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Abstract

| Holger Gerdes” | Antje Jung' |

To study chemical functional groups on surfaces of diamond-like carbon (DLC)

films, a highly sensitive infrared reflection-absorption spectroscopic technique,

immersion infrared reflection-absorption spectroscopy (IRRAS), is applied in the

present study. The method employs (i) a conventional attenuated total reflection

(ATR) accessory with a Ge crystal as an immersion medium and (ii) an aluminum
underlayer beneath the 50-70 nm thick DLC film. Sensitivity, selectivity, and
quantifiability of the method can be enhanced by chemical derivatization (CD),

coupling chemical moieties
with strong characteristic vibra-
tional bands to specific func-
tional groups on the DLC
surface. The method is applied
to amorphous sputtered carbon
films (a-C) to demonstrate that
electrophilic groups, most prob-
ably epoxy groups, are formed
during aging under ambient
conditions.
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1 | INTRODUCTION

1.1 | Motivation

Thin amorphous films consisting of highly crosslinked,
hydrogen-free or hydrogenated networks of carbon atoms
(a-C, a-C:H), also known as diamond-like carbon (DLC)
films, are increasingly finding interest and applications as
biomedical coatings, aside from other applications. DLC
coatings combine favorable mechanical properties such as
high hardness and wear resistance as well as low friction
coefficients, with diffusion barrier properties, chemical
resistance, and biocompatibility. Several review articles
and monographies cover applications of DLC as body
implants.'

For the interaction of a DLC-coated implant with
animal cells in the presence of biological liquid, the
formation of a protein layer on the biomaterial is generally
decisive. The interaction with proteins, in turn, depends on
physico-chemical properties like surface free energy and
electro-kinetic (or zeta-) potential. Individual chemical
surface moieties contribute to these properties collectively
via dispersive, acid-base, and electrostatic double-layer
interactions. Reactive functional surface groups, on the
other hand, can result in more specific chemical interac-
tions and bond formation. The covalent bonding of an
extracellular matrix (ECM) protein such as tropoelastin or
fibronectin (FN) may support the proliferation of endothe-
lial cells, rendering a biomaterial hemocompatible, see, for
example, Ganesan et al.”! On the other hand, a mere
adsorption of FN instead of covalent bonding may be

advantageous for certain applications because more
bioactive RGD domains of the FN are maintained,
resulting in better cell adhesion, as shown, for example,
in Zhang et al.l*! For emerging orthodontic applications of
DLC in the oral cavity, too, covalent protein bonding is
undesirable because it may induce the formation of a
biofilm.!”! Finally, reactive groups on the DLC surface may
be used to immobilize bioactive biomolecules such as
antithrombogenic heparin.[S] These examples may suffice
to demonstrate that an understanding and control of
chemical surface reactivity of DLC films is essential for
their applications in advanced biomedical devices.

One purpose of this article is to test the hypothesis that
the ability of DLC coatings to bind proteins covalently,
reported, for example, in Ganesan et al®! and in other
papers cited therein, is due to the presence of oxygen-
containing functional groups with electrophilic reactivity on
DLC surfaces. These groups are formed upon exposure
to air.

In several previous studies of the chemical composition
of DLC surfaces, X-ray photoelectron spectroscopy (XPS)
was used as an analytical tool to gain information about
the chemical nature of major oxygen-containing functional
groups. Aside from — or in addition to — the frequently
applied deconvolution of C1s spectra into four components
with different numbers of bonds with oxygen, chemical-
derivatization (CD) was often applied in combination with
XPS (CD-XPS). This technique was already used in the
early 80s for studies on plasma-treated polyethylene (PE)
surfaces.” ! As to be seen in Table 1, giving an overview
of selected papers in which XPS analysis was applied to

TABLE 1 Basic information from selected papers reporting XPS analyses of DLC films.

Film method Analysis Reagents/methodology Ref. Year
a-C, Si:H LP-CD FOCS: [12, 13]
PACVD & XPS Quantification of surface silanol groups, Si-OH 2005, -2006
10 nm DLC VP-CD PFPH, TFAA, TFE for C=0, -OH, -C(=0)-OH, group densities [14]
proprietary & XPS increasing over about 2 weeks. 2007
a-C:H XPS 4-component deconvolution of Cls band: [15]
UBMS Bulk sp?, surface sp?, bulk sp?, surface sp* 2008
a-C:H VP-CD HYD, TFAA, TFE for C=0, -OH, —-C(=0)-OH [16]

1D & XPS 2010
a-C:H VP-CD 4-component deconvolution of Cls: C-C/C-H, C-O, C=0 or O-C-O, [17]
RF-PACVD & XPS 0-C=0; CD: TFEH, TFAA for C=0, -OH 2011
a-C:H XPS 4-component deconvolution of C1s: [18]
RF-PACVD C-C/C-H, C-0, C=0 or 0-C-0, O-C=0 2014
a-C:H XPS 5-component deconvolution of Cls: C(sp?), C(2p*), C-O, C=0 or [19]

ta-C 0-C-0, 0-C=0 or 0~(C=0)-0 2016

Abbreviations: DLC, diamond-like carbon; FOCS, tridecafluoro-1,1,2,2-tetrahydrooctyl-dimethylchlorosilane; HYD, hydrazine; ID, ionized deposition; PACVD,
plasma-activated chemical vapor deposition; PFPH, pentafluorophenylhydrazine, RF-PACVD, radio-frequency PACVD; TFAA, trifluoroacetic anhydride; TFE,
trifluoroethanol; TFEH, 2,2,2-trifluoroethylhydrazine; ta-C, tetrahedral amorphous carbon; UBMS, unbalanced magnetron sputtering; XPS, X-ray

photoelectron spectroscopy.
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DLC films, CD was mostly applied as a heterogeneous
reaction (vapor-phase CD, VP-CD, or liquid-phase CD, LP-
CD), using vapors or solutions of a reagent expected to
react in a predictable way with functional groups on the
DLC surface.

