CH=N]).
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o
" P EoH
+ 2 —_— F
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Figure 3.7. Reaction between 4,4’-methylenebis(2,6-diisopropylanyline) and PFB.
3.2.1.7. Reaction of 4,4’-methylenebis(2,6-diisopropylaniline) with TFBA

1 mmol (0.43 g, 85% purity) of 4,4’-methylenebis(2,6-diisopropylaniline) was
refluxed with 2 mmol (0.35 g) of TFBA in 10 ml ethanol for 2 h. The clear yellow solution
was kept in the fridge overnight, filtered the next day and dried under vacuum. The reaction
between 4,4’-methylenebis(2,6-diisopropylaniline) and TFBA is displayed in Fig. 3.8.

Yield: 0.53 g, 78 %, TH-NMR (400 MHz, CDCls) & [ppm] = 1.12 (d, 24H, [CH3)),
291 (sep, 4H, [CH]), 3.99 (s, 2H, [CH]), 7.00 (s, 4H, aromatic), 7.74 and 8.01 (d, 8H,
aromatic), 8.24 (s, 2H, [CH=N]).

o
4
O O 2 H EtoH
HN NH, 2H,0 N
CFs
FiC

Figure 3.8. Reaction between 4,4’-methylenebis(2,6-diisopropylanyline) and TFBA.

3.2.1.8. Reaction of 2,2’-diaminobibenzyl with PFB
1 mmol (0.21 g) of 2,2’-diaminobibenzyl was refluxed with 2 mmol (0.39 g) of TFB in

10 ml of ethanol for 2 h. The product formed immediately. The colourless powder was

filtered and dried in the oven. Yield: 0,47 g, 83%.
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F F
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Figure 3.9. Reaction between 2,2’-diaminobibenzyl and PFB.

Due to its insolubility in chloroform, hot DMSO was used where the product was
slightly soluble. Because of the high signal to noise ratio, the integration could not be applied.
However, the absence of the aldehyde signal and the intensive peak at 8.39 ppm shows the

formation of the Schiff base. The reaction is displayed in Fig. 3.9.

3.2.1.9. Reaction of 2,2’-diaminobibenzyl with TFBA

1 mmol (0.21 g) of 2,2’-diaminobibenzyl was refluxed with 2 mmol (0.35 g) of TFBA
in 10 ml of ethanol for 2 h. The yellow solution was kept in the fridge overnight. A colourless
powder was formed and filtered. The reaction is displayed in Fig. 3.10.

Yield: 0,45 g, 88%, 'H-NMR (400 MHz, CDCls) & [ppm] = 3.10 (s, 4H, [CH.]), 6.76 —
7.17 (m,8H, aromatic), 7.66 and 7.87 (d, 8H, aromatic), 8.00 (s, 2H, [CH=N]).

CF3

NH,
L 2 H EtOH
2 H0
NH, CFy

CF3

Figure 3.10. Reaction between 2,2’-diaminobibenzyl and TFBA.
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3.2.2. Preparation of spin coated 4,4’-methylenebis(2,6-diethylaniline) surfaces

3.2.2.1. Substrates and chemicals used

Silicon (Si) wafers were purchased from Crys Tech GmbH, Germany and were used as
substrates for the spin coating. Si wafers were cut to approximately 1 cm by 1 cm square
pieces before use. Sulfuric acid (CAS 7664-93-9) and hydrogen peroxide (CAS 7722-84-1)
were supplied from Fluka and used in order to clean the Si surfaces. Toluene (CAS 108-88-3)
was supplied from Fluka. 4,4’-methylenebis(2,6-diethylaniline) (CAS 13680-35-8) was

obtained from Acros Organics.

3.2.2.2. Cleaning procedure for silicon wafers

Si wafers were cleaned three times in an ultrasonic bath with acetone. After rinsing
with water, they were dried using a N, stream. Then Piranha solution, which typically consists
of a 30:70 v/v solution of 30% hydrogen peroxide (H,O,) and concentrated sulfuric acid
(H2S04), was prepared. The wafers were cleaned in an ultrasonic bath using the following
procedure:

1. Heating the Piranha solution to 60°C.

2. Placing the substrates into the Piranha solution for 30 s. The samples should
begin bubbling furiously. Prolonged exposure to Piranha solution may result in
sample surface roughening.

3. Removing the substrates and rinsing them in a beaker, filled with ultra pure
water.

4. Rinsing several times with ultra pure water.

5. Drying with a stream of N,.

Piranha solution should be handled with extreme care. It is a strong oxidant and reacts

violently with many organic materials.
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3.2.2.3. Spin coating of 4,4’-methylenebis(2,6-diethylaniline) on Si

Si wafers are used as substrates for spin coated samples of 4,4’-methylenebis(2,6-
diethylaniline). A 3% v/v toluene solution of 4,4’-methylenebis(2,6-diethylaniline) was
prepared and applied as a droplet onto the Si wafers. Samples were spin coated by the
CONVAC TSR 110 spin coater at 3000 rpm for 1 min.

The films were checked with an optical microscope in order to prove their fully
coverage.

The prepared surfaces were investigated before and after derivatization by XPS and
NEXAFS in order to perform quantitative analysis of the primary amino groups on the

surface.

3.2.2.4. Reaction set-up for gas-phase surface derivatizations

Derivatization chamber

Derivatization reagent

Figure 3.11 Set-up of the derivatization chamber.

Fig. 3.11 shows a scheme of the derivatization set-up. Derivatization reactions were
carried out in separate chambers and each chamber was attached to a tube, carrying the
correspondent derivatization reagent. The samples were fixed on a metal sample holder and
then introduced to the chamber. When the chamber was pumped out, the valve was opened
and the reagent penetrated to the chamber. During the derivatization of the spin coated

samples, the chamber was heated to 50°C by a hot wire.
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3.2.3. Preparation of self-assembled monolayers (SAMs)

3.2.3.1. Chemicals used

The Au substrates, which were used for the deposition of self-assembled monolayers,
were purchased from Georg Albert PVD (Germany) prepared by thermal evaporation of
30 nm of Au (purity 99.99%) onto polished single-crystal Si (100) wafers that had been pre-
coated with a 9 nm titanium adhesion layer.

1-Undecantiol, 11-hydroxyundecanthiol and 11-amino-1-undecanethiol hydro-chloride
were supplied from Asemblon INC, U.S.A, with a purity of 99%. 4-Amino-phenylbutane-1-
thiol was supplied from Terfort at al. and the synthesis has been published [65].

NEt;, acetic acid, ethanol, poly(allylamine) solution (20% w/w in HO,
MW ~65,000 g/mol) were purchased from Sigma-Aldrich and were of highest available

purity. The Si wafers were purchased from CrysTec Berlin (Germany).

3.2.3.2. Procedure for the preparation of SAMs

For the preparation of SAMs, the substrates were cleaned with piranha solution
(dipping for less than 30 s), rinsed with water and ethanol, then immersed into a 1 mM
ethanolic solution of thiol monomers, respectively. SAMs were prepared according to a
procedure published by Wang et al. [66] where 3% NEt; was added to ethanolic solutions of
thiols. Reactions took place at room temperature for 24 h in a sealed container which was
purged with nitrogen. After immersion, samples were rinsed with ethanol, an ethanolic

solution with 10% v/v acetic acid and again ethanol and blown dry with nitrogen.

3.2.3.3. Gas-phase derivatization of SAMs

Gas-phase derivatization of amino terminated SAMs (11-amino-1-undecanethiol
hydrochloride and 4-aminophenylbutane-1-thiol) were performed in order to quantify free
amino groups on the surface. TFBA and PFB were used as derivatization reagents. Both
experiments were applied for 90 min. at room temperature. Surfaces were characterized with

XPS and NEXAFS before and after surface derivatizations.
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3.2.4. Preparation of plasma polymerized allylamine samples

3.2.4.1. Chemicals used

lem x lem square pieces of silicon wafers were used as substrates. These substrates
were cleaned first by isopropanol and then by acetone in an ultrasonic bath for 15 min. each.
The substrates were dried by a stream of N,. All solvents necessary were purchased from
Sigma-Aldrich and were of highest available purity. Allylamine was purchased from Merck
(CAS 107-11-9),

3.2.4.2. Plasma deposition equipment

Figure 3.12. The scheme of plasma deposition chamber.

Fig. 3.12 displays the scheme of the plasma deposition chamber. The sample (1) is
introduced through a gate (2) to the transfer chamber (3). The sample will be moved by the
sample manipulator (4) in the plasma chamber (the chamber on top, without a number).
Liquid monomer (5) passes the flow controller (6) and evaporates through a tube (7), heated
by a hot wire. Plasma will be produced by an RF plasma generator (8). The film thickness is
measured by an oscillating quartz crystal (9). The pressure will be controlled by the valve (10)
in front of the vacuum pump (11). After deposition, the sample can be transfered to the XPS

chamber (12) and measured in-situ.
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3.2.4.3. Preparation and derivatization of plasma deposited allylamine films

Plasma deposited allylamine films were obtained at varying duty cycle, power and
pressure. The monomer flow rate was kept constant using a gas flow controller (MATTIG,
Germany). The thicknesses of the films were kept at 40 nm, which was measured by a water-
cooled quartz crystal set to 6 MHz oscillation. As the allylamine introduced to the system, the
oscillating frequency was changed and the thickness was monitored. A 13.65 MHz radio
frequency (r.f) plasma generator (CESAR™ 136), combined with a matching unit (VM1500)
made by Dressler, Stolberg, Germany, was used to establish the plasma in the reactor. The
pulse frequency can be adjusted in a range of 10 to 10* Hz and the duty cycle of the pulses
can be varied between 0.01 and 0.99. The power can be adjusted in a range between 1 and

650W.

Two sets of samples were prepared for XPS and NEXAFS studies. Both sets were
derivatized by TFBA and PFB before XPS and NEXAFS measurements. Again, a set of
derivatization reactions containing 1, 5, 20, 45, 90 and 180 min. were performed in order to

define the saturation time of the reaction.
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4. Derivatization of primary amines

4. Derivatization of primary amines
4.1. Liquid phase derivatization reactions

It is known that amino groups in general are quite reactive against aldehydes in order
to form imines via condensation reactions. Fig. 4.1 demonstrates the reaction mechanism.

Surface derivatization reactions are based on the same procedure.

R 0) o OE LCH-R
\ —_— —> R—N
NH, + 2 — H—|—,.B H( R “h0
R “N—H R
R H R™H
zwitterion unstable carbinolamine Schiff base

Figure 4.1. Reaction mechanism of the condensation reaction between a primary amino group and an aldehyde.

Before starting with gas phase surface derivatizations, a set of CD-XPS reactions was
performed in liquid phase in order to observe the reactivity of the derivatization reagents and
to detect reaction yields. Yields of liquid phase reactions are accepted to be the upper limit of
gas phase surface derivatizations. Since surface derivatization reactions are rather complicated
and may suffer from functional group migration, yields are not accepted to be higher than
reactions in liquid phase.

Different compounds carrying primary amino groups with a different sterical
hindrance were chosen. Pentafluorobenzaldehyde (PFB) and 4-(trifluoromethyl)-
benzaldehyde (TFBA) were reacted with the selected compounds in ethanolic solution under
the same conditions. Fig. 4.2 shows three derivatives of 2,6-dimethylaniline, carrying
different branching groups. The bulkiness of the groups may have a direct effect on reactivity
of the active site and can influence reaction yields, or even reaction completion. A decrease in
the yield was expected as the sterical hindrance increases. Because of its size, the isopropyl
group in ortho position to the amino functionality shields the amino groups more and was

expected to have the highest effect on the reactivity of the compound.
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o 1T
HoN NH,

4,4'-methylenebis-(2,6-dimethylaniline)

EROAS
HoN

4,4'-methylenebis-(2,6-diethylaniline)

H,N I I NH,

4,4'-methylenebis-(2,6-diisopropylaniline’

(c)

Figure 4.2. Primary amino group carrying compounds: 4,4’-methylenebis(2,6-dimethylaniline) (a), 4,4’-
methylenebis(2,6-diethylaniline) (b) and 4,4’-methylenebis(2,6-diispropylaniline) (¢).

However, in all the reactions a high yield (78-89%) is observed. 'H-NMRs of the
products do not show starting material. It is obvious that the reactions are not affected by the
steric hindrances of the three compounds. In addition to that, TFBA and PFB do not show any
superiority to each other.

Liquid phase derivatization reactions of TFBA and PFB were also applied to 2.2'-

diaminobenzyl (Fig. 4.3) in order to investigate the reaction yields.

I O
O NH;

2,2'-diaminobibenzyl
Figure 4.3. Structure of 2.2'-diaminobenzyl

2,2’-diaminobibenzyl reacts also readily with PFB and TFBA in order to form the
Schiff base with yields of 83% and 88%, respectively.

A reaction time of 2 hours in the boiling solvent was enough for the complete
conversion. 'H-NMR spectra of the residues show no starting material. Because of the fair
solubilities of the products in ethanol, quantitative yields are not achieved. Related reactions

with yields are shown in Table 4.1.
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4. Derivatization of primary amines

Table 4.1. Yields (%) of the reactions between the derivatization reagents and the compounds carrying primary

amino groups.

TFBA PFB
4,4’-methylenebis(2,6-dimethylaniline) 86 89
4,4’-methylenebis(2,6-diethylaniline) 87 87
4,4’ -methylenebis(2,6-diispropylaniline) 78 80
2,2’-diaminobibenzyl 88 83

The gas-phase surface reactions are more challenging than wet chemical reactions due
to the possible migration of compounds, unpredictable surface concentrations or
contaminations in case of plasma deposited surfaces. Thus, the yield achieved in wet chemical

reactions can only be the upper limit when a gas-phase surface reaction is performed.

4.2. Test samples

4.2.1. Spin coated samples of 4,4’-methylenebis(2,6-diethylaniline)

Before starting with the applications of plasma polymerization, a set of spin coated
samples were derivatized with TFBA and PFB, in order to study the gas phase surface
derivatization reactions. For that purpose, the compound reacting with the highest yield in the
liquid phase reactions is chosen (4,4’-methylenebis(2,6-diethylaniline)). A 3% v/v toluene
solution of 4,4’-methylenebis(2,6-diethylaniline) was prepared and applied as a droplet onto
Si wafers. Samples were then spin coated at 3000 rpm for 1 min. The films were checked with
an optical microscope to prove a fully coverage. The prepared surfaces were investigated
before and after derivatization by XPS and NEXAFS in order to perform quantitative analysis

of the primary amino groups on the surface.