The XPS-based methodology applied in the cited papers
is basically the same as it has frequently been used, for
example, for the analysis of polymers, oxidized by plasma
exposure, thermally, or upon aging in ambient air, as well as
for plasma polymers. This approach is, however, not fully
satisfying for the analysis of DLC films, consisting — in a
somewhat simplified picture — of two kinds of “phases” A
and B. In (A) carbon is present in the form of a highly
crosslinked sp>-bonded covalent network of C atoms with a
varying content of H atoms, in (B) in extended clusters of
sp>-hybridized carbon atoms,’**?!! similar to more or less
defective cutouts from graphene sheets. From a heuristic
point of view it is useful and instructive to compare the sp>
bonded part of aged, that is, oxidized DLC with other
materials predominantly consisting of sp> carbon. Such
materials are, for example, partially oxidized soot, polycyclic
aromatic hydrocarbons (PAHs), or carbon nanotubes
(CNTs),>%! as well as sheets of graphene oxide (GO).

These substances carry diverse kinds of functional
groups like hydroxyl, carbonyl, carboxyl, epoxy, lactone,
anhydride, quinone, pyrone moieties, in addition to a
large number of isolated or conjugated C=C double
bonds, see, for example, Figures 1 and 2 in the recent
review article about this material.”**! The abundance of
diverse reactive functional groups and of unsaturated

1: IRE (Ge, 45°)

2: Functional surface layer (d2=0.1...3 nm)
3: Polymer or DLC layer, (d3 = 10...100 nm)
% 4:Metal film (ds= 50...150 nm)

Polymer substrate (polycarbonate)

FIGURE 1 Principle of immersion infrared reflection-
absorption spectroscopy (IRRAS) (ImIRRAS) (not to scale): internal
reflection element (IRE) in contact with a polymer or diamond-like
carbon (DLC) film (gray) carrying an ultrathin surface layer with
functional groups to be detected (orange). The metal film is
deposited on a polycarbonate substrate with a very even surface,
cut from a commercial compact disk, providing flexibility and good
optical contact of IRE and DLC surface, thanks to an excellent
surface quality and smoothness with typical roughness

R, < 6nm.”**
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C=C bonds opens pathways for chemical reactions which
play no or only a minor role in modified polymers.
Therefore, the methodology for CD-XPS analysis of DLC
surfaces has to be adapted. For example, it has to be
taken into account that trifluoroacetic anhydride (TFAA)
can react not only with —OH groups but also with
epoxides by ring opening[%’m and with anhydrides by
formation of mixed anhydrides.[28] For the derivatization
with hydrazines,!>?! too, it has to be taken into
account that these reagents are generally not selectively
indicating the presence of ketones and/or aldehydes by
hydrazone formation but can also undergo reactions with
carboxylic acids and aromatic esters®**! and even
hydroxyls.[34] Coupling of hydrazines to carboxylic acids
is most likely due to the formation of hydrazinium salts
(R-NH-NH;* R’-C0O,).** On oxidized DLC surfaces,
electrophilic cyclic oxygen functionalities such as epoxy,
lactone, pyrone, and anhydride groups, as well as
quinones, are potential hydrazine-reactive moieties. Last
but not least, the presence of a,3-unsaturated carbonyl-
or carboxyl-containing groups enables reactions with
nucleophilic derivatization reagents such as hydrazines
and amines via (aza-)Michael addition to the activated
double bond."*"!

To distinguish different kinds of bonding of a
derivatization reagent, it is necessary to utilize alterna-
tive or additional analytical methods, beyond the

60 T T T T
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FIGURE 2 Results of numerical optical calculations: Data
points f as functions of layer thickness ds for seven different
refractive indices ns, 2.1 < n3; < 3.0. Colored curves are empirical
fits with 4-parameter sigmoidal functions fs, see Table 2 for
function parameters. Values of f calculated with analytical formulas
(see above) are shown as a compact black line for d; =0 (f, = 53.6)
and as dotted colored lines for d; » dj, (farr), for numerical values
see the legend.
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commonly used (CD)-XPS. For the chemical analysis of
GO and other, related forms of carbon with a high degree
of unsaturation such as soot!®”! or different kinds of
chars,!*®! vibrational spectroscopy has been a valuable
tool for studies of chemical functionality and reactivity.
Therefore, the second purpose of the present article is to
show that a special infrared-spectroscopic method,
immersion infrared reflection absorption spectroscopy
(ImIRRAS) can be applied to obtain qualitative and
quantitative analytical information about the aged DLC
surface with high sensitivity.

In the following section, the INIRRAS method will be
presented in more detail. After Section 2, the results of
investigations on two batches of aging nominally
hydrogen-free sputtered amorphous carbon coatings
(a-C) will be presented and discussed.

1.2 | Immersion infrared reflection-
absorption spectroscopy (ImIRRAS)

To make IR-spectroscopic information about the DLC
surface chemistry more easily accessible, use was made
of a special version of the infrared reflection-absorption
(IRRAS) method. For this purpose, an internal reflection
element (IRE) with a high refractive index and a highly
reflective metal film at a distance of 10-100 nm from the
DLC surface are employed, as illustrated in Figure 1.
Here, the ultrathin “functional surface layer” represents
the surface region of the DLC film in which the
functional groups of interest are residing.

The measurements can be done with the conven-
tional attenuated total reflection (ATR) accessory of an
IR spectrometer. Although this will not necessarily
provide the optimum conditions in terms of the angle
of incidence and refractive index of the IRE,"**! substan-
tial sensitivity enhancements can be achieved, compared
with ATR, as will be shown below. The ImIRRAS
method differs from ATR by the presence of the metal
layer within reach of the evanescent wave coupled into
the layer system by the IRE element: With the absorbing
metal layer, total reflection is no longer possible. On the
other hand, the method differs from the conventional
IRRAS method by the presence of the IRE, serving as an
immersion medium.

To obtain quantitative information about the densi-
ties of functional groups with high selectivity and
sensitivity, chemical derivatization can be applied to tag
the surface with strong infrared absorbers. In the present
paper, reagents with -CF; groups are employed, resulting
in strong IR absorptions in the wavenumber region
between 1100 and 1300 cm ™}, due to the symmetric and
asymmetric vibrations of the trifluoromethyl group. The

absorptions measured on derivatized DLC surfaces are
compared with absorptions due to comparable vibrations
in solutions of selected model compounds with known
concentrations, presuming that these model compounds
have the same oscillator strengths as the tags on the DLC
surface.

The applied evaluation procedure makes use of
Harrick's concepts of effective thickness, de,[4°] and of
integrated intensities, B,l** of model compounds. To
calculate functional group densities, p, from areas of
characteristic bands in the absorbance spectra measured
by ImIRRAS, Equation (3) is used. Therein v is the
wavenumber, B the wavenumber-integrated molar
absorption coefficient, ¢, (“integrated intensity”), f the
ratio of the effective thickness, d., and the physical
thickness of the functional surface layer, d, (#2 in
Figure 1). Equation (3) follows from the integrated
Beer-Lambert law, Equation (1): d. is the thickness
which a fictitious thin layer with constant molar absorber
concentration ¢ would have to have to obtain, in a
transmission measurement, the same absorbance as in
the ImIRRAS spectrum.*”) In Equation (2), implicitly
defining f'and B, the areal molar density, p, is written for
the product cxd,. In fact, the measured ImIRRAS
spectrum is independent on the actual distribution of
the absorber along the coordinate z (see Figure 1) within
an ultrathin surface region, it depends only on the
integral of c(z) over z which is the more general
definition of p.

ﬁx(v) dv = f log(Rgl(ﬁ))dv =cd, ﬁ(ﬁ)di,

(€]
c dejz;:(i)dﬁ =c d, fﬁ(ﬁ)di =ofB, (@

1 o
p= ﬁﬁ(") av;  p, =p Na. (3)

In Equation (3), p, is the areal number density of
absorbers. The factor f=d./d, depends on the polariza-
tion and angle of incidence, 6, of the IR beam, refractive
indices n of media #1 to 4 and the absorption index of the
metal layer, k,. The layer #3 is considered virtually free of
IR absorbers in the wavenumber region of interest,
ks =0. For the limiting case of ATR, where the thickness
d; is well beyond the penetration depth, d,, of the
evanescent wave, d; » dp, farr can be calculated by
analytical formulas given by Harrick and Carlson (egs.
(5a) and (5b) in Harrick et al.l*°!). For the case of d; =0,
on the other hand, equations derived by McIntyre and
Aspnes are available for the small thickness of layer #2,
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d, <1073/71%; a practical approximation was reported
by Chabal, see eq. (2.19) of Chabal!**! Slightly adapted to
the present study this equation, valid for angles 6 below
85°, reads:

AR| _ 5 sin?(0), (-1
[ R ]p 87w vnid, c0s(d) Im( = ) €))

¢*, is the permittivity of medium 2. From this
equation and the corresponding expression for
normal transmission through the film, (AT/T), =
27 7 Im(e*,) da/my, 13! f = 53.6 is calculated by numer-
ical integration with MATLAB and division of the
integrals. The extension to multiple surface layers by
McIntyre[44] cannot be used in the present study
because d; is generally too large, typically between 10
and 100 nm. Therefore, numerical optical calculations
were used to obtain f for the parameter range of
interest in the present context, using the SpectraRay/4
software package (SENTECH Instruments GmbH).

Corresponding with the experiments reported
below, n; =4 and a =45° were used for an IRE from
germanium; k; =0 and n;=1.5, 1.7, 1.9, 2.1, 2.4, 2.8,
and 3.0 respectively, were chosen for the interlayer #3,
to represent the range of refractive indices typical of
polymer-like films on the one hand and high-density
DLC on the other. For an oscillator layer close to the
metal layer, only parallel polarization is useful.l*”) As a
metal layer aluminum was chosen, with optical
parameters from Ordal et al.l**! To obtain f, a 1-nm-
thick model layer with a single Lorentz oscillator
layer'®”! was defined as layer #2 to calculate the band
areas resulting with ImIRRAS on the one hand and in
normal transmission through the layer, arranged
between two semi-infinite media with refractive indices
of n=1.5, on the other. For most calculations,
oscillator parameters (applying the conventional
nomenclature, with symbols w for wavenumber and e,
for the real part of €* at high frequency) were: ¢, = 2.25,
wo=1000cm™', w,=100cm™', and y=10cm .
Results are shown in Figure 2.

Parameters used for the empirical fit to the data
points with 1.5<n;<2.8 in Figure 2 are collected in
Table 2. As n3 reaches 2.83, the critical angle of total
reflection, sin~'(2.83/4), becomes 45°, and ATR with Ge
is no longer possible at 45° angle of incidence. However,
with d; =300nm, as an example, f=52 can still be
achieved, see empty data points in Figure 2. Please note
the reasonable agreement of A; and A, values in Table 2
with figures f, and fargr in Figure 2, obtained by
analytical formulas for the limiting cases of d; =0 and w,
respectively.

PLASMA PROCESSES Sof16
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TABLE 2 Parameters of the sigmoidal functions fs used for fits

in Figure 2.
L (d3) = A, + (A — A)/ (A + (ds/d5)P)
ns 1.5 1.7 1.9 2.1 2.4 2.8 2.1*

A; 538 53.7 53.7 53.7 53.6 53.6 53.7°
A, 239 343 5.27 8.38 17.2 48.6 8.36%
ds;p 111 158 225 321 589 4074 195*
p 2.16 2.19 2.24 2.33 2.46 4.24 2.36"

1

*Parameters in this column were calculated with w, = 1700 cm™", all else

with: wy = 1000 cm ™

To obtain a large f, an angle of 45° is generally not the
optimum: For the case of immersion IRRAS without an
interlayer (ds; =0), optimum conditions were discussed
in detail by Tolstoy et all®*! In the present case
f0(60°) =109 and f,(81°) = 304 should be achievable, all
else unchanged. For the ATR limit, on the other hand,
lower angles are preferable, for example, farr(nsz =1.5,
6 =35° = 3.15.