4.2.1.1. XPS and NEXAFS characterization before derivatization

A spin coated surface of 4,4’-methylenebis(2,6-diethylaniline) (Fig. 4.2b) was
measured by XPS and NEXAFS before derivatization in order to assign the new peaks due to
C-F groups introduced by TFBA and PFB.

The Caromatic/Caliphaic and N/C  ratios obtained from the XPS data of 4,4’-
methylenebis(2,6-diethylaniline) match with the calculated stoichiometry. The ratio of the

aromatic carbons to the aliphatic carbons of the compound is 1.33. The value obtained from
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4. Derivatization of primary amines

the high resolution XP Cls spectra is 1.52. The nitrogen to carbon ratio of the compound is
0.095. The ratio obtained from the survey scan is 0.081. Table 4.2 displays the calculated
stoichiometry and atomic percent [at%] obtained from XP survey and high resolution XP Cls

spectra of the spin coated 4,4’-methylenebis(2,6-diethylaniline) film.

Table 4.2. Calculated stoichiometry and atomic percent [at%] from XP survey spectra of the spin coated

underivatized 4,4’-methylenebis(2,6-diethylaniline) film.

calculated stoichiometry [at%)] obtained from XPS results [at%)]

[Caromatic]
[Catiphatic]
[N]
[O]
[Cal/[Cal
il
[€C]
[N]
[O]
[Si]
[Cal/[Cal
it

aniline)

4, 4'-methylene
bis(2,6-diethyl

_.
¥}
©
(3]
!
©
—
%
=
o
=3
3]
=

1.33 1 0.095| 74 6 11

Aromatic and aliphatic carbons can be differentiated by highly resolved Cls spectra
[62]. In this case, the energy difference between aliphatic and aromatic carbons is 0.6 eV. The
C-N peak appears at 285.7 eV whereas the C-O peak appears at 286.7 eV. The feature at
288.3 eV is assigned to amide groups [65].

Binding energies [BE(eV)] and area percentages [area%] of carbon functionalities of
the spin coated underivatized 4,4’-methylenebis(2,6-diethylaniline) film are displayed in
Table 4.3. Binding energies and area percentages are obtained from high resolution XP Cls

spectrum.

Table 4.3. Binding energies [BE(eV)] and area percentages [area%] of carbon functionalities of spin coated
underivatized 4,4’-methylenebis(2,6-diethylaniline) film. The values are obtained from high resolution XP Cls

spectra.

high resolution XP

Cls spectra

2 2 ?
0 = g E
25 8|9 |9 z
o b =
£ o 8
T % 284.4 | 2850 | 285.7 | 286.7 | 2883 |BE(eV)
< ©
53 35 6 2 1 |Tarea%]
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4. Derivatization of primary amines

Fig. 4.4 shows the survey scan and the high resolution XP Cls spectra of the

underivatized sample

C1s 8000 |

45000

6000
aromatic

30000
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NHC=0 /
/_/\/-N\_////J\L/J/\‘ Si2p 2000 C-NJJ |
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Intensity [a.u.]

15000

Figure 4.4. XP survey scan and high resolution Cls spectrum of 4,4’-methylenebis(2,6-diethylaniline) spin

coated on Si wafer.

The high resolution XP Nls spectrum of the underivatized 4,4’-methylenebis(2,6-
diethylaniline) sample shows two sub-peaks. 97% of the nitrogen are assigned to primary
amino groups (BE=399.6 eV), 3% is in the form of protonated or hydrogen-bonded amine
(BE=401.3 eV). The spectrum is shown in Fig. 4.5. Binding energies [BE(eV)] and area
percentages [area%] of nitrogen functionalities of the spin coated underivatized 4,4’-
methylenebis(2,6-diethylaniline) film are displayed in Table 4.4. Binding energies and area

percentages are obtained from the high resolution XP N1s spectrum.

2000

1600 4

Intensity [a.u.]

1200 4

T T T T 1
406 404 402 400 398 396
Binding energy [eV]

Figure 4.5. High resolution XP Nls spectrum of the spin coated underivatized 4,4’-methylenebis(2,6-
diethylaniline) film.
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Table 4.4. Binding energies [BE(eV)] and area percentages [area%)] of nitrogen functionalities of the spin coated

underivatized 4,4’-methylenebis(2,6-diethylaniline) film. The values are obtained from high resolution XP Nls

spectra.
high resolution N1s spectrum
NH, --NH, / NH;"
4,4'methylenebis(2,6- 399.6 401.4 BE(eV)
diethylaniline) 97 3 [area%)]

A spin coated surface of 4,4’-methylenebis(2,6-diethylaniline) was also characterized
by NEXAFS before derivatization in order to assign the new peaks due to C-F groups
introduced by TFBA and PFB.

Fig. 4.6 gives the NEXAFS C K-edge (a) and N K-edge (b) of an underivatized spin
coated 4,4’-methylenebis(2,6-diethylaniline) film. The C K-edge spectrum displays features at
285.4 eV due to a Cls —m* =) resonance and at 288.7 eV corresponding to Cls — n* -0,
resonance. The feature at 286.5 eV is due to amino groups attached to unsaturated bond
systems (C=C-NH,). There are also various o* resonances above 292 eV [12]. For further
information we rely on the NEXAFS N K-edge spectrum of the spin coated 4,4’-
methylenebis(2,6-diethylaniline) film. Several prominent features can be seen in this
spectrum. Features at 401.4 and 405.9 eV are widely accepted to be o*n.y) and o)
resonances respectively [29]. The feature at 398.3 eV is assigned as m*n.c=c) resonances
[29,31,65].

Table 4.5 summarizes C and N K-edge resonance energies for 4,4’-methylene-bis(2,6-

diethylaniline).

Table 4.5. C and N K-edge resonance energies obtained from NEXAFS measurements of the spin coated

underivatized 4,4’-methylenebis(2,6-diethylaniline) film.

C K-edge N K-edge

resonance energies (eV) resonance energies (eV)

_ —_
s} or)
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> 5 o | = | = T & &
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S = * *
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Figure 4.6. NEXAFS C K-edge and N K-edge spectra of the spin coated underivatized 4,4’-methylene-bis(2,6-
diethylaniline) film.

When a reaction takes place between 4,4’-methylenebis(2,6-diethylaniline) and the
derivatization reagents, a new peak formation in lower BE compared to m*c-cnm2) iS

expected in the N K-edge, indicating n*n—c).
4.2.1.2. XPS and NEXAFS after derivatization with PFB

Spin coated samples of 4,4’-methylenebis(2,6-diethylaniline) were derivatized with
PFB and XPS spectra were measured. The reaction between 4,4’-methylenebis(2,6-
diethylaniline) and PFB is presented in Fig. 4.7. A set of derivatization reactions with
different reaction times (1, 5, 10, 15 and 45 min. at 50 °C) were performed in order to
determine the reaction time required for saturation. XPS measurements were taken with and
without charge neutralizer but no difference was observed. The following spectra were

measured with charge neutralizer.

(0 L F
F H
H,N NH, + 2 —F F F F
F F -2H,0
F F F F F

Figure 4.7. The derivatization reaction between 4,4’-methylenebis(2,6-diethylaniline) and PFB.

Unlike the underivatized sample, all PFB - derivatized samples show an expected
additional Cls peak at around 287.9 eV indicating the C-F bond. The intensity of the peak is

high and the shift is characteristic for the Cls spectra of all derivatized samples.
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Figure 4.8. XP Cls spectra of spin coated 4,4’-methylenebis(2,6-diethylaniline) surfaces of (a) underivatized,
(b) 1 min., (¢) 5 min., (d) 10 min., (¢) 15 min, and (f) 45 min. PFB derivatized samples, respectively.

Fig. 4.8 shows XP Cls spectra of PFB derivatized 4,4’-methylenebis(2,6-diethyl-
aniline) samples with different reaction times. The XP Cls spectrum of the underivatized
sample is also displayed for comparison. The C-N peak is observed at 285.9 eV, matching
with the literature data [65]. The peak at around 286.4 eV in all derivatized samples is
assigned to the imine groups. However, the binding energy of imines intersects with the

binding energy of C-O groups [31,25,27,28]. Due to the oxygen contamination on the surface,
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4. Derivatization of primary amines

an amino group quantification relying on C=N binding energies is not possible. Table 4.6
summarizes the binding energies and the relative component peak areas of the PFB

derivatized 4,4’-methylenebis(2,6-diethylaniline) samples.

Table 4.6. XPS data table of C 1s binding energies and relative component peak areas for PFB derivatized 4,4’-
methylenebis(2,6-diethylaniline) samples. Data of underivatized sample is also displayed for comparison. The
BE intervals are established by our own measurements matching with literature values. Relative component peak

areas represent atomic fractions per total C content.

Binding Relative component areas [%] for sample
el[l:{,%y underivatized 1 min 5 min 10 min 15 min 45 min
Caromatic 284.4 53.0 322 32.0 37.9 333 32.8
Caliphatic 285.0 35.0 22.0 21.6 18.9 22.3 22.0
C-N 285.7- 6.0 6.7 7.7 7.3 6.0 6.4
285.9
C=N, C-0O 286.4- 2.2 6.7 6.7 39 6.6 6.3
286.7
NHC=0, 288.1- 1.1 - - - - -
288.3
C-F 287.9 - 233 24.0 24.3 24.8 24.6

The high resolution XP N1s spectrum of the underivatized sample shows an NH, peak
at 399.6 eV. This peak shifts to lower energies as the reaction takes place and C=N forms. It
is not possible to differentiate between C-NH; and C=NH peaks from the high resolution XP
N1s spectra of the 1 and 5 minute reactions where both peaks appear at 399.0 eV. This peak is
assigned as a combination of unreacted primary amino groups and imine groups that are
formed by derivatization. Fig. 4.9 shows XP Nls spectra of PFB derivatized 4,4’-
methylenebis(2,6-diethyl-aniline) samples with different reaction times. The XP Nls

spectrum of the underivatized sample is also displayed for comparison.

39



4. Derivatization of primary amines

@ CNH, (b) CNH,/C=N
2000 underivatized 20004 1 min - PFB
= — 1600
E) E)
s, 1600 S
2 2
£ £
2 2
2 2
= £ 1200
12004
800
T T T T T 1 T T T T T 1
404 402 400 308 3% 34 406 404 402 400 398 39 394
Binding energy [eV] Binding energy [eV]
- C=N
(© CNH,/C=N 20 ] (g)
2000 - X
5 min - PFB 10 min - PFB
1600
— 1600 -
5 5
8 S
2 2
B k7
2 2
o o
Z 12004 £ 1200
800 800
T T T T T 1 T T T T T 1
406 404 402 400 398 39 394 406 404 402 400 398 396 304
Binding energy [eV] Binding energy [eV]
2000
(e) Cc=N ® C=N
15 min - PFB 45 min - PFB
1600 4
1600 4
3 3
KA )
= 2
2 1200 2
k3] S 1200
£ S
800 800
T T T T T ) T T T T T 1
406 404 402 400 398 39 3% 406 404 402 400 398 396 304
Binding energy [eV] Binding energy [eV]

Figure 4.9. XP Nls spectra of spin coated 4,4’-methylenebis(2,6-diethylaniline) surfaces of (a) underivatized,
(b) 1 min., (c) 5 min., (d) 10 min., (e) 15 min., and (f) 45 min. PFB derivatized samples, respectively. RH,N"-O"
peak which appears at 402.8 eV in the N1s spectra of the derivatized samples (b-f) is not assigned.

The peak, which appears between 400.3-400.7 eV in the high resolution XP Nls
spectra of 1 and 5 min. PFB derivatized 4,4’-methylenebis(2,6-diethylaniline) films, is due to
amide functionalities present on the surface. This explains the oxygen contamination found by
XP survey scans.

An additional peak appears at around 402.8 eV in all high resolution XP Nls spectra
of the PFB derivatized samples. Hollaender et al. recently published an XPS study of the

40 BAM-Dissertationsreihe



4. Derivatization of primary amines

model compounds poly(allylamine) and poly(diallylamine). The samples were derivatized
with trifluoroaceticanhydride (TFAA) in order to study the amine functionalities on the
surface. Some oxidation products were observed in the XPS spectra. The feature at 402.8 eV
in the high resolution XP Nls spectrum is attributed to amine oxide which is defined as a
reasonable intermediate in the oxidation of amines [67].

Table 4.7 summarizes the binding energies and the relative component peak areas of

PFB derivatized 4,4’-methylenebis-(2,6-diethylaniline) samples.

Table 4.7. XPS data table of N 1s binding energies and relative component peak areas for PFB derivatized 4,4’-
methylenebis(2,6-diethylaniline) samples. Data of underivatized sample is also displayed for comparison. The
BE intervals are established by our own measurements matching with literature values. Relative component peak

areas represent atomic fractions per total N content.

Binding Relative component areas [%] for sample
energy PR T T : : .
[eV] underivatized 1 min 5 min 10 min 15 min 45 min
C= 398.9 - 85 83 76
86 85
C-NH, 399.6 96.6 (399.0eV) | (399.0eV) 7 - 11
NHC=0 400.3- - 5 7 - - -
400.7
--NH, / 400.6- 34 2 3 2 6 3
NH;" 401.9
RH,N-O" | 4028 - 6 5 6 11 9

In order to detect the time of reaction completion, N/C and F/C values vs. time graphs
are plotted and displayed in Fig. 4.10. [C-F] area percentage, obtained from high resolution
Cls spectra vs. time graph is also displayed for comparison. A correction must be carried out
for both ratio diagrams due to additional atoms introduced to the surface (7 C atoms and 5 F
atoms pro amino group) after the derivatization. The correction of F/C is defined by Equation

4.1 whereas the correction of N/C ratio is defined by Equation 4.2.