The choice of w,= 1000 cm™" was motivated by the
fact that many diagnostically relevant vibrations such as
CF; stretching vibrations or deformation vibrations of the
epoxy ring are located in the wavenumber region
between 700 and 1300 cm™. For w,=1700cm™! as the
typical wavenumber of C=O stretching vibrations, the
substantially shorter penetration depth of the IR radia-
tion results in a shift of the sigmoidal curves, as shown
exemplarily for n;=2.1 in Figure 2 (triangles) and the
corresponding fit parameters in Table 2. A; and A, are
virtually independent from the wavenumber.

It must be noted, however, that the choice of ¢, for
the oscillator layer has a relatively large influence on the
results. A value of €, = 2.25, corresponding to a refractive
index of n, = 1.5, was chosen here, led by the hypothesis,
that the upper ultrathin surface layer has polymer-like
properties; polymers frequently have refractive indices
close to 1.5.%! Choosing n,=1.6 instead, that is,
€, =2.56, would decrease fy(wo= 1000cm™") from 53.6
to 44.2, that is, by 18%. In the ATR limit, farr(n, = 1.6,
nz=1.5) =2.28 (—5%) and fatr(n, =1.6, n3=2.1)=7.37
(—12%), all else unchanged. The uncertainty concerning
the choice of €, is therefore probably the most important
source of systematic error.

It is evident from Figure 2 that the InNIRRAS method
is especially useful for (sputtered) amorphous carbon
coatings for which the refractive index for photon
energies near 0.1eV is generally beyond 2.1.1474!
Therefore, for a-C films with thicknesses up to 70 nm
as in the present study, f will still be larger than 50.
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2 | EXPERIMENTAL

2.1 | Materials

4,4,4-Trifluorobutylamine (TFBA) was obtained from
Apollo Scientific, 2,2,2-trifluoroethylhydrazine (TFEH)
from Sigma Aldrich (70% solution in water), tetrachlor-
oethylene (ultra-pure, spectrophotometric grade) from
Thermo Scientific (Germany). All reagents were used as
received.

2.2 | Procedures

2.2.1 | Deposition of aluminum and DLC
Aluminum films, typically 100 nm thick, and nominally
hydrogen-free amorphous carbon films (a-C), typically
50-60 nm thick, were deposited consecutively, without
intervening venting, by direct current (DC) magnetron
sputtering in an Inline Coater SV470 (FHR Anlagenbau
GmbH, Ottendorf-Okrilla). Polycarbonate (PC) sub-
strates of 1.5 x 1.5 cm” size were cut from commercial
compact disks (CDs), cleaned by 30-min sonication in
isopropanol and mounted on the substrate holder
using double-sided tape. For sputtering, argon with
5.0 purity was applied. Electrical sputter parameters
and Ar pressures were: Al target (99.999% pure,
25.4x12.7cm?): 385V, 2.6 A (1kW), 1.0 Pa. Graphite
target (99.99% pure, 47.0x13.0 cmz): 480V, 2.1A
(1kW), 0.1 Pa. Two batches of samples were coated
under nominally identical conditions, in the following
called batches B1 and B2.

The samples were stored under ambient laboratory
conditions (21 + 1°C, 40 + 10% rel. humidity) in covered
Petri dishes made from glass.

2.2.2 | Chemical derivatization

Vapor-phase derivatization reactions were carried
out in In-Ex-Tubes 29T from FengTecEx GmbH
with the samples placed in the inner tube and about
200 pL of liquid reagent at the bottom of the outer
tube. After closing the tube, the reagent (TFBA) was
cooled by dipping the tube end into liquid nitrogen
and the tube was evacuated by a rotary vane pump.
Samples were left in the tube at room temperature
overnight and, on the next day, transferred to into a
heatable desiccator which was evacuated at 40°C for
2h with continuous pumping to remove physisorbed
reagent.

For liquid derivatization, the samples were placed in
deaerated aqueous solutions of the reagent for a specified
duration and were subsequently thoroughly rinsed with
deionized water to remove physisorbed reagent.

2.3 | Characterization and analysis

2.3.1 | Ellipsometry

Ellipsometric measurements of thickness and refractive
index of a-C thin films were made using a spectroscopic
ellipsometer (SE 850 DUV, Sentech Instruments
GmbH) at incident angles from 50° to 70° with 5°
increments in the wavelength range of 380-900 nm.
Thicknesses were calculated using the SpectraRay/4
software package (Sentech) with a Tauc-Lorentz model
for the carbon layer. Results for batches B1 and B2 are:
dg;=65+1nm and dp,=68+1nm, n(589nm) =
2.13 +£0.05.

2.3.2 | Fourier transform infrared (FTIR)
spectroscopy

For infrared spectroscopy, an FTIR spectrometer
Nicolet iS50 (Thermo Fisher Scientific GmbH) was
used, equipped with an mercury cadmium telluride and
a deuterated triglycine sulfate detector. For the
ImIRRAS studies an ATR accessory Smart iTX was
used with a single reflection Ge crystal. Transmission
measurements on solutions of CD reagents TFBA and
TFEH in tetrachloroethylene were performed in a
cuvette equipped with NaCl windows and a lead gasket
providing a path length of 140 + 3 um as determined
from the interference pattern in an empty-cell spec-
trum. FTIR measurements were usually done in the
wavenumber range of 4000-650 cm™' with a spectral
resolution of 4cm™", averaging 64 scans.

2.3.3 | X-ray photoelectron
spectroscopy (XPS)

For XPS a PHI 5500 ESCA system (Physical Electronics)
was used, equipped with a hemispherical analyzer and
a Mg Ka X-ray source (1253.6 eV). The angle between
X-ray source and the analyzer was 54.7°. High-
resolution spectra were acquired at a constant analyzer
pass energy of 11.75eV and an electron take-off angle
of 47° with respect to the sample surface. PHI MultiPak
instrument software was used to evaluate the spectra.
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3 | RESULTS AND DISCUSSION

31 |
by XPS

Oxygen uptake measurement

Results of XPS measurements on surfaces of a-C samples
from batch B1, aged up to 21 days under the above-given
conditions, are displayed in Figure 3. The C1s peak in the
XPS spectrum measured on day 21 was deconvoluted
into six components. Table 3 shows binding energies BE;
and mole fractions x; for individual components i as
obtained from the best fit.

The deconvolution of Cls peaks in XPS spectra of
carbonaceous compounds has been the subject of
research until recently.[*~>* A reliable analysis requires
to know the fractions of sp* and sp>-bonded carbon
atoms as well as their fitting parameters. As this
information was not available for the present samples,
several curve fittings were executed with different
assumptions regarding graphitic carbon (sp?, C=C) and
aliphatic carbon (sp’, C-C, C-H), to investigate the
influence on peak areas of components representing C
atoms bound to oxygen. Curve fitting was done with six
components whereof three represent oxygen-bound
carbon. The same full width at half-maximum (FWHM =
1.8 eV) was used for the latter components, and also for
the aliphatic carbon peak. For graphitic C, an asym-
metric curve shape was applied, with a maximum
restricted to the range of 284.3-284.6eV. The peak
difference between aliphatic and graphitic carbon
(BE,-BE) was restricted to the range of 0.3-0.5eV. The
satellite peak difference relative to the graphitic carbon
peak was fixed to 6.4eV. Data shown in Table 3 are
obtained in the best fit among a range of fits executed
with varying parameters. It must be noted that minor
changes in parameters used for components 1 and 2
result in large variations of the molar fractions of oxygen-
bonded carbon, typically within a range of + 10%. In
spite of the relatively large error of x; it appears that
among O-bonded C atoms those with a single bond to O
dominate with about 60%. Comparing the results in
Table 3 with the oxygen mole fraction of 8.6% (Figure 3),
one is led to conclude that for component 3 C-O-C
bonds are probably dominating, for component 4 C=0
bonds. The first assumption is substantiated by results
obtained with infrared spectroscopy, pointing to an
appreciable amount of epoxy groups formed in the first
hours of aging, see Section 3.2. However, it must be
pointed out that even under the assumption that oxygen
is only contained in epoxy, carbonyl, and lactone groups,
the oxygen content from the Cls analysis would be
(x3=x5)/2 + x4 + 2x5 = 10.5%, versus 8.6% from the Ols/
Cls area ratio. Similar and even larger overestimations of
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FIGURE 3 Evolution of oxygen and nitrogen mole fractions on
the surfaces of a-C films during aging up to 21 days (B1).

TABLE 3 Cls peak deconvolution for a sample from batch Bl
atr=21d.

i BE;/eV xil% Possible binding

1 284.4 21.4 C=C (sp?)

2 284.7 54.4 C-C, C-H (sp®)

1&2 75.8 (Sum of 1 and 2)

3 286.5 8.6 C-0-C, C-OH

4 288.2 39 C=0, 0-C-0

5 289.3 1.5 0-C=0

6 290.8 1.0 n-1t* satellite of C=C

Note: Best fit results.

oxygen by the “conventional” C1s deconvolution have in
the past frequently been reported for XPS analyses of
graphitic or graphene-based materials with extended sp*-
hybridized domains, see the citations in the paper by
Kovtun et al.*®) With advanced deconvolution methods,
this discrepancy can be reduced or removed as shown in
recent publications but this research topic is outside the
scope of the present work.

The time dependence of X, displayed in Figure 2 up
to 21 days is similar to findings by Kondo and Nishidal'*!
in VP-CD-XPS studies on a-C:H. In those investigations,
however, the increase of x, between day 0 and day 6
was mainly due to C=O groups, accounting for 54% of
O-functional groups (OH, C=0, COOH) on day 20. In the
present case about 60% of functional groups on 21-day-
old a-C had a single C-O bond and only between 22% and
27% two bonds to O (C=0, O-C-0). Cloutier et al., on the
other hand, applying C1s deconvolution for the analysis
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of a-C:H directly after deposition and after 3 years,
respectively, reported that the aging process predomi-
nantly generated C-O bonds.'®! Both papers are in
conflict with results reported by a Japanese group[16]
based on VP-CD-XPS according to which C=0 groups are
already predominant in freshly prepared a-C:H.

Different results that can be found in the literature for
the surface composition of a-C:H may be due to different
deposition and storage conditions. It cannot be excluded,
however, that discrepancies are also caused by the failure
of “traditional” assumptions made for the selectivity of
chemical derivatization reactions.

3.2 | Aging of DLC as measured by
ImIRRAS

Spectra shown in Figure 4 were taken one after the other
over 150 min during aging of a batch of 10 a-C samples
from one deposition run (B2), starting with a first
measurement 10 min after opening the unloading com-
partment of the sputter apparatus. The following discus-
sion will be organized according to the regions R1
through R4, highlighted in color in Figure 4.