F at%
[F)/[C]eome _ []—t/ (Equation 4.1)
[C]at% - 7/5 [F]at%

N at%
[NJ/[C]eomeeed _ L (Equation 4.2)
[C]al% - 7/5 [F]at%
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Spin coated 4,4’-methylenebis(2,6-diethylaniline) films were derivatized with PFB at
50°C for 1, 5, 10, 15 and 45 min. [F]/[C]"™, [N]J/[C]®™"* and [C-F] area % vs. time

graphs indicate a 15 min. reaction time for saturation.
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Figure 4.10. Spin coated 4,4’-methylenebis(2,6-diethylaniline) surfaces were derivatized with PFB for 1, 5, 10,
15 and 45 minutes to determine the time required for reaction completion. The reactions were carried out at
50°C. [F/[C]°™* (a) and [N]/[C]®™"* (b) vs. time graphs as well as [C-F] area % vs. time graph (c) indicate a
15 min. saturation reaction time. [F], [N] and [C] values are obtained from XP survey scan. [C-F] area % values

are obtained from high resolution XP Cls spectra.

From the analysis of the N1s high resolution spectrum of the saturated case (Fig.4.9 e),
we obtain 83 area% for the C=N component versus 17 area% for amino species (6 area%
hydrogen bonded or protonated amine + 11 area% RH,N"-0"). This result can be interpreted
as a yield of 82% for the coupling reaction (83 area% / (83+17) area%). The yield calculated
from the N1s spectrum is independently cross-checked by the [F]/[N] ratio obtained from the
survey scan which result in 96%. In order to quantify the [NH,] groups, an equation (Equation
4.3) should be derived concerning the reaction between 4,4’-methylenebis(2,6-diethylaniline)

and PFB.
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4. Derivatization of primary amines

"Cx(NHz)," + y(CsF5)CHO — "Cyi7yNyFs," (+H)

where x and y values can be defined by

y =[F]/5 and x = [C]-7y

y [F]
[NHa)o— — .100[at%] -  [NHas-
X 5[C] - 7[F]

. 100 [at%] (Equation 4.3)

The [NH;]s value is calculated by using stoichiometrical data and XP survey scan of
the PFB derivatized 4,4’-methylenebis(2,6-diethylaniline) film. [F] and [C] values are
obtained from theoretical data (Fig. 4.7) and from XP survey scan, respectively.

Table 4.8 displays [at%] calculated from stoichiometry and obtained XP survey scan,

including [NH;]; values obtained from Equation 4.3.

Table 4.8. [at%)] values calculated from stoichiometry and obtained from XP survey scan for PFB derivatized

4,4’-methylenebis(2,6-diethylaniline) surfaces at saturation. [NH,]; values calculated from Equation 4.3 are also

displayed.
s calculated stoichiometry [at%] obtained from XP survey scan [at%)]
§ [C] [N] [F1 | [FVIN] | [NH:]s | [C] [N] [F1 | [FVIN] | [NH:],
=
E 3 35 2 10 5 9.5 73 4 20 4.8 9.3

Table 4.9 summarizes the PFB derivatization results of spin coated 4,4’-

methylenebis(2,6-diethylaniline). The coupling reaction was applied at 50°C for 15 min.

Table 4.9. Summary of derivatization results of the reaction between 4,4’-methylenebis(2,6-diethylaniline) and

PFB. Reaction yields and surface [NH,] group concentrations are displayed.

Yield obtained from
Nls

Yield obtained from
[FVIN]

[NH,] obtained from
stoichiometry

[NH,] obtained from
survey scan

PFB derivatized 4,4°-
methylenebis(2,6-
diethylaniline)

83

96

9.5

9.3
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4. Derivatization of primary amines

Fig. 4.11 displays the NEXAFS C K-edge (1) and N K-edge (2) spectra of all PFB
derivatized 4,4’-methylenebis(2,6-diethylaniline) samples.
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Figure 4.11. NEXAFS C K-edge (1) and N K-edge (2) spectra of the underivatized and PFB derivatized (1, 5,
10, 15 and 45 min.) spin coated 4,4’-methylenebis(2,6-diethylaniline) film

The feature (a) in the C K-edge spectra of all derivatized samples appear at 285.5 eV.
This sharp peak shows a shoulder at 285.0 eV. Cls —n*c=c) and Cls —n*c=n) resonances
are expected between 284.9-285.4 eV and 285.5-285.9 eV, respectively [15,29,35]. Thus
feature (a) is assigned for a combination of ©* resonances of (C=C) and (C=N) bonds. The
peak at 278.7 eV is due to Cls —o*cu) resonances (b). PFB coupling of 4,4’-
methylenebis(2,6-diethylaniline) forms a highly conjugated system with 4 phenyl rings (Fig.
4.7), resulting in the feature at 289.0 eV (c). The peak is due to the n* resonances of (C=Ciing)
[33].
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4. Derivatization of primary amines

T*(Nn-c=c) resonance appears at 398.3 eV in the NEXAFS N K-edge spectrum of the
underivatized spin coated 4,4’-methylenebis(2,6-diethylaniline) film (Fig. 4.6b). This peak
shifts to 397.8 eV in the case of derivatized samples indicating imine formation. Nls
—1*c=xn) (d) resonances are sharp and reaches to the highest intensity at saturation (15 min.
reaction). The feature (e) appears at 401.5 eV with a shoulder at 400.6 eV due to Nls
—1*c=c=N) [14,15] and N1s —c*.m), respectively.

Table 4.10 summarizes C and N K-edge resonance energies for underivatized and PFB
derivatized 4,4’-methylenebis(2,6-diethylaniline) films. Samples were derivatized for 1, 5, 10,
15 and 45 min at 50°C.

Table 4.10. C and N K-edge resonance energies obtained from NEXAFS measurements of the spin coated
underivatized and PFB derivatized 4,4’-methylenebis(2,6-diethylaniline) films. Corresponding spectra are shown

in Fig. 4.11.

C K-edge N K-edge
resonance resonance
energies (eV) energies (eV)
~ =~ ] = z
E E £ g ‘e | b g S ~
g8 g §
T3 @ [ ® [ © [ @ [ @
285.5 278.7 | 289.0 | 397.8 | 4015

There are also various 6* resonances above 292 eV in the NEXAFS C K-edge spectra.
Features at 292.0 and 299.0 eV are due to Cls —c*c.r) resonances [16] and observed only in
derivatized samples. The peak at 293.1 eV is due to C1s —c*c.c, c.n) resonances [15,29,65].

Fig. 4.12 shows in detail all resonance features obtained from C K-edge spectrum of

PFB derivatized sample in saturation.
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Fig. 4.12. Detailed overview of the NEXAFS C K-edge spectrum PFB derivatized 4,4’-methylenebis(2,6-

diethylaniline) film (15 min. reaction time).
4.2.1.3. XPS and NEXAFS after derivatization with TFBA

Spin coated samples of 4,4’-methylenebis(2,6-diethylaniline) were derivatized with

TFBA and XPS spectra were measured.

O O X /\/’/\1\/\
H
HoN NH, © 2 /©)L -
FsC -2 H,0
FsC CF,

Figure 4.13. Derivatization reaction between 4,4’-methylenebis(2,6-diethylaniline) and TFBA.

The reaction between 4,4’-methylene-bis(2,6-diethylaniline) and TFBA is presented in
the Fig. 4.13. A set of derivatization reactions with different reaction times (1, 5, 10, 15 and
45 min. at 50 °C) were performed in order to determine the reaction time required for
saturation. XPS measurements were taken with and without charge neutralizer but no
difference was observed. The spectra presented in the following were measured with charge
neutralizer.

Unlike the underivatized sample, the TFBA - derivatized samples show an additional
peak in the high resolution XP Cls spectra at around 292.5 eV, indicating the C-F binding
energy of the trifluoromethyl group (CF3). This characteristic peak superimposes with the Cls

shake-up region for the 1 min. derivatization.
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4. Derivatization of primary amines

Since the fluorine content of the 1 min. reaction is just 0.64% on the surface, it is not
possible to detect an intensive CF; peak. In addition, the C-N binding energy appears at
around 285.8 eV. Due to the oxygen content on the surface of the spin coated films, C=N
peaks superimpose with C-O peaks and are observed at around 286.6 eV. As a result,
carbonyl groups (C=0) are also observed in the high resolution XP Cls spectra. The shake-up
region is noticeable at 290-291 eV in all spectra due to the aromatic character of the
compound. Table 4.11 summarizes the binding energies and the relative component peak

areas of the PFB derivatized 4,4’-methylenebis(2,6-diethylaniline) samples.

Table 4.11. XPS data table of C 1s binding energies and relative component peak areas for TFBA derivatized
4,4’-methylenebis(2,6-diethylaniline) samples. Data of the underivatized sample is also displayed for
comparison. The BE intervals are established by our own measurements matching with literature values.

Relative component peak areas represent atomic fractions per total C content.

Binding Relative component areas [%] for sample
el[l:{,%y underivatized 1 min 5 min 10 min 15 min 45 min
Caromatic 284.4 53.0 51.3 412 422 42.8 483
Caliphatic 285.0 35.0 37.7 37.6 36.0 36.6 359
C-N 285.7- 6 11.7 8.4 10.6
285.9 6.7 83
C=N, C-O0 286.4- 2.1 (286.2 eV) 3.14 44 2.4 (286.0 eV)
286.7
C=0 287.6- 1.7 1.2 2.8 - 1.2
287.9
NHC=0, 288.1- 1.1 - - - 1.0 -
288.3
CF; 292.6- - - 2.0 2.98 3.75 3.14
292.7

Figure 4.14 shows the high resolution XP Cls spectra of TFBA derivatized 4,4’-
methylenebis(2,6-diethylaniline) samples with different reaction times. The XP Cls spectrum

of the underivatized sample is also displayed for comparison.
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Figure 4.14. XP Cls spectra of spin coated 4,4’-methylenebis(2,6-diethylaniline) surfaces of (a) underivatized,

(b) 1 min., (¢) 5 min., (d) 10 min., (e) 15 min., and (f) 45 min. TFBA derivatized samples, respectively.
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Figure 4.15. XP Nls spectra of spin coated 4,4’-methylenebis(2,6-diethylaniline) surfaces of (a) underivatized,

(b) 1 min., (¢) 5 min., (d) 10 min., (¢) 15 min., and (f) 45 min. TFBA derivatized samples, respectively.

Figure 4.15 shows the high resolution XP Nls spectra of TFBA derivatized 4,4’-

methylenebis(2,6-diethylaniline) samples with different reaction times. The XP N1s spectrum

of the underivatized sample is also displayed for comparison.

In the high resolution XP Nls spectra of the TFBA derivatized films, the imine
binding energy (C=N) is observed at 398.9 eV. The Nls spectrum of the 1 min. TFBA
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4. Derivatization of primary amines

derivatized film, however, shows a major NH, peak at 399.1 eV due to the insufficient
reaction time. In some cases amide groups are also observed in the XP N1s spectra at around
400.6 eV. Hydrogen bonded and protonated amino groups are present between 400.8 eV and
401.7 eV. Similar to the XP high resolution Nls spectra of PFB derivatized films, the
oxidation intermediate of amines (amine oxides, RH,N'-O") is observed between 402.5 -
402.9 eV.

Table 4.12 summarizes the binding energies and the relative component peak areas in

the XP N1s spectra of PFB derivatized 4,4’-methylenebis(2,6-diethylaniline) samples.

Table 4.12. XPS data table of the N1s binding energies and relative component peak areas for the TFBA
derivatized 4,4’-methylenebis(2,6-diethylaniline) samples. Data of the underivatized sample is also displayed for
comparison. The BE intervals are established by our own measurements matching with literature values.

Relative component peak areas represent atomic fractions per total N content.

Binding Relative component areas [%] for sample
el[l:{,%y underivatized 1 min 5 min 10 min 15 min 45 min
C= 398.9 - - 57.7 577 67 73.1
C-NH, 399.1- 96.6 71.7 16.4 25.13 12.6 16.23
399.6
NHC=0 400.3- - 13.6 5.7 7.6 11.1 -
400.7
--NH, / 400.6- 3.4 8.7 12.4 6.6 5.6 6.2
NH;" 401.9
RH,N*-O 402.8 - - 8.7 29 3.6 4.4

In order to detect the time of reaction completion, N/C and F/C values vs. time graphs
are plotted and displayed in Fig. 4.16. [CF3] area percentage obtained from high resolution
[F ]at%

[Fy[C]omeeted | — (Equation 4.4)
[C]at% - 8/3 [F]at%

Cls spectra vs time graph is also displayed for comparison. A correction must be carried out
for both ratio diagrams due to additional atoms, introduced to the surface (8 C atoms and 3 F
atoms pro amino group) after the derivatization. The correction of F/C is defined by the

Equation 4.4 whereas the correction of N/C ratio is defined by the Equation 4.5.

N at%
[N}/[C]eemeeted _ L (Equation 4.5)
[Claw - 8/3[Flacs
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4. Derivatization of primary amines

Spin coated 4,4’-methylenebis(2,6-diethylaniline) films were derivatized with TFBA
at 50°C for 1, 5, 10, 15 and 45 min. [F]/[C]" [N]/[C]°"*! and [CF;] area % vs. time

graphs (Fig. 4.16 (a), (b) and (c), respectively) indicate a 15 min. reaction time for saturation.
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Figure 4.16. Spin coated 4,4’-methylenebis(2,6-diethylaniline) surfaces were derivatized with TFBA for 1, 5,
10, 15 and 45 min. to determine the time required for reaction completion. The reactions were carried out at
50°C. [F/[C]°™* (a) and [N]/[C]®™"* (b) vs. time graphs as well as [CF;] area % vs. time graph (c) indicate a
15 min. reaction time. [F], [N] and [C] values are obtained from XP survey scan. [CF;] area % values are

obtained from high resolution XP Cls spectra.

From the analysis of the Nls high resolution spectrum of the saturated sample
(Fig. 4.15 e), 67 area% for the C=N component versus 33 area% for amino species (13 area%
unreacted amines + 11 area% amide + 6 area % hydrogen bonded or protonated
amine + 3 area% RH,N'-O") is obtained. This result can be interpreted as a yield of 67% for
the coupling reaction (67 area% / (67+33) area%). The yield calculated from the Nls
spectrum is independently cross-checked by the [F]/[N] ratio (60%) obtained from the survey
scan. In order to quantify the [NH»] groups from the XP spectra, Equation 4.6 is derived
concerning the reaction between 4,4’-methylenebis(2,6-diethylaniline) and TFBA.
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4. Derivatization of primary amines

"Cx(NHz)," + y(CF3)CsHsCHO — "Cy+yNyF3," (+H) with
where x and y values can be defined by

y =[F]/3 and x = [C]-8y

y [F]
[NHaJs—= — .100[at%] -  [NHa]s-

. 100[at%]
X 3[C] - 8[F]

(Equation 4.6)

[F] and [C] values are obtained from theoretical data (Fig. 4.13) and the XP survey
scan of the TFBA derivatized 4,4’-methylenebis(2,6-diethylaniline) film in order to determine
the [NH;]; values of the calculated stoichiometry and the XPS data, respectively.