30 T I|/ T T
] Batch2, == 10 (x0.2) 908
1 —  20-10 30-10 —— 40-10
] 50-10 60-10 —— 80-10

204 —  100-10 — 120-10 —— 150-10

2102 1712

—_
o
PR BT

o
P R

Absorbance A(v)x10°

N
o
Ly

........ IRERRREEESy Ee—

4000 3000 2000 1500 1000
Wavenumber v/ cm™

FIGURE 4 (left) ImIRRAS spectra of a-C films from B2 with
ages between 10 and 150 min. The spectrum with label “10 (x0.2)”
is from a 10-min old sample, scaled by a factor of 0.2. Labels “i-10,”
and so on, denote difference spectra: The original 10-min spectrum
is subtracted from spectra of samples i minutes old. The carbonyl
band at 1712cm™" is virtually absent at ¢ =10 min but develops
over 150 min when it finally attains a band area of 0.03 cm™*. The
ketene band at 2102 cm™! has already an area of 0.04 cm™ in the
10-min spectrum; it increases to 0.06 cm™" within 150 min. The
feature at 2360 cm ™ is due to CO, in the beam path. Note that
there is a significant difference in positions of peaks at 908 cm™" in
the 10-min spectrum and at 928 cm™" in the difference spectra.

The series of 10 spectra shown in Figure 5 helps to
understand the occurrence of inverted peaks in region R3
of Figure 4: These 10 spectra were offset vertically to
coincide at 1400cm™'. This presentation shows that
there is, already in the first spectrum, a band with a peak
at 1113 cm ™}, somewhat increased at t = 20 min and then
decaying to virtually zero absorbance within about
100 min. Similar behavior can be seen for the peak at
690cm™'. The difference spectrum “20-150” isolates
these two bands from the background.

There is reason to presume that these transient bands
are due to labile (hydro)peroxy groups formed upon
contact of the freshly prepared a-C film surface with the
open air. These groups could be formed in reactions
between carbon-centered radicals with atmospheric
oxygen and subsequent abstraction of hydrogen atoms
from the film surface by the intermediately formed
peroxy radicals. This mechanism is well known from
oxydative degradation of polymers initiated by radical
formation.*®! Although the films were sputtered using
high-purity Ar and graphite, respectively, the presence of
a substantial fraction of hydrogen cannot be excluded,
originating, for example, from the residual gas or from
the walls."®>7! At least the 1113-cm ™" peak falls well into
the range of C-O vibrations in hydroperoxides.l*®! A
definite assignment, however, would require further
studies.

It is important to note that at a film age of t =10 min
the band below 1000cm™" in region R4 of Figure 4 is
largely due to an ultrathin oxide layer on the aluminum
sublayer, beneath the a-C film. The further growth of this
band, however, as seen in the difference spectra in

(]
o

T T T T T T T T T

| Batch 2, age t/ min =

—10 —20
40 - 30 — 40 ]
50 —— 60
80 —— 100
—— 120 — 150

o
1

1113 690

0.78
—— 20-150 (offset -0.010)

[A(V)-A(1400 cm™)]x 103

_20 T T T
1400 1200 1000 800 600

Wavenumber v/ cm’

FIGURE 5 (right) ImIRRAS spectra of a-C films (B2) with ages
between 10 and 150 min, region of C-O and Al-O stretching

vibrations between 1400 and 650 cm ™.
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FIGURE 6 (left) Growth of the area of the band with a peak
between 908 and 924 cm™, integrated from 1020 to 750 cm™". Data
points were fitted by the function given in the legend, approaching
the value of 5.15cm ™" exponentially with a time constant of 2300 s
(38 min).

Figure 4 as well as in the graph in Figure 6, showing the
increase of band area between 1020 and 720 cm™* with
time, is not due to further oxidation of the buried Al,O4
layer upon exposure of the sample to air, but to the
formation of functional groups on the a-C surface.

There are several arguments which can be put forward
to underpin this important conclusion: There is (i) a
substantial difference in peak positions at t=10min
(908 cm™) and in the difference spectra (928 cm™) as
well as (ii) in the FWHMs: 80 cm™ for the oxide which is
mainly present at 10 min versus 120 cm™ for the difference
spectra. (iii) The growth curve in Figure 6 does not have
the typical shape of low-temperature oxide growth
curves'® and it is not plausible that the oxide growth
stops after the thickness has increased from 1.4nm to
about 1.8nm. Most important, however, are (iv) the
changes in IR spectra upon exposing the DLC films to
vapors or solutions of nitrogen nucleophilic amines and
hydrazine, see Section 3.3.

The ALO; thickness value given in Figure 6 was
estimated, based on an optical simulation of a layer
system, consisting of 2 nm Al,05 (Brendel oscillator!®!!)
on Al (Drude model*). Comparing a simulated
spectrum of log(1/R,) obtained by IRRAS (80°) with
an ImIRRAS spectrum (Ge 45°, 50nm DLC with
n=2.1 and k=0) resulted in a band area by a factor
7.3 larger for the ImIRRAS spectrum, in reasonable
agreement with the ratio (see Equation [3])
43 sin(45°)tan(45°)/[sin(80°)tan(80°)] = 8.10. For 80°-
IRRAS measurements, a relation between band area
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FIGURE 7 (right) A, B: Averages of spectra from two 22-day
old samples from B2, measured after 15 min exposure to vapors of
H,0 (“H”, black) and D,O (“D”, red), respectively, in air (about
45% relative humidity). Note the change of wavenumber scale at
1100 cm ™. Aside from vanishing or appearance, respectively, of
stretching and deformation vibrational bands related to hydroxyl
groups and adsorbed water (vou(p) and donn)), there are major
changes in the region below 1100 cm™: Black and red arrows
indicate the regions of maximum absorbance decrease and
increase, respectively, upon exchange of H against D. Second
derivatives of A and B, respectively, in graphs C and D (here
multiplied by —2000, blue and green) reveal four major peaks in this
region, with wavenumbers as indicated in the legend.[*”!
Wavenumber ratios of peak positions in H and D spectra are, from
left to right: 1.006, 1.004, 1.002, and 1.000. A further peak and two
shoulders in the H spectrum are marked by blue arrows.

and oxide thickness was established before./*”) With
this information, d,,(10 min) = 1.4 nm was estimated.