Table 4.13 displays [at%] calculated from stoichiometry and obtained from the XP

survey scan, including [NH;], values from Equation 4.6.

Table 4.13. [at%] values calculated from stoichiometry and obtained from XP survey scan for TFBA derivatized

4,4’-methylenebis(2,6-diethylaniline) surfaces at saturation. [NH,]; values calculated from Equation 4.6 are

shown.
s calculated stoichiometry [at%] obtained from XP survey scan [at%)]
< g [C] [N] [F1 | [FVIN] | [NH:] | [C] [N] [F1 | [FVIN] | [NH:]
8
E 3 37 2 6 3 9.5 64 4 8 2 6

Table 4.14 summarizes the TFBA derivatization results of spin coated 4,4’-

methylenebis(2,6-diethylaniline). The coupling reaction was applied at 50°C for 15 min.

Table 4.14. Summary of the derivatization results of the reactions between 4,4’-methylenebis(2,6-diethylaniline)

and TFBA. Reaction yields and surface [NH,] group concentrations are displayed.

Yield obtained from
Nls

Yield obtained from
[FVIN]

[NH,] obtained from
stoichiometry

[NH,] obtained from
survey scan

TFBA derivatized 4,4’-
methylenebis(2,6-
diethylaniline)

67

60

9.5

6
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Figure 4.17. NEXAFS C K-edge (1) and N K-edge (2) spectra of the underivatized and TFBA derivatized (1, 5,
10, 15 and 45 min.) spin coated 4,4’-methylenebis(2,6-diethylaniline) films.

Fig. 4.17 displays the NEXAFS C K-edge (1) and N K-edge (2) spectra of all TFBA
derivatized 4,4’-methylenebis(2,6-diethylaniline) samples. Unlike the 10 min. TFBA
derivatized sample, the feature (a) in C K-edge spectra of all samples appear at 285.5 eV. This
sharp peak shows a small shoulder at 285.1 eV. As explained in 4.2.1.2, feature (a) is assigned
to a combination of ©* resonances of (C=C) and (C=N) bonds. The peak at 286.4 eV (b) is
due to Cls—n*c-c.nm) resonances [65]. o*(C-H) resonances are only observed as a small
shoulder at 287.7 eV. TFBA coupling of 4,4’-methylenebis(2,6-diethylaniline) forms a highly
conjugated system with 4 phenyl rings (Fig. 4.13) resulting in the feature at 289.0 eV (c)
which can be explained by the n* resonances of (C=Ciiyg). In the N K-edge spectrum of the
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4. Derivatization of primary amines

10 min. derivatized sample, Cls—n*cc) appears at 284.9 eV. Cls—n* c=c.nm) resonance (b)
is observed as a small shoulder at 286.6 e¢V. Different from other derivatized samples, c*
resonances of (C-H) are observed as a sharp peak at 287.7 eV for 10 min. derivatized sample.

The m*(n.c=c) resonance appears at 398.3 eV in the NEXAFS N K-edge spectrum of
the underivatized spin coated 4,4’-methylenebis(2,6-diethylaniline) film (Fig. 4.6b). This peak
shifts to 397.9 eV in case of derivatized samples indicating imine formation. N1s —7n*c-)
(d) resonances are sharp and reach to the highest intensity at saturation (15 min. reaction).
The feature (e) appears at 401.5 eV (N1s —m*c=can)).

Table 4.15 summarizes C and N K-edge resonance energies for underivatized and
TFBA derivatized 4,4’-methylenebis(2,6-diethylaniline) films. The samples were derivatized
for 1. 5. 10, 15 and 45 min. at 50°C.

Table 4.15. C and N K-edge resonance energies obtained from NEXAFS measurements of the spin coated
underivatized and TFBA derivatized 4,4’-methylenebis(2,6-diethylaniline) films. Corresponding spectra are

shown in Fig. 4.17.

C K-edge N K-edge
resonance resonance
energies (eV) energies (eV)
~ | = = ~ Z
o = o z z = Z Il
o R Y S X
E S £ e e | 2 = e L
I - :
3B @ [ ® [ © [ @[ @
285.5 286.4 | 289.0 | 3979 | 4015

There are also various 6* resonances observed above 292 eV in the NEXAFS C K-
edge spectra. Cls —6™*c.p) resonances are observed at 295.1 eV and as a small shoulder at
291.9 eV [68]. The peak at 293.0 eV is due to Cls —c*c.c, c.n) resonances whereas the
feature at 303.0 eV is assigned to Cls —o*c=c, c=n) [65]. Fig. 4.18 shows in detail all
resonance features obtained from the C K-edge spectrum of the saturated TFBA derivatized

sample.
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Figure 4.18. A detailed overview of the NEXAFS C K-edge spectrum of the 15 min. TFBA derivatized 4,4’-
methylenebis(2,6-diethylaniline) film.

4.2.2. Self-assembled monolayers (SAMs)

4.2.2.1. Introduction

Self-assembled monolayers (SAMs) are surfaces consisting of a single layer of
molecules on a substrate. SAMs with different terminal groups have potential applications in
several areas of bioengineering, including biosensors, bio-mimetic processes, and
biomaterials due to their well-defined, organized structure and stability [69]. Outermost
terminal groups of a SAM can be functionalized and chemically modified to create well-
defined surfaces for the study of interactions with bio-molecules and cells. Some examples of
those functionalities are —CH3, -OH, -COOH, -NH;, and -(C=0)OCHj3;. An understanding of
the accessibility and reactivity of the outermost groups is a critical step in developing
systematic control of the chemical composition of the surfaces.

A common example of SAMs is an alkane thiol on gold. Sulfur has an affinity for
gold, with a binding energy in the range of 20-35 kcal/mol. An alkane with a thiol head group
will stick to the gold surface and form an ordered assembly with the alkyl chains packing
together due to van der Waal forces. The initial stage of the SAM formation usually takes

minutes or less, under normal conditions of 0.1-10 mmol/L thiol concentrations in a solvent.
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However, it is necessary to use adsorption times of 15h or more to obtain well-ordered,
defect-free SAMs.

A variety of other self-assembled monolayers can be formed. Alkyl thiols are known
to assemble on many metals including silver, copper, palladium and platinum. Alkyl silane
molecules are another well-know example of self-assemble on silicon oxide surfaces. All
these systems have been reviewed in great detail in the book "An Introduction to Ultrathin

Organic Films From Langmuir-Blodgett to Self-Assembly" by U. Alman [70].
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Figure 4.19. Preparation of SAMs. The substrate Au on Si is immersed into an EtOH solution of the desired
thiols. Initial absorption is fast (seconds); then an organization phase follows regarding head and tail groups,

which should be allowed to continue overnight for better results [71].

For the preparation of SAMs on gold substrates (Fig. 4.19), the preferred crystal face
is the (111) direction, which can be obtained either by using single crystal substrates or by
evaporation of thin Au films on flat supports, typically glass or silicon. The most common
used solvent at the low thiol concentrations is ethanol.

It becomes more and more important to precisely control chemical, structural and
biological surface properties of mixed SAMs of alkane thiols on Au(111) due to their usage as
a model of bio-mimetic [72]. However, it is still difficult to prepare and characterize mixed
SAMs with controlled chemical, structural, and biological properties. By using two differently
terminated thiols in the preparation solution, the preparation of mixed SAMs is possible. The
relative proportion of the two functionalities in the assembled SAM will then depend upon
several parameters, like the mixing ratio in solution, the alkane chain lengths, the solubilities
of the thiols in the solvent used and the properties of the chain-terminating groups. In general,
the composition will not be the same in the SAM as in the preparation solution. For instance,

co-adsorption from a solution containing two components onto a surface may lead to surface
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segregation when two components have a difference in chain length. Shevade et al. carried
out a configurational-bias Monte Carlo simulation study for the preferential absorption and
the phase segregation of alkane thiol mixed SAMs on Au(111) and found out that phase
segregation occurs when two components have a chain length difference of more than three
carbon atoms [73]. However, in cases where the two thiol molecules are of equal alkyl chain
length and no special circumstances (e.g. bulky tail groups), the SAM composition will be
almost identical to the composition of the solution (eg. HS(CH,);sCH3 and HS(CH,),s0H).

The ability to adjust the end group makes SAMs very attractive for surface reactions. -
OH or -COOH terminated SAMs were investigated by several groups. On polymer surfaces,
TFAA reacts with surface hydroxyl groups nearly quantitatively. This effect was also studied
for -OH terminated SAMs [69,74,75]. In all cases, the same reaction was applied but different
results were obtained. Bertilsson et al. studied the distribution of hydroxyl groups in a mixed
SAM of 16-mercapto-1-hexadecanol and alkane thiols by reacting it with TFAA in THF
solution. The yield was estimated as 80-90% and it is assumed that the steric hindrance
affected the yield. For vapor phase derivatization performed by Legget et al., it was published
that there were not sufficient degrees of freedom for the CF; groups to pack at the same
density as the underlying monolayer. Then Castner et al. published a nearly complete surface
reaction and concluded that the steric hindrance of the CF3 groups was not significant.

Himmel et al. [76] investigated the surface derivatization of -OH and -COOH
terminated SAMs by phenyl isocyanate (CcHsNCO, PIC). In both cases, the reactivity to gas
phase PIC was very low at room temperature. However, reaction yields of more than 80%
could be achieved by depositing multilayers on a sample cooled down to 120 K and
subsequently heating it up to 290 K.

SAMs of different terminal groups were prepared. TFBA and PFB derivatization on
NH; terminated SAMs of alkane thiols were performed. The results will be displayed in this
chapter.

4.2.2.2. Characterization of SAMs

Fig. 4.20 displays the aliphatic and aromatic thiols with different head groups attached
to Au surfaces along with reference samples. In the following, the numbers 1-6 refer to the
chemical structures displayed in this figure. After the formation of SAMs, XPS analysis were
performed for surface characterization. NEXAFS was used along with XPS to obtain

information about the surface orientation of the monolayers.
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Figure 4.20. Aliphatic and aromatic thiolates on Au: l-undecantiol (1), 11-amino-1-undecanethiolate (2),
11-hydroxyundecanthiol (3), 4-aminophenylbutane-1-thiolate (4). Chemical structures of reference samples:
poly(allylamine) (5) and 4,4’-methylenebis(2,6-diethylaniline) (6).

Organothiolate SAMs are formed from organothiols by binding the thiol group on one
end to an Au substrate. A midchain segment, normally relatively long, connects to a terminal
group like amine, which forms the outermost surface of the monolayers. In Fig. 4.21, several
possibilities for the conformation of aliphatic thiol SAMs made from 11-amino-1-
undecanethiol (2) and 11-hydroxyundecanthiol (3) are shown: The ideal case of upright alkyl
chains with free amine or hydroxyl groups and a sulphur bound to Au is shown in Fig. 2a and
2e. Connected by hydrogen bonds between the amino functionalities two molecules can form
a bilayer (Fig. 2b and 2f). When oxidation of the sulphur atom occurs, sulfonate (Fig. 2c and
2g) and sulfinate (Fig. 2d and 2h) are present. In those cases the organothiol molecule is not
participating in the ordered SAM structure, but might be attached to the amino-terminated or

hydroxy-terminated surface via hydrogen bonding or ionic interactions.
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Figure 4.21. Bonding possibilities of 11-hydroxyundecanthiol (3) and 11-amino-1-undecanethiol (2) on Au

respectively.
4.2.2.3. XPS and NEXAFS characterization of aliphatic SAMs

For sample (1) elemental analysis reveals an enhanced [C] fraction ([C]/[S] = 16:1
instead of 11:1, expected from the stoichiometry). This may be due to an aliphatic carbon
contamination that originates from incomplete substrate cleaning. The highly resolved S2p
spectrum shows a single doublet from S 2ps;, and S 2p;,, with a relative peak area ratio (1.6:1)
close to real value of 2:1 and a difference in BE of 1.2 eV as expected from literature for Au-
thiol bond formation [77].

For sample (2) the measured XPS [N]/[S] ratio (0.8:1) is consistent with the
stoichiometry of the sample. The highly resolved S2p spectrum shows a single doublet from
S2p3,» and S2p1,, with a relative peak area ratio 2:1 and a difference in BE of 1.2 eV. Aliphatic
carbon contamination, which is also revealed by the high resolution XP C 1s spectrum, may
again be the reason for increased [C] value. On bare Au surfaces, O and C were found also
after cleaning, although the samples were stored in vacuum before the analysis. The
substrate’s Au signal intensities in the XP survey spectrum and the angle dependence of the
NEXAFS underpin the character of sample (2) to be a regular monolayer.

For sample (3) elemental analysis shows a reduced ratio for [C]/[O] of 9:1 instead of
11:1. However, the highly resolved S2p spectrum shows a single doublet with a relative peak
area ratio 1.7:1 and a difference in BE of 1.2 eV. The Au signal intensities in the XP survey

spectrum and the angle dependence of the NEXAFS show an ordered monolayer.
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Reference sample (5) shows atomic ratios expected from the stoichiometry. No
substrate signals have been detected, pointing to closed layer at a thickness > ~20 nm. A
rather small O contamination was observed.

Information on elemental composition of the samples, obtained from XP survey

spectra are summarized in Table 4.16.

Table 4.16. Results of XPS elemental analysis in at%. Samples are described in Fig. 4.21.

Element sample(1) | sample(2) | sample(3) | sample(4) | sample(5) | sample(6)
[at%] [at%] [at%] [at%] [at%] [at%]

C 48 65 45 55 80 75

N - 4 - 3 19 5

0] - 9 5 3 1 11

S 3 5 2 2 - -

Au 49 16 47 37 - 9
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Fig. 4.22 displays the XPS spectrum of SAM sample (2) as an example. Although the
sample was kept under vacuum, an oxygen peak of 9% is observed in XP survey scan.
Consequently, the highly resolved XP Cls spectrum displays oxygen-bound carbon species.
The XP Nls spectrum shows two amine species. The peak at higher BE corresponds to
hydrogen-bonded or protonated amines and the peak at low BE to free amines. Due to the
preparation of amine terminated SAMs including a final acid rinsing step, a majority of
protonated amine species is expected. The highly resolved XP S2p spectrum shows the main

doublet component S 2p;, at 162.1 eV which is gold-bound thiolate, indicating monolayers

well bound to the substrate.
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Figure 4.22. XPS spectrum of 11-amino-1-undecanethiol (2) on Au. Survey spectrum (a), XP Au 4f (b), XP N
1s (¢), XP Cls (d), and XP S 2p (e) are displayed respectively.
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In order to prove a successful SAM deposition in the case of different terminated
thiols on Au, angle resolved NEXAFS was applied at the C K-edge. Fig. 4.23 displays the C
K-edge NEXAFS spectrum of 11-amino-1-undecanethiol (2) on Au as an example. NEXAFS
is well known to be a powerful technique to determine orientations of molecules adsorbed on
surfaces. Intense peaks in the difference spectra are indicative of polarization dependence in
the orbital, responsible for the NEXAFS resonance and, therefore, of well-defined
bond/functional group orientation [26,29,31-34,36,63,77-81]. The mean tilt angle of the
carbon chain in SAM (2) relative to the surface normal was estimated to be 48° following a

procedure described in [82]. This is in agreement with previously published data [34,83].
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Figure 4.23. C K-edge NEXAFS at three different angles of incident linear polarized synchrotron light (30°, 55°
and 90°) and the difference spectrum (90° - 30°) for 11-amino-1-undecanethiolate on Au (2).
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Figure 4.24. C K-edge NEXAFS of I-undecantiol (1), 1l-amino-l-undecanethiolate (2),
11-hydroxyundecanthiol (3) on Au and poly(allylamine) (5) on oxidized Si.

NEXAFS spectra at the C K-edge (Fig. 4.24) reveal Cls — o*(C-H) resonances at
287.7 eV and o*(C-C)/c*(C-N) resonances at around 292 eV. It can be speculated that the
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4. Derivatization of primary amines

feature ~0.8 eV above the o*(C-H) resonance, which was observed exclusively for
poly(allylamine), could be a small amide ©* resonance, which was also observed by Shard et
al. [29] and Dhez et al. [36] with polymer references at around 288.2 e¢V. Resonances at 285.0
and 285.6 eV represent transitions from C 1s to n*(C=C) and 7*(C=N) orbitals. Their
appearance in the spectra of nominally saturated systems may be due to radiation damage.
Because a certain number of spectra had to be acquired to reach reasonable S/N ratios, a

considerable danger of beam damage in the NEXAFS experiments occurs.

4.2.2.4. XPS and NEXAFS characterization of aromatic SAMs

Fig. 4.25 displays the XPS spectrum of SAM sample (4).
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Figure 4.25. XPS spectrum of 4-aminophenylbutane-1-thiolate (4) on Au. Survey spectrum (a), XP Au 4f (b),
XP N 1s (¢), XP Cls (d) and XP S 2p (e) are displayed respectively.
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As for the aliphatic SAM sample (2), the N:S ratio is approximately 1:1 for the
aromatic SAM sample (4). The increased [C] value is probably due to unspecific adsorption
of aliphatic and oxidized hydrocarbons, also revealed by high resolution XP Cls.
Contamination by substantial amounts of NHC=O species have been ruled out. The
substrate’s Au signal intensities in the XP survey spectrum and the angle dependence of the
NEXAFS underpin the character of sample (4) to be a regular monolayer. Highly resolved XP
S2p spectrum shows the expected doublet as observed for sample (2). XP survey scan of
underivatized SAM (4) shows a fluorine contamination. This may be caused by grease which
was used to seal the glass apparatus. Fig. 4.25 displays the XPS spectrum of SAM sample (4).

The reference sample (6) shows atomic ratios expected from the stoichiometry. Small
substrate signals, expressed as [Si] and [O], have been detected pointing to layer at a

thickness < ~10 nm.
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Figure 4.26. N K-edge NEXAFS of 4-aminophenylbutane-1-thiol on Au (4) and 4,4’-methylenebis(2,6-
diethylaniline) (6) on oxidized Si. Due to the low N surface concentration, the N K-edge electron yield is small
for the SAM (4) sample and the normalization of the spectrum is strongly influenced by the C K-edge decay
background at the N Kedge.

NEXAFS N K-edge (Fig. 4.26) spectra show N-H resonances, which are more
pronounced for the aromatic aniline derivative (6) in comparison to the N K-edges, measured
with aliphatic samples. For the reference sample (6) the spectrum shows more c* features in
the range of above ~403 eV which can be explained by its highly conjugated character. The
quality of the N K-edge spectra of the aromatic thiol on Au (4) suffer from the low N content
of the film and an enhanced radiation damage risk due to longer acquisition times has to be

assumed.
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4. Derivatization of primary amines

In the C K-edge NEXAFS spectra of aromatic films, displayed in Fig. 4.27, n*(C=C)
and *(C=N) resonances at 285.0-4 ¢V and 285.5-6 eV are distinctive. For sample (4), the
n*(C=C) resonance intensity is considerably higher, whereas for the aniline derivative (6) the
7©*(C=N) resonance intensity is more striking.
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Figure 4.27. The C K-edge NEXAFS spectra of 4-aminophenylbutane-1-thiol on Au (4) and 4,4’-
methylenebis(2,6-diethylaniline) (6) on oxidized Si.
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Figure 4.28. C K-edge NEXAFS at three different angles of incidence of linearly polarized synchrotron light
(30°, 55° and 90°) and the difference spectrum (90°-30°) for 4-aminophenylbutane-1-thiol on Au (4).

In contrast to the NEXAFS spectra of aliphatic species there is one more feature
(~289 eV) that is attributed to another n* resonance of the ring [33]. Amides which give rise
to resonances at around 288.7 eV for n*(C=0) may also contribute to this peak, but there is
no clear evidence for such species obtained from the N1s XP spectra. Similar to the aliphatic
analogues there is an evidence for C=0 bonds in the Cls XP spectra of the aromatic samples,

but these species contribute to less than 6% of the total Cls intensity.
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For SAM (4) the C K-edge NEXAFS spectra were found to be angle dependent
(Fig.4.28), proving its orientation. The mean tilt angle of the aromatic ring in SAM (4)
relative to the surface normal was estimated to be ~31.5° following a procedure described in

[84].

4.2.2.5. Derivatization and characterization of the amino terminated SAMs

Gas-phase derivatization of amino terminated SAMs were performed in order to
quantify free amino groups on the surface. SAM (4) was derivatized by TFBA whereas SAM
(2) was coupled with PFB. TFBA and PFB were used as derivatization reagents since they
react selectively with primary amino groups and are easily detectable by XPS and NEXAFS
due to their high fluorine content. Both experiments were applied at room temperature for
90 min.

Fig. 4.29 displays the coupling reaction between TFBA and SAM (4).

Figure 4.29. A scheme of the derivatization reaction between 4-aminophenylbutane-1-thiolate (4) and TFBA.

Table 4.17 summarizes the calculated stoichiometry and atomic percent [at%]
obtained from XP survey spectra. The fluorine contamination of SAM (4)
(4-aminophenylbutane-1-thiolate), (supplied from Terfort et al.) was mentioned before. In
order to obtain [F]/[C] ratio from XPS results, fluorine contamination of underivatized sample
is subtracted from the fluorine content of TFBA derivatized sample. The [C]/[N] ratios of
both underivatized and TFBA derivatized SAM (4) are consistent with the stoichiometry of

the sample. The [F]/[N] ratio is close to the theoretical value.

66 BAM-Dissertationsreihe



4. Derivatization of primary amines

Table 4.17. Calculated stoichiometry and atomic percent [at%] from the XP survey spectra of underivatized and

90 min. TFBA derivatized SAM (4) on Au.

underivatized SAM(4) TFBA derivatized SAM(4)
calculated obtained from XPS calculated obtained from XPS
stoichiometry [at%] results [at%)] stoichiometry [at%] results [at%]

[C] 10 54.9 18 58.4

[N] 1 3.0 1 2.9

[S] 1 2.1 1 2.0

[F] - 5 3 12.5
[CV/IN] 10:1 18:1 18:1 20:1
[N1/[S] 1:1 14:1 1:1 14:1
[FV/IN] - - 3:1 2.6:1

The surface spectra of underivatized 4-aminophenylbutane-1-thiolate (4) on Au were
discussed in 4.2.2.4. After derivatization, a CF3 peak at 292.8 eV is observed in the high
resolution XP Cls spectrum. Imine binding energy is observed at 398.9 eV in the Nls
spectrum of the derivatized sample. Table 4.18 summarizes the binding energies and area
percentages of carbon and nitrogen components of underivatized and TFBA derivatized SAM

).

Table 4.18. Binding energies [BE (eV)] and area percentages [area%] of carbon and nitrogen functionalities of
underivatized and TFBA derivatized 4-aminophenylbutane-1-thiolate (4) on Au. TFBA derivatization was
carried out at room temperature for 90 min. Binding energies and area percentages are obtained from high

resolution XP Cls and N1s spectra.

high resolution XP Cls spectra high resolution XP N1s spectra

Caromatic | Catiphatic C-N C=N C=0 CF; NH, C=N NHC=0O | --NH,

C-0 HNC=0 NH;"
SAM (4) | 2844 | 2850 | 2857 | 2863 | 2878 - 399.2 - 4004 - BE(eV)
43.1 19.2 13.1 6.4 2.7 - 88.2 - 11.8 - [area%)]
TFBA 284.4 285.0 285.7 286.5 287.5 292.8 - 398.9 - 401.0 | BE(eV)
SAM (4) 60.2 14.1 10.2 4.6 3.04 5.6 - 78.5 - 21.5 [area%)]

Fig. 4.30 displays XP survey scans, Cls and N1s spectra of the underivatized (a-1,2,3)
and the TFBA derivatized (b-1,2,3) SAM (4).
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Figure 4.30. XP survey scan (a-1), high resolution XP Cls (a-2) and Nls (a-3) of 4-aminophenylbutane-1-
thiolate (4) on Au. (b-1), (b-2) and (b-3) represent the XP survey scan and the high resolution XP Cls, XP Nls
of TFBA derivatized SAM (4), respectively. Surface is derivatized for 90 min at r.t.

From the analysis of the N1s high resolution spectrum, 78.5 area% of C=N component
versus 21.5 area% for hydrogen bonded or protonated amines was observed. This result can
be interpreted as a yield of 78% for the coupling reaction (78 area% / (78.5+21.5) area%).
Yields of derivatization reactions carried out in liquid phase are in the range of 78% - 88%
(4.1) and are expected to be the upper limit of gas-phase surface derivatization reactions. 78%
yield of TFBA derivatization reaction of SAM (4) is in this range. For the TFBA derivatized
SAM (4), the C K-edge NEXAFS spectra were found to be angle dependent (Fig. 4.31),
proving its orientation. Table 4.19 summarizes the C K-edge resonance energies for TFBA

derivatized 4-aminophenylbutane-1-thiolate (4).
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Table 4.19. C K-edge resonance energies obtained from NEXAFS measurements of TFBA derivatized

4-aminophenylbutane-1-thiolate (4) on Au. TFBA derivatization was carried out at r.t. for 90 min.

C K-edge resonance energies
7' (C=C) o*(C-C)
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Figure 4.31. C K-edge NEXAFS at three different angles of incidence of linear polarized synchrotron light (30°,
55° and 90°) and the difference spectrum (90°-30°) for TFBA derivatized 4-aminophenylbutane-1-thiol on Au

).
The mean tilt angle of the aromatic ring in TFBA derivatized SAM (4) relative to the

surface normal was calculated to be 60.5° [84].

11-amino-1-undecanethiol (2) on Au was derivatized with PFB at r.t. for 90 min. XPS
and NEXAFS analysis of the underivatized surface was discussed in 4.2.2.3. After
derivatization, XPS and NEXAFS measurements were applied to the surface in order to

quantify amino groups and prove the orientation of the monolayer.
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Figure 4.32. A scheme of the derivatization reaction between 11-amino-1-undecanthiol (2) and PFB.

Figure 4.32 displays the coupling reaction between SAM (2) and PFB. Table 4.20
summarizes calculated stoichiometry and atomic percent [at%] of underivatized and 90 min.

PFB derivatized SAM (2). Atomic percentages are obtained from XP survey scans.
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Table 4.20. Calculated stoichiometry and atomic percent [at%] from XP survey spectra of underivatized and 90

min. PFB derivatized SAM (2) on Au.

underivatized SAM(2) TFBA derivatized SAM(2)
calculated obtained from XPS calculated obtained from XPS
stoichiometry [at%] results [at%)] stoichiometry [at%] results [at%)]

[C] 10 65.3 18 65.5
[N] 1 42 1 1.9
[S] 1 5.4 1 2.2
[F] - - 5 8.7
[CVIN] 10:1 15:1 18:1 34:1

[NV/[S] 1:1 0.8:1 1:1 09:1

[FI/[N] - - 5:1 46:1

The [C]J/[N] ratios of both underivatized and PFB derivatized SAM (2) is somewhat
higher than expected. This may be due to a carbon contamination that originates from
incomplete substrate cleaning. [N]/[S] ratios as well as [F]/[N] ratio are consistent with the

stoichiometry of the sample.