The wavenumber region below 1100 cm™ was studied
in more detail on two 22-days old samples from batch B2,
applying H/D isotope exchange of O-bonded hydrogen
atoms. The second derivative of the average spectra of
samples exposed 15 min to H,O vapor and to D,O vapor,
respectively, with a relative humidity of 45% each, was
inspected. Results are shown in Figure 7 in which A and
B are spectra measured after exposure to H,O and D,0,
respectively, while C and D are second derivatives of A
and B, respectively, multiplied by —2000. The latter
spectra show that the broad bands with peaks near
900 cm ™' in A and B consist of at least two components
with small effects of H/D exchange as shown by the peak
positions given beyond the graphs. However, the
shoulders of the band with a peak at 938 cm™" (H form)
and the peak at 817cm™' suggest that there are even
more components, see the arrows and figures below the
graphs.
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In the context of the main motivation of the present
study, it is important to note that the peaks between 1000
and 800 cm ™' fall into the regions of antisymmetric and
symmetric in-plane deformation vibrations, respectively,
of epoxy rings.[62] These vibrations extend generally from
(rounded) 950 to 860cm™! and from 870 to 785cm™?,
respectively.!®®! An epoxy ring “breathing” vibration,
typically appearing between 1235 and 1280 cm™', is not
visible in the spectra. In spectra of model epoxides
reported in the literature, too, the corresponding band
has often less intensity than the ring deformation bands,
see, for example, data in Bomstein!®* It is therefore
assumed that the broad band in region R4 of Figure 4 can
be assigned to epoxy groups in different bonding
situations.

Arrows in black at 1050 cm ™" and in red at 800 cm™
in Figure 7 mark the centers of relatively broad
wavenumber regions where major changes in absorbance
are to be seen as a result of H/D exchange. The large
wavenumber shift indicates that C-O-H(D) deformation
vibrations are involved here. A comparison with litera-
ture data for spectra of carboxylic acids, alcohols, and
phenols shows that this region is not typical for in-plane
or out-of-plane deformation vibrations of C-O-H groups
in these classes of compounds.*®

As shown in Figure 8, the total area of absorbance
bands due to O-H stretching vibrations, appearing in
region R1 of Figure 4, grows in the first 50 min to a value
staying virtually constant over the following 100 min.
Evidently, the band could be decomposed into at least
two components with age-dependent weights. The C-H
vibrations in this figure are most probably due to
adventitious hydrocarbon contaminations. While both,
the density of OH groups as well as that of presumed
epoxy groups, virtually approaches a constant value
within the first 50-100 min, the growth of the carbonyl
group density proceeds much more slowly. The corre-
sponding absorption band emerges at 1712cm™', see
region R2 of Figure 4, and attains a band area of only
0.03cm™' within the first 150 min. Figure 9 shows
spectra taken at sample ages t =150 min, 1 day, and 18
days, respectively. Three- or four-digit numbers in these
and the following figures are peak positions, bold figures
are areas of absorption bands. After about 24h, the
carbonyl band has shifted to below 1700 cm™" and grown
in area by 0.14 cm™, see the red difference spectrum
“(B-A)x 107, and at t=18 days, the spectrum in the
C=0-stretching region has changed further by additional
intensity around 1650cm™. To estimate an order of
magnitude of carbonyl group densities at day 1, using a
value of 10,000 Lem ™ *mol " as typical integrated inten-
sity of a carbonyl groups[‘”] one arrives at a value of
2nm? while it is only 0.3 nm™? after 150 min, when the

1

N
1

w
1

10

[A(1)-A(3700 cm™)]x 103

—20 30 —40
50 ——60 80
100 120 150

3600 3400 3200 3000 2800 2600
Wavenumber v/ cm™

FIGURE 8 (left) ImIRRAS spectra of a-C films with ages
between 10 and 150 min, region of O-H and C-H stretching
vibrations between 3700 and 2600 cm™. A linear background
between data points at 4000 and 2400 cm™" was subtracted and the

spectra were offset to coincide at 3700 cm™".

150 T A T T
o —A B1,150 min 5.2
o —B:B1,1d 5.1

——C:Bt1,18d 5.0
1; 100 - v
=
N
<
o 501
1715

8 — (B-A)x10 1381, 1127
© — (C-A)x10
o] —— (C-B)x10
5 0 (offset - 0.0064)
(72}
O
<

=50 - ,

4000 3000 2000 1500 1000
Wavenumber v/ cm™

FIGURE 9 (right) Spectra taken after 150 min, 1 day, and 18
days, respectively. Difference spectra show effects of aging from
150 min to 1 day and 18 days, respectively, and from 1 day to 18
days. Note the shift in peak position of the C=0 stretching vibration
in the difference spectrum B-A to lower that 1700 cm™. After 18
days, a peak at 1665 cm™" and a shoulder at 1715 cm™" are visible.

presumed epoxy band has already grown into saturation.
Note that this band has an area of about 1.3cm™!, an
order of magnitude larger than the carbonyl band. This
leads to the conclusion that the corresponding group
density should be at least an order of magnitude larger
than the carbonyl-group density because C-O stretching

vibrations generally do not have larger integrated
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intensities than C=0 vibration which are usually very
strong. In view of the oxygen mole fraction of roughly 0.1
as determined by XPS one can conclude that the oxidized
layer must have a substantial depth, about 5nm if a
density of 1g/cm’ is assumed, to be consistent with
Pn=20nm"2. Preliminary angle-resolved XPS measure-
ment support this conclusion.

3.3 | Reaction of aged a-C samples with
TFBA and TFEH

Figures 10 and 11 display the results of chemical
derivatization experiments performed on samples from
batches B1 and B2. Figure 10 shows the result of liquid-
phase experiments (LP-CD) with TFBA, Figure 11 results
of liquid- and vapor phase derivatizations (VP-CD) with
TFEH. Peak positions, integration ranges, assignments,
and integrated intensities B of strong infrared bands in
TFBA and TFEH, measured in transmission on solutions
in tetrachloroethylene, are shown in Table 4. The larger
errors in the determination of B in case of TFEH is
caused by the necessity to remove the water from the
customary 70-% solution in H,O by a drying agent. With
the B values and corresponding band areas in In[RRAS
spectra from derivatized samples (see the legends of
Figures 10 and 11), functional group densities can be
determined using Equation (3).