Table 4.21. Binding energies [BE (eV)] and area percentages [area%)] of carbon and nitrogen functionalities of
underivatized and PFB derivatized 11-amino-1-undecanthiol (2) on Au. PFB derivatization was carried out at
room temperature for 90 min. Binding energies and area percentages are obtained from high resolution XP Cls

and N1s spectra.

high resolution XP Cls spectra high resolution XP N1s spectra
C-C C-N C=N C=0 C-F NH, C=N NHC=0 | --NH,
C-H C-0 NH;"
SAM(2) | 2850 2864 287.7 - 3993 - 4003 | 4013 | BE(eV)
87.3 19.2 13.1 6.4 - 18.6 - 8.8 72.6 [area%)]
PFB 285.0 285.7 286.2 287.6 288.5 - 398.9 400.3 401.7 | BE(eV)
SAM (2) 37 23.6 12.2 3.0 11.7 - 65.0 21.0 14.0 [area%)]

Table 4.21 summarizes the binding energies and area percentages of carbon and
nitrogen components of the underivatized and the PFB derivatized SAM (2). In the high
resolution XP Cls spectrum of the underivatized SAM (2) (Fig. 4.22), the C-N peak, which is
expected between 285.7-286.0 eV, superimposes with broad C-C, C-H peak and a C-O peak
at 285.0 and 286.4 eV respectively. After derivatization, a sharp C-F peak is observed at
288.5 eV the in high resolution XP C 1s spectrum of the PFB derivatized SAM (2).

From the analysis of the N1s high resolution spectrum of the PFB derivatized SAM

(2), 65 area% of C=N component versus 35 area% for hydrogen bonded or protonated amines
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and amides. This result can be interpreted as a yield of 65% for the coupling reaction
(65 area% / (65+14+21) area%). Yields of derivatization reactions were discussed in 4.1. 65%
yield obtained for PFB derivatization of SAM (2) is in expected range (max. 87% from liquid
phase).

Figure 4.33 displays XP survey scan (a), Cls (b) and Nls (c) spectra of PFB

derivatized 11-amino-1-undecanthiol (2) on Au.

(a) Au 4f

400000+ 14000+

12000 -

200000

Intensity [a.u.]
Intensity [a.u.]

10000 -{

T T T T T 1 8000 T T T T T T T 1
1200 1000 800 600 400 200 o 294 292 290 288 286 284 282 280

Binding energy [eV] Binding energy [eV]

19200

18800

Intensity [a.u.]

18400

18000 T T T T T
406 404 402 400 398 3%

Binding energy [eV]

Figure 4.33. XP survey scan (a), high resolution XP Cls (b) and Nls (c) of PFB derivatized 11-amino-1-

undecanthiol (2) on Au. PFB derivatization was carried out at room temperature for 90 min.

The C K-edge NEXAFS spectra of PFB derivatized SAM (2), were found to be angle
dependent (Fig. 4.34). Table 4.22 summarizes the C K-edge resonance energies for PFB

derivatized 11-amino-1-undecanthiol (2).
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Figure 4.34. C K-edge NEXAFS at three different angles of incidence of linear polarized synchrotron light (30°,

55° and 90°) and the difference spectrum (90°-30°) for PEB derivatized 11-amino-1-undecanthiol (2) on Au.

Table 4.22. C K-edge resonance energies obtained from NEXAFS measurements of PFB derivatized 11-amino-

1-undecanthiol (2) on Au. PFB derivatization was carried out at r.t. for 90 min.

C K-edge resonance energies
7’ (C=C) o*(C-C)
TFBA derivatized 7' (C=N) o*(C-H) o*(C-F) 6*(C-N)
SAM(4) 285.1 287.7 291.9 2929

The mean tilt angle of the aromatic ring in PFB derivatized SAM (2) relative to the

surface normal was ~64° [84].

4.2.2.6. Radiation damage effects

The application of XPS as a tool for quality control of aminated surfaces as for
instance microarray slides requires a knowledge on potential radiation damage originating
from the use of X-rays during analysis. Kristensen et al. [85] reported in an XPS study of an
amino siloxane sample that the radiation damage effect at their experimental conditions was
minimal. In agreement with that, the influences of radiation damage effects are supposed to be
negligible for all samples investigated in this study.

Though NEXAFS spectroscopy will not be a standard tool for quality control of
aminated templates, it can provide valuable information for the development of new
functional surfaces. Radiation damage potentially occurring during this kind of analysis is a

point of interest. The NEXAFS C K-edge spectra of the aliphatic amino thiol film (2) is
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shown in Figure 4.35 before and after 1 h radiation exposure at 295 eV at increased slit width.
In that way, the samples were exposed to photon fluxes much higher as in a typical NEXAFS
analysis in this study, in order to find changes in the spectra unequivocally due to radiation
damage. The result of this test are increased intensities of resonances related to unsaturated

species such as C=C and C=N.
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o
(C=C.C=N)
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Figure 4.35. NEXAFS spectra at the C K-edge of 11-amino-1-undecanethiol on Au (2). The sample was
analyzed in fresh state (black lines) and after extended X-ray exposure (samples irradiated at 295 eV for 1 hour

using the HE-SGM grid 1 and an enhanced slit width of 500 pum).

The related NEXAFS spectra at the N K-edge are shown in Figure 4.36. Resonance
intensities for unsaturated species such as N=C, N-C=C and N=C show no significant
irradiation effect in the N K-edge NEXAFS of SAM (2). It means for the SAM (2) beam
damage preferentially leads to the formation of unsaturated carbon bonds as known from
other alkane SAM NEXAFS studies [86]. Probably it is important here that there are 10 C-C
bonds but only one C-N bond per molecule in the thiol film.
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Figure 4.36. NEXAFS spectra at the N K-edge of 11-amino-1-undecanethiol on Au (2). The sample was
analyzed in fresh state (black lines) and after extended X-ray exposure (samples irradiated at 295 eV for 1 hour

using the HE-SGM grid 1 and an enhanced slit width of 500 pm).

4.3. Plasma polymerized allylamine samples

4.3.1 Introduction

Plasma polymerization is a thin film forming process onto surfaces of substrates under
the influence of plasma. Here, conversion of low-molecular weight molecules (monomers)
into high-molecular weight molecules (polymers), occurs with the assistance of the plasma
energy. Plasma polymerization mechanisms are generally very complex and involve multiple
reaction pathways ending up in the formation of a broad range of species. Ultra-thin film
forming capability of plasma polymerization is a unique and valuable asset and plasma
polymers are generally chemically inhomogeneous, branched and cross-linked.

The nature of the deposited films depends on the internal (plasma density, plasma
temperature, electron energy distribution, mean free paths, Debye length and sheath potential)
and external (reactor geometry, type of excitation, applied power, monomer pressure, gas
flow rate or duty cycle) plasma parameters. Several studies of the effect of these parameters
have been done over the past years [87-91]. Although it is possible to directly control the
internal plasma parameters, it is a highly complex and difficult task. However, as it is
performed in this work, it is possible to exercise an indirect control on these internal plasma

parameters by the control of a few selected external plasma process parameters. These
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parameters were plasma power, duty cycle and the monomer pressure during plasma
polymerization.

It is well known that during the plasma deposition of monomers containing amino
groups, fragmentation reactions occur. They result in elimination of amines as well as
transformation of amino groups into imines and nitriles [92]. These transformations can result
from the breaking of molecular bonds shown in the Fig. 4.37.

In this project, in order to minimize the transformation of the primary amino groups,
the unsaturated monomer, namely allylamine (CH,=CH-CH,-NH,), was used. The double
bond was expected to be involved in the polymerization process thereby reducing the

fragmentation of the monomer.

—CH;—NH, —> —CH,—NH + H®* — > —CH=NH+H,
L) L]
—> —CH—NH;+ H ——> —CH=NH+H,
(d
—CH=NH —>= —CH=N + H' —» _— (=N +H,
e —C—NH : H° —> —C=N-+H,

Figure 4.37. Reactions leading to the imine and nitrile formation [93].

Plasma polymerized allylamine surfaces were explored previously by Sufal et al.
concerning the effects of plasma parameters on total nitrogen yield [94]. By using CD-XPS
along with NEXAFS, it is aimed to observe the amino group retention when plasma
parameters are changed. Quantification of surface amino groups of plasma polymerized

allylamine films is also studied.

4.3.2. Characterization of plasma polymerized allylamine films

Plasma depositions of allylamine films were performed at various duty cycle, power
and pressure values in order to study the effect of plasma parameters on amino group
retention. Two sets of samples were prepared for XPS and NEXAFS studies. TFBA and PFB
were chosen as derivatization reagents since they react solely with primary amino groups and
are easily detectable by XPS and NEXAFS due to the high fluorine content. XPS and
NEXAFS measurements were done before and after derivatization. Again, a set of
derivatization reactions containing 1, 5, 20, 45, 90 and 180 min. were performed in order to
determine the reaction time required for saturation. XP Fls spectra of PFB derivatized

samples showed a second peak, besides the expected C-F binding energy, indicating side
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reactions. Thus, only TFBA derivatized samples will be explored. This limitation of PFB as a

derivatization reagent in plasma polymerized samples will be considered later in this chapter.

In order to define the time of reaction completion, plasma polymerized allylamine
samples of 20W, 0.5 duty cycle, 15 Pa and 40 nm were exposed to TFBA vapor for different
reaction times. Both F/C and N/C ratios are corrected as explained in 4.2.1.3. Both F/C*™*

and N/C*"™“d ys time graphs (4.38) show a clear 90 min. saturation.
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Figure 4.38. Plasma polymerized allylamine surfaces were derivatized with TFBA for 1, 5, 10, 45, 90 and 180
minutes to determine the time required for reaction completion. F/C®™"d and N/C*™"*d ys time graphs indicate

a 90 min. reaction time.

As a test sample, a plasma polymerized allylamine film was prepared at 20W, 0.5 duty
cycle and 15 Pa in order to study the spectral differences between underivatized and TFBA
derivatized sample. Because of the fragmentation which occurs during plasma deposition and
due to the air exposure, a complex surface carrying different functional groups is expected.

Fig. 4.39 shows a scheme of the selective derivatization of surface amino groups.

CF, CFs4
m NH OH ﬁ m ’I\IJH (l)H ICI)
C  NH, CH CH, NH, CH o CH CH, CH

TFBA

nmtm Illlll!l IIIIIIII|IIIIIIII|IIIIIIII [IIIIIII III|IIIII _— n

L IIIII[II tnntmntmme gonn II[IIIIII
Figure 4.39. A scheme of the selective derivatization reaction between surface amino groups and the marker

reagent, TFBA.
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The stoichiometrical data of the derivatization is calculated from the coupling reaction
between poly(allylamine) and TFBA (Fig.4.40). The data obtained by XPS is expected to
show deviations from the ideal case due to the different functional groups, formed by

fragmentation in plasma deposition. Table 4.23 summarizes calculated stoichiometries and

atomic percentages [at%] obtained from XP survey spectra.

n—> n

NH, N

CF3

Figure 4.40. TFBA derivatization of poly(allylamine).

Table 4.23. Calculated stoichiometry and atomic percent [at%] from XP survey spectra of plasma deposited
underivatized allylamine and 90 min TFBA-derivatized allylamine films.

calculated stoichiometry [at%] obtained from XPS results [at%]

N I e B I P P e B -

© ) O, =) = = © & =) =) = =

S =) <) =)

underivatized 3 1 - - 3 - 75 24 1 - 3 -
derivatized 11 1 - 3 11 3 64 14 4 18 4.6 1.3
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The XP survey scan, the Cls and N1s spectrum of the underivatized sample as well as
the 90 min. TFBA derivatized sample are shown in Fig. 4.41. The XP survey scan of the
underivatized sample consists of carbon and nitrogen along with traces of oxygen. The source
of oxygen is the air exposure due to the time, (approximately 5 min.), between plasma
deposition and XPS measurement. As expected, in situ XPS measurements showed no oxygen
on the surface. The Cls spectrum of the sample is fitted by fixing the binding energies

according to the data found in the literature [62].

Cis
(a-1) so000 (1) Fils Cis
40000
N 1s
= ’; N1s
s, 8,
= z
7 20000 G 20000 O1s
2 2
- o ] /V\/J\/AJ\/V‘ I
D AM\/—’/—)’I\LL V/LW\L‘/\
T T T T T 7 0 T T T T T 1
1200 1000 800 600 400 200 4 1200 1000 800 600 400 200 0
Binding energy [eV] Binding energy [eV]
(b-2)
6000 o
6000
e S 4000
S, 4000 S
= 2
2 k7
3 2
2 2
£ £
2000 2000 o
T T T T T T T 1 o T T T T T T 1
204 202 290 288 286 284 282 280 204 202 290 288 286 284 282
Binding energy (eV) Binding energy [eV]
(a-3) 40004 (b-3) C=N
4500 o
3000
3 e
A A
> 3000 >
Z E
5 $ 2000
5 =
1500 4
1000 +
T T T T

T
400
Binding energy [eV]

404

404

400 a8
Binding energy [eV]

Figure 4.41. XP survey scan (a-1), Cls (a-2) and N1s (a-3) spectrum of the underivatized poly(allylamine) film
that was deposited at 20W, 0.5 duty cycle and 15 Pa are shown on the left row. The right row displays XP survey
scan (b-1), Cls (b-2) and N1s (b-3) of the 90 min TFBA derivatized poly(allylamine) film deposited at 20W, 0.5
duty cycle and 15 Pa.
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The XPS measurement was repeated after the same film was derivatized with TFBA.
Unlike the underivatized sample, the XP survey scan of the derivatized film shows an
additional fluorine peak due to the trifluoromethyl groups attached to the derivatization
reagent. The reaction between the surface primary amino groups and TFBA can be proved by
the CF; peak appears at 292.8 eV in the XP Cls spectrum. Due to the fact that the surface
nitrogen content of the derivatized sample consists of different nitrogen species, the [F]/[N]

ratio is less than the theoretical value calculated from the polyallylamine structure.

Table 4.24. Binding energies [BE(eV)] and area percentages [area%] of carbon and nitrogen functionalities of
plasma deposited underivatized polyallylamine and TFBA derivatized polyallylamine films. Plasma deposition
was carried out at 20W, 0.5 duty cycle and 15 Pa, derivatization time 90 min. Binding energies and area

percentages are obtained from high resolution XP Cls and N1s spectra.

high resolution XP high resolution XP
Cls spectra Nls spectra
Cc-C C-N C=N Cc=0 CF3 N=C NH, N=C | NHC=0 | --NH,
C-H C-0 NHC=0 NH;"
C=N

underivatized | 285.0 | 2859 | 286.7 | 288.0 - 398.0 399.0 400.5 - BE(eV)
sample 54 28 16 2 _ 18 79 3 - [area%)
derivatized | 285.0 | 285.9 | 286.7 | 288.0 | 292.8 | 398.0 | 399.5 | 398.5 - 401.8 | BE(eV)
sample 51 23 14 9 3 13 14 71 - 2 [area%]

High resolution XP N1s of the underivatized sample shows a nitrogen peak of 79% at
399.0 eV (Table 4.24). The binding energy of amino groups are expected between 399.0 and
399.6 eV whereas imino groups appear between 397.8 and 399.0 eV. As a result, the peak at
399.0 eV is assigned as a combination of free amino groups and the imine species on the
surface where imine functionalities are also expected due to the plasma deposition of
allylamine.

The binding energy difference between the components C-N and C-OR as well as
C=N is small. Thus, it is not convenient to rely on the C-N component area of Cls spectrum
to estimate the surface concentration of primary amines on the surface. The yield of the
reaction can be calculated from the area percentages of the high resolution XP N1s spectrum
of the derivatized sample. From the analysis of the N1s high resolution spectrum we obtain 71
area% of the C=N component versus 14 area% for unreacted amino species and 2 area% for
protonated amines. This result can be interpreted as a yield of 81% for the coupling reaction

(71 area% / (71+14+2) area%). The peak at 398.0 eV can be attributed to C=N formed during
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plasma polymerization, which is also observed in the high resolution Nls spectrum of the
underivatized sample. Yields of derivatization reactions carried out in liquid phase (between
78% - 88%) are explained in 4.1 and expected to be the upper limit of gas-phase surface
derivatization reactions. 81% yield of the TFBA derivatization reaction of the plasma
deposited allylamine film is in this range.

Before starting with variations of plasma parameters, the potential radiation damage
on TFBA is studied. In order to confirm an X-ray damage originating from the use of X-rays,
it is applied a-ten-hour survey scan measurement. An allylamine sample was deposited at
20W, 0.5 duty cycle and 15 Pa and was derivatized with TFBA for 90 min. 127 survey scans
were run between 250-720 eV in 10 h. The resulting spectrum is shown in Fig. 4.42.
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Figure 4.42. The effect of prolonged X-ray beam on plasma polymerized allylamine film deposited at 20W, 0.5
duty cycle and 15 Pa. The surface was then derivatized with TFBA for 90 min.

In 10 h, the fluorine amount on the surface decreases from 11.5% to 4.4%. However,
the beam damage cannot be attributed as the only reason for the C-F cleavage since, during a
regular XPS measurement, for a survey scan of 0-1200 eV, samples are exposed to an X-ray
beam for 23 min. A total measurement with survey scan, high resolution XP Cls, N1s, Ols
and F1s takes around 2 h. Consequently, influence of radiation damage effects at our

experimental conditions are supposed to be negligible.
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4.3.3. Effects of external plasma parameters on amino group retention

Three different sets of plasma polymerized allylamine samples were prepared and all
samples were derivatized with TFBA for 90 min. Then the samples were measured by XPS
and NEXAFS. The spectra of the TFBA derivatized and underivatized samples were then
compared in order to observe the effect of plasma parameters on primary amino group
retention in the films. Table 4.25 shows the experimental details of underivatized and TFBA

derivatized samples of plasma deposited allylamine films.

Table 4.25. Experimental details of plasma deposited allylamine films and external plasma parameters employed

for their deposition during XPS and NEXAFS studies.

Samples underivatized TFBA-derivatized
duty sample fixed duty sample fixed
cycle names parameters cycle names parameters
0.05 UzZ_30 0.05 UZ 29
Duty cycle 01 UZ 32 20W, 5Pa 01 UZ 31 20W, 5Pa
variation 40 nm 40 nm
0.5 UZ 34 0.5 UZ 33
1.0 UZ 36 1.0 UZ 35
power sample fixed power sample fixed
W) names parameters (W) names parameters
Power 20 UZ_36 20 UZ 35
variation 30 UZ 38 1.0, 5Pa, 30 Uz 37 1.0, 5Pa,
50 Uz_40 40nm 50 UZ_39 40nm
pressure sample fixed pressure sample fixed
(Pa) names parameters (Pa) names parameters
Pressure 2 Uz 42 2 UZ_41
variation 5 UZ 32 0.1, 20W, 5 UZ 31 0.1,20W,
15 UZ 46 40 nm 15 UZ 43 40 nm

The correlation between surface amino group concentration and external plasma
parameters are studied by using the [CF3;] component area obtained from high resolution XP
Cls spectra. Since TFBA selectively reacts with primary amino groups on the surface, [CF3]
area percentage is directly related to the quantity of surface amino groups. Fig. 4.43 shows the

dependence of [CF3] area percentage on duty cycle (a) and power (b).
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Figure 4.43. Dependence of [CF3] % area on (a) duty cycle (b) power. Duty cycle values of 0.05, 0.1, 0.5 and
1.0 were applied during plasma depositions of allylamine at 20W and 5 Pa. Film thicknesses were kept at 40 nm.
Plasma polymerized allylamine samples were then derivatized with TFBA in gas-phase for 90 min. 20, 30 and
50W were applied for power variation where a duty cycle of 1.0 and a pressure of 5 Pa was used. Film

thicknesses were 40 nm. Plasma polymerized allylamine samples were then derivatized with TFBA in gas-phase
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Figure 4.44. Overlay of high resolution XP Cls spectra of TFBA derivatized poly(allylamine) samples showing
a duty cycle variation (a) and power variation (b). Binding energy range of 290-294 eV is enlarged in order to
observe the effect of varied plasma parameter on [CF;] area. The region is smoothened for a better vision. Duty
cycle values of 0.05, 0.1, 0.5 and 1.0 were applied at 20 W and 5 Pa (a). 20, 30 and 50W were the applied power
values at 1.0 duty cycle and 5 Pa (b). Film thicknesses were kept at 40 nm. Plasma polymerized allylamine

samples of both sets were then derivatized with TFBA in gas-phase for 90 min.
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Figure 4.44 displays an overlay of high resolution XP Cls spectra of TFBA
derivatized poly(allylamine) samples which vary in their duty cycles (a) and powers (b). In
both figures, an enlarged region of 290-294 eV is shown to observe the CF; area differences
of the samples. Variations in both duty cycle and power, show a clear effect on the [CF5] area,

also revealed by Fig. 4.43.

Either an increase of the duty cycle or in the plasma power increases the electron
energy [99]. This leads to an increase in electron density. The mean free path of plasma
particles decreases as the electron density increases. Consequently, the collision rate of the
particles increases. This results in higher fragmentation and rearrangements of monomer
molecules. It is clearly observed from Fig. 4.43 and 4.44, as duty cycle and power increases,
the [CF3] area percentage decreases resulting in a descending trend of primary amino group

retention on the plasma polymerized surface.

Fig. 4.45 shows the dependence of [CF3] area % on pressure. As in the case of duty
cycle and power dependence graphs, [CF3;] component areas were obtained from high

resolution XP Cls spectra.
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Figure 4.45. Dependence of [CF;] area % (of C 1s area) on pressure. Pressure values of 2, 5 and 15 Pa were
applied during plasma deposition of allylamine at 20 W and 0.5 duty cycle. Film thicknesses were kept at 40 nm.

Plasma polymerized allylamine samples were then derivatized with TFBA in gas-phase for 90 min.

Pressure is a more complex plasma parameter than power or duty cycle due to
competing mechanisms. An increase in pressure results in an increase in particle density that
leads to a decrease in the mean free path of the plasma particles. Thus, the collision rate
increases which results in higher fragmentation rate. However, a decrease in mean free path of

electrons leads to a decrease in the electron energy. This subsequently decreases the
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fragmentation and rearrangement rate of the monomer molecules. However, some amount of
control can still be exercised on the chemistry of the plasma polymers using the monomer
pressure as a parameter.

Fig. 4.46 displays the overlay of high resolution XP Cls spectra of TFBA derivatized
poly(allylamine) samples which vary in their pressure. The binding energy region of 290-294
eV is enlarged in order to observe the CF; area differences of the samples. Variations in

pressure show a clear effect on the [CF;] area, also revealed by Fig. 4.45.
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Figure 4.46. Overlay of high resolution XP Cls spectra of TFBA derivatized poly(allylamine) samples showing
a pressure variation. Binding energy range of 290-294 eV is enlarged in order to observe the effect of varied
pressure on [CF;] area. The region is smoothened for a better vision. Pressure values of 2, 5 and 15 Pa were
applied at 20 W and 0.5 duty cycle. Film thicknesses were kept at 40 nm. Plasma polymerized allylamine

samples were then derivatized with TFBA in gas-phase for 90 min.

[CFs] area % of plasma deposited allylamine surfaces increases as pressure increases.
Consequently, they display an ascending trend of surface amino group retention. Here, an
increase in pressure leads to a decrease in mean free path of electrons resulting in a decrease
in the electron energy. This subsequently decreases the fragmentation and rearrangement rate

of the monomer molecules.
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4.3.4. NEXAFS characterization of plasma polymerized allylamine films

NEXAFS was used in combination with XPS in order to study the effect of plasma
process parameters on the amount of amino functionalities at the surface of plasma
polymerized allylamine films. The films were characterized with NEXAFS before and after
TFBA derivatization. Samples were exposed to air during the time passed between NEXAFS
measurements and derivatizations.

Fig. 4.47 presents C K-edge spectra of selected plasma polymerized allylamine films
deposited at 20W, 5Pa and 0.05 duty cycle. Fig. 4.47(a) shows the spectrum of the
underivatized film whereas Fig. 4.47(b) displays the C K-edge spectrum of the same sample
after 90 min gas-phase derivatization with TFBA. Fig. 4.47(c) shows the difference spectrum

of the previous two spectra.
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Figure 4.47. (a) NEXAFS C K-edge of plasma polymerized allylamine film (20W, 0.05 duty cycle, 5Pa). (b)
NEXAFS C K-edge of (a) after 90 min derivatization of TFBA. (c¢) The difference spectrum of the previous two

spectra.
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4. Derivatization of primary amines

Fig. 4.47(a) displays four main peaks. The peak A appears at 285.0 eV (Cls—n* =),
the peak B at 285.5 eV (Cls—n*cy)), C at 287.9 eV (Cls—c*c.n)) resonance, D at 288.5

eV (Cls—m*=0)). There are various 6* resonances above 292 eV [35,95].

The C K-edge NEXAFS spectrum of the derivatized film, displayed in Fig. 4.47(b),
differs from the C K-edge NEXAFS spectrum of the underivatized allylamine film especially
in the o* region (above 292 eV). Absorption features at 291.9 (E) and 295 eV (G) are
tentatively assigned to transitions of C core electrons to 6* C-F orbitals, feature F at 293.2 eV

to a o* (C-C) transition [96].

Fig. 4.47(c) shows the difference spectrum which displays a sharp peak at 285.2 eV
(A) due to the new contribution of signal originating from the aromatic rings of TFBA. The
peak at 288.5 eV (C) indicates an increase of oxygen species, most probably amides, due to

the aging of the sample.

Fig. 4.48 shows the trend of duty cycle variation in terms of C K-edge changes, for a

set of derivatized samples prepared at fixed process parameters of 20 W and 5 Pa.
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Figure 4.48. Expanded NEXAFS C K-edge spectra of TFBA derivatized plasma deposited allylamine films at
different duty cycles used during plasma deposition. Plasma deposition of allylamine was carried out at 20 W

and 5 Pa and at a film thickness of 40 nm. Samples were then derivatized with TFBA in gas-phase for 90 min.

The effect of duty cycle on the content of surface amino groups can be monitored by
the resonance intensity at 285.2 eV. As we go from "hardest" (1.0 duty cycle) to "mildest"
(0.05 duty cycle) plasma conditions, the intensity of the peak increases due to the increase in

the number of marker entities derived from TFBA.
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4. Derivatization of primary amines

The interpretation is that milder plasma conditions promote the retention of amino
groups originating from the allylamine monomer during plasma polymerization. This supports
the XPS characterization results of derivatized samples shown in Fig. 4.48(a). There, an
increase in the retention of primary amino groups is also observed when duty cycle values are

decreased.

Fig 4.49 shows the trend of power variation in terms of C K-edge changes, for a set of

derivatized samples prepared at fixed process parameters of 1.0 duty cycle and 5 Pa.
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Figure 4.49. Expanded NEXAFS C K-edge spectra of TFBA derivatized plasma deposited allylamine films at
different power values (20 W, 30 W and 50 W) used during plasma deposition. Plasma deposition of allylamine
was carried out at 1.0 duty cycle, 5 Pa and at a film thickness of 40 nm. Samples were then derivatized with

TFBA in gas-phase for 90 min.

The NEXAFS C K-edge spectra of different power values can be interpreted by the
resonance intensity at 285.2 eV for Cls—n*c=c). The feature observed at 287.7 eV is due to

Cls—n* -0, since the derivatization reactions were carried out ex-situ.

Although, the Cls—n*c-c) resonance at 285.2 eV does not show a big difference for
30 W and 50 W, the expected trend is observed due to the increased intensity at 20 W. This is
due to the higher rate of derivatization in "milder" plasma conditions resulting from the amino
group retention. Data obtained by XPS characterization of plasma deposited allylamine films

of different power values show similar results (Fig. 4.43b, 4.44b).

As explained previously, pressure is a rather complex plasma parameter. An increase
in pressure leads to a decrease in mean free path, which means higher fragmentation due to

the increase in collision rate. However, when mean free path decreases, electron energy also
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4. Derivatization of primary amines

decreases resulting in a lower rearrangement rate. Fig. 4.50 displays the expanded NEXAFS
C K-edge spectra of TFBA derivatized plasma deposited allyl amine films deposited at 2, 5
and 15 Pa. Unlike XPS results (Figs. 4.45, 4.46), the spectrum shows no real trend between 3
different pressure values. However, the film deposited at 5 Pa has the most derivatized surface

due to the resonances at 285.2 eV for Cls—n* (c=).
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Figure 4.50. Expanded NEXAFS C K-edge spectra of TFBA derivatized plasma deposited allylamine films at
different pressure values (2 Pa, 5 Pa and 15 Pa) used during plasma deposition. Plasma deposition of allylamine
was carried out at 20 W, 0.1 duty cycle and at a film thickness of 40 nm. Samples were then derivatized with

TFBA in gas-phase for 90 min.