A frequently observed feature of difference spectra as
shown in Figures 10 and 11, obtained by subtracting
spectra of untreated samples from spectra taken after
derivatization, is the appearance of an inverted or, before
offsetting, a negative peak in the region below
1000 cm™", that is, the region where the aging has its
main impact on ImIRRAS spectra during the first hours,
see above, Figure 4. It is an obvious conjecture that the
reaction with the N-nucleophilic amine and hydrazine,
respectively, predominantly attacks electrophilic moie-
ties which were formed in the first 10*s (Figure 6) and
that these moieties are in fact epoxy groups for which
ring opening by nucleophiles is a characteristic reaction.
It is important to note that the aging-related gain of 928-
cm™! band area in the difference spectrum B in Figure 10
(1.32) and the loss of band area upon reaction with
TFBA (C, —1.30) have virtually the same absolute value,

*Experiments and simulations show that baseline position, slope and
curvature depend on the quality of the optical contact between the IRE
and the sample (see Figure 1). Insertion of a 5-nm air gap in the model
used above, with n; = 1.5, lowers the baseline absorbance at 900
(1100) cm™" by 0.0015 (0.0021). Therefore, the absolute absorbance in a
difference spectrum is normally not a criterion but only the shape of the
spectrum. The air gap lowers the band area at 1000 cm™" by 7%.

AND POLYMERS
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FIGURE 10 (left) Liquid-phase chemical derivatization
(LP-CD) with TFBA: A and B are differences of spectra from two
samples from B2 measured at ages of t =10 min and 1 day,
respectively. After 1 day, samples A and B were treated for 1h in a
0.25M aqueous solution of NaHCO; (“NaC”) and in an aqueous
solution of 0.5M 4,4,4-trifluorobutylamine (TFBA) and 0.25 M
NaHCOs, respectively. D and C are the corresponding difference
spectra. Spectra were vertically offset to improve the clarity. Three-
or four-digit numbers are locations of band maxima in cm™, the
bold number at spectrum C is the band area in cm™. The broad
positive (in A and B) or inverted bands (in C and D) with peaks at
or near 928 cm ™' have areas (in cm™) of A: 1.35, B: 1.32, C: —1.30,
D: —0.44. (The range of integration is indicated by the pink and
green areas.).

suggesting that the corresponding functional groups
generated by the aging process are quantitatively
consumed in the reaction with TFBA. This does not
mean, however, that all functional groups are actually
binding one molecule of the amine. For the reaction with
TFEH, too, the so far unassigned very prominent band
with a peak at 1432cm™" and a shoulder at 1468 cm™,
formed in VP derivatization of samples from B1 (black,
red, and blue spectra in Figure 11) is not necessarily due
to vibrations of the bound CF;-CH,-NH-N= moiety—it
could also be due to a side product.

Products of reactions of epoxides with amines and
hydrazines, which can be run at low temperatures in
water,[®*! are B-amino alcohols!®® and p-hydrazino
alcohols,'®”! respectively. Water'®®! or OH anions them-
selves can also act as nucleophiles and hydrolyze epoxy
groups under moderate conditions, resulting in vicinal
diols. The appearance of an inverted peak in difference
spectrum D in Figure 10 is therefore not surprising. In
Figures 10 and 11, the formation of alcohols as well as
B-amino and B-hydrazino alcohols, respectively, does not
result in the appearance of characteristic sharp peaks due
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FIGURE 11 (right) Liquid- and vapor-phase chemical
derivatization (LP-, VP-CD) with TEFH: Spectra 1, 7, and 21 are
differences of spectra measured on samples from Bl at t=1, 7, and
21 days before and after VP-CD with 2,2,2-trifluoro-ethylhydrazine
(TFEH), respectively. (The red triangle marks an inverted peak due
to a contamination on the underivatized sample.) Spectrum 18 is
the difference of spectra measured on a sample from B2 at t=18
days before and after LP-CD with 0.1 M TFEH in water. Spectra
were vertically offset to improve the clarity. Three- or four-digit
numbers are locations of band maxima in cm ™}, the bold number at
spectrum 18 is the band area in cm™". Areas with peaks at or near
1175cm ™! are 1: 0.21, 7: 0.25, 21: 0.27, 18: 0.14. The broad band
between 1400 and 1500 cm™! in spectra 1, 7, and 21 has a
maximum at 1432 cm™" and in spectrum 1 a shoulder at 1468 cm™".

TABLE 4 Integrated intensities B of CFs-related stretching
vibrations in CD reagents TFBA and TFEH.

Peak max./cm ™!

Reagent Int. range/cm™ Ass. B/Lmol 'cm™>

TFBA 1254 Vas, CF3 5200 + 5%
1284-1224
1140 Vs, cF3 3300 + 5%
1164-1117

TFEH 1297&1261 Vo, @75 6300 + 10%
1335-1220
1157 Vs, cF3 12,000 + 10%
1220-1080

to the C-O-H and N-H moieties because the corre-
sponding vibrational bands are generally only of weak to
medium strength or broadened by hydrogen bonding.[**!
The -CF; groups in TFBA and TFEH, however, allow to
detect the presence of these groups with high sensitivity,
thanks to the substantial oscillator strength and narrow

band widths of C-F stretching vibrations.[*>”! For the
evaluation of areal densities p,/nm~> Equation (3) was
applied with f=53 (from the empirical equation in
Table 2 with ellipsometry results in Section 2.3.1) and
integrated intensities B from Table 4 for antisymmetric
and symmetric CF; stretching vibrations in TFBA and
TFEH, respectively. Results (numbers per nm?) are 2.0
and 2.4 for the 1-day and 7-day samples, respectively,
from batch B1, 1.3 for the 18-days sample from batch B2
(TFEH derivatization, Figure