4.4. Quantification of surface amino groups on plasma polymerized allylamine

surfaces

The amino group concentration on plasma deposited allylamine surfaces can be
calculated using two different data sets. The first set of calculations is called QEA
(Quantitative Elemental Analysis) and was established by quantification of XPS survey scans
covering C 1s and F 1s photo peaks. The second one, called PFA (Peak Fit Analysis), handles
spectral interpretation of highly resolved Cls spectra. The two different methods will be
discussed in detail in 5.1.

For the QEA based quantification, Equation 4.7 is used. [C] and [F] values are
obtained from XP survey scans.

[Flaw

[NHyJg=—— 100 (Equation 4.7)
3[C]at% - S[F]at%
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4. Derivatization of primary amines

For PFA based quantification, Equation 4.8 is used. [CF3;] and [Cie] values are

obtained from Cl1s high resolution spectra.
[CF3]

[NH;]s= —__ .100 (Equation 4.8)
[Crest]

[Crest] s the area % of the high resolution Cls spectrum when the [CF3] and the [C-C]

influence of the derivatization reagent (TFBA) is excluded. Equation 4.9 defines this value.

[Crest] = 100 - [CF3] - [C-ClrrBa (Equation 4.9)

In order to define the [C-C] area of TFBA, the derivatization reagent is measured by
XPS. The high resolution XP Cls of TFBA is shown in Fig. 4.51.
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Fig. 4.51. High resolution XP Cls of TFBA. Carbons labeled as "a" appear at 285.0 eV however the ones
labeled as "b" shifts to 286.0 eV due to neighboring effects of fluorine and carbonyl group.

The characteristic CF3 component in the Cls spectrum was found at 292.5 eV. The XP
spectrum of trifluoromethyl benzene given in [97] revealed the effect of trifluoromethyl
groups on the chemical shift of the BE of aromatic carbon atoms [98]. Carbon atoms labeled
as "a" appear at 285.0 eV. Carbons atom directly attached to the trifluoromethyl and carbonyl
groups will however appear at 286.0 eV due to the neighboring effect of CF; and C=0
groups.

Using the PFA approach, hydrocarbon impurities that are found at 285.0 eV and thus
not separable from specific aliphatic / aromatic C-C species, are excluded. They are a source

of uncertainty for the quantification data. Consequently, the contribution of the derivatization
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4. Derivatization of primary amines

needs to be subtracted in order to obtain a result for the fraction of C atoms bound to NH; in
the underivatized molecule. Thus, [C-C]rrpa should include all carbon atoms of the ring and
can be obtained simply by adding the area percentages of the aromatic carbons labeled by "a"

and "b" ([C-C] + [Cb]).

For the PFA calculations [C-C]rrpa is calculated as 60 since [C-C] peak area at 285.0
eV is 54 % whereas [Cy] peak area at 286.0 eV is 6 %.

Table 4.26 displays [C], [F] values obtained from XP survey scans, [CF3] values
obtained from high resolution Cls spectra and [NH;]s values calculated by QEA and PFB

methods for plasma polymerized allylamine samples.

Table 4.26. [C] at%, [F] at% (from XP survey scans), [CF;] (from high resolution Cls spectra) and [NH,],
values calculated by QEA and PFA methods are presented. Plasma deposited allylamine samples of different
plasma parameters are used as samples shown in Table 4.25. Samples are then derivatized with TFBA in gas-

phase for 90 min.

Duty cycle Power (W) Pressure (Pa)
0.05 0.1 0.5 1.0 20 30 50 2 5 15
[C] at% 59 65 64 65 65 66 70 63 65 64
[F] at% 13 13 12 12 12 11 8 13 13 12
[CF;5] 6.2 49 4.8 4.5 4.5 42 2.1 5.1 49 4.7
[NH:]; (QEA) 18 14 13 12 12 10 5 15 14 13
[NH.]; (PFA) 18 14 13 12 12 11 5 15 14 13

Figure 4.52 displays the Youden plot of the QEA and PFA methods when applied for
duty cycle variations. Both methods give the same surface amino group concentration on
plasma polymerized allylamine samples of different duty cycles. From the graph, it is also
observed that as the plasma conditions change from mild to hard, fragmentation increases

resulting in a successive decrease in surface amino group concentration.
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Figure 4.52. Youden plot of [NH,]; on plasma polymerized allylamine samples of different duty cycles.
Samples are derivatized with TFBA after deposition. Coupling reactions were carried out in gas-phase at room
temperature and for 90 min. [NH,]; values are obtained by using QEA and PFA methods. Quantitative Elemental
Analysis was established by quantification of XPS survey scans covering C 1s and F Is photo peaks, whereas

Peak Fit Analysis handled spectral interpretation of highly resolved Cls spectra.
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Figure 4.53. Youden plot of [NH,]; on plasma polymerized allylamine samples of different power applications.
Samples are derivatized with TFBA after deposition. Coupling reactions were carried out in gas-phase at room
temperature and for 90 min. [NH,]; values are obtained by using QEA and PFA methods. Quantitative Elemental
Analysis was established by quantification of XPS survey scans covering C 1s and F Is photo peaks, whereas

Peak Fit Analysis handled spectral interpretation of highly resolved Cls spectra.

A Youden plot is also applied for the samples of different power values. (Fig. 4.53)
deposited allylamine surfaces. This is due to the increased fragmentation rate by an increase
in power. QEA and PFA methods give similar results. Reasons of possible deviations are
explained in chapter 5 where an inter-laboratory comparison is studied. From the Youden
plot, it is observed that an increase in power results in a decrease in the primary amino group

retention of plasma
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4. Derivatization of primary amines

Figure 4.54 displays the Youden plot of the amino group quantification of plasma
polymerized allylamine samples at different pressure values. Surface amino groups are
calculated by QEA and PFA methods. Both methods give the same surface amino group
concentration. It was already explained that pressure is a rather complex plasma parameter
due to possible competing processes. Here, we observe, as the pressure increases amino group
concentration on plasma deposited allylamine surfaces decreases. Consequently, the
dominating process of pressure variation is the decrease in mean free path and the successive

increase in the fragmentation rate.
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Figure 4.54. Youden plot of [NH,]; on plasma polymerized allylamine samples of different power applications.
Samples are derivatized with TFBA after deposition. Coupling reactions were carried out in gas-phase at room
temperature and for 90 min. [NH,]; values are obtained by using QEA and PFA methods. Quantitative Elemental
Analysis was established by quantification of XPS survey scans covering C 1s and F 1s photo peaks, whereas

Peak Fit Analysis handled the spectral interpretation of highly resolved Cls spectra.
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4. Derivatization of primary amines

4.5. C-F bond cleavage during derivatization reactions of plasma polymerized

allylamine surfaces

During data evaluation, it is observed that XP Fls spectra of both TFBA and PFB

derivatized polyallylamine samples show in some cases an unexpected fluorine species at a

binding energy corresponding to F". This may be due to a beam damage or a side reaction.

C-F bond cleavage in case of prolonged exposure to X-ray beam has been reported for

poly(thiocarbonyl fluoride), poly(vinylidene fluoride) [99] and for polytetrafluoroethylene

[27]. However, as explained in chapter 4.2.2.6 and 4.3.2, the studied beam damage

experiments in our laboratory show negligible effects of beam damage.

12000 4 @) 685.2 eV

8000

688.0 eV

Intensity a.u.]

4000

16eV

16eV

Intensity [a.u.]

4000 4

3000 4

2000 4

(b)

688.2 eV

685.0 eV 1 7 gy

692 SéO S‘BB 6%6
Binding energy [eV]

16000 -
(d) 688.5 eV

12000 -

1.7eV

Intensity [a.u.]

4000

684

682

Intensity [a.u.]

Intensity [a.u.]

1000
692

4000 4

3000 4

2000 4

T T T !
688 686 684 682

Binding energy [eV]

688.5 eV

685.3 eV

DS

19eV

2800

2400

2000 4

1600 -

1200 -

T
692

(e)

T
690

T T T
688 686 684 682

Binding energy [eV]

688.3 eV

18eV

T T 7
692 690 688 686
Binding energy [eV]

684

i
682

T T T !
688 686 684 682
Binding energy [eV]

Figure 4.55. XP F1s spectra obtained with plasma polymerized allylamine films (20W, 15 Pa, 0.5 duty cycle,
40 nm) 10 min derivatized by (a) PFB and (b) TFBA, (c) with a 90 min TFBA derivatized aminated plasma

oxidized PE film (cf. ref. [9]) and with spin coated 4,4 -methylenebis(2,6-diethylaniline) films 10 min

derivatized by (d) PFB and (e) TFBA.
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4. Derivatization of primary amines

Fig. 4.55 displays examples of XP Fls spectra of gas phase derivatized plasma
polymerized allylamine films. Both surfaces were derivatized for 10 min. Fig.4.55(a) shows
the Fls spectrum of a PFB derivatized sample revealing two peaks, one at around 688.0 eV
(25 % relative area) and another at 685.2 eV (75 % relative area). Fig.8.15(b) shows the Fls
spectrum of a TFBA derivatized plasma polymerized allylamine film that also reveals two
peaks, one at 688.2 eV (95 % relative area) and the other at 685.0 eV (5 % relative area).
Recently, it is also observed two fluorine species in the course of derivatization of another
kind of plasma processed amination of surfaces as described elsewhere [100]. Using that
approach a clean polyethylene (PE) foil was subjected to low pressure O, r.f. plasma (10 W,
10 sccm, 10 s) as the first step. In a second step it was rinsed by an ethylenediamine in
diethylether solution at r.t. for 90 min to form reactive amino groups on the surface. Finally
the foil was rinsed with H,O and ethanol and derivatized with TFBA at 50°C for 90 min. In
the respective F1s XP spectrum, the CF3 peak was observed at 688.5 eV whereas a second
minor (11 % relative area) peak appeared at 685.3 eV (cf. Fig. 2¢).

In difference to the expected situation, derivatization of plasma aminated surfaces by
using either PFB or TFBA reagents obviously lead to two peaks in the XP F1s spectrum. This
phenomenon must be understood for the formation of two different fluorine-containing
moieties in the course of a gas-phase surface reaction at a chemically complex surface. The
character of one of them is obvious because a peak at a binding energy (BE) of approximately
688.0 to 688.5 eV can be assigned to either aromatic CF or CF; bonds. A first discussion of
possible origins of the unexpected second F species will be given later on.

In parallel experiments with a chemically well defined aminated surface, 4,4’-
methylenebis(2,6-diethylaniline) films are spin coated onto Si wafers and XP Fls spectra
were acquired after derivatization [101]. Selected XPS results are displayed as Figs. 4.55d
and e. Fig. 4.55(d) shows the Fls spectrum after 10 min of reaction between 4,4'-
methylenebis(2,6-diethylaniline) and PFB and Fig. 4.55(e) the one obtained for the TFBA
derivatization case. In these experiments single CF and CF3 Fls peaks appeared at 688.5 eV
and 688.3 eV, respectively. No other Fls peaks have been observed. Single Fls peaks were
obtained in other experiments with self assembled monolayers prepared from NH,-terminated
alkane thiols after derivatization with TFBA and PFB as well. XPS studies of TFBA and PFB
samples deposited on Si wafers also revealed only single component F1s photopeaks.

As mentioned above, two Fls peaks are found exclusively for derivatized aminated
surfaces which have been prepared by plasma technology. This also shows that beam damage

is not the reason for the C-F cleavage. For the derivatized allylamine plasma polymers, the
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relative peak areas of the additional peak at around 685 eV increase with the time of

derivatization. The effect is stronger when PFB is used as the derivatization reagent.

£ 1004 @ X 100+ (b)
= i - .-. TR - - -
@

e ] newpspec.es} .
S -
] . 2
& 804 . & 804 .
w w -
T o0l e S 70 TFBA CF, bond
s 2 604
E e £
2 p 50
8 soq | 8
e e
3 o® g 404
@ 404 @
S S 304
8 . 8
€ 304 S | s )
@ ¥ o 204
° ] .
: . PFB CF bonds 2 e
ket L T 104 e new F species
E 104 - ™ K] -'. O...q. . 3

T T T T T T T T T T 0 T T T T T T T T T

0 20 40 60 80 100 120 140 160 180 o 20 40 60 80 100 120 140 160 180

Derivatization time (min) Derivatization time (min)

Figure 4.56. Relative peak Fls areas for CF and CF; species related to the derivatization agents and the F
species due to CF-bond cleavage observed after derivatization of allylamine plasma polymers vs. time of
derivatization when using (a) PFB or (b) TFBA. Error bars for expanded statistical uncertainties (k = 2) of

measurement are evaluated for selected cases following the approach described in the text.

Fig. 4.56 displays the development of the relative peak areas of F 1s peaks vs. time of
derivatization, Fig. 4.56(a) shows the derivatization with PFB, Fig. 4.56(b) with TFBA. The
uncertainty of measurement related to data points, displayed in Fig. 4.56, originates mainly
from the limited reproducibility of the combination of deposition and derivatization. A batch
of five plasma polymerized allylamine samples was analysed for reproducibility at fixed
derivatization and analysis conditions. The total F surface concentration was taken to
investigate the variance of the results. A relative standard deviation of 5 % was obtained for
statistical errors in this experiment. The statistical uncertainty related to the evaluation of the
Fls spectra in terms of peak areas resulting from peak fit analysis was rather small for two
typical cases (20 and 180 min PFB derivatization). It was analysed by seven independent
peak fittings for each case and the relative standard deviation was 0.9 % in the worst case
(C-F peak at 180 min). However it will be much higher in cases represented by Fig. 4.55(b).

A tentative discussion of possible origins of the unexpected F species which was
observed after derivatization of plasma processed samples starts with an information taken
from the NIST XPS Data Base: The Fl1s BE at approximately 685 eV is characteristic for F in
fluorides, i.e. F" [102].
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Figure 4.57. (a) Intramolecular SyAr reaction of 2-[[(pentafluorophenyl)methylene]amino]phenol CqH4(OH)-2-
N=CH(CgFs) yielding 1,2,3,4-tetrafluorodibenz-[b,f][1,4]-oxazepine and releasing HF [16]. This reaction
resembles an anticipated attack of a surface OH group at the fluorine in the ortho-position to the surface bound

N=CH(C¢Fs) group at a plasma polymerized allylamine film under release of HF, as displayed in (b).

The known literature on fluoro-organic chemistry has been searched extensively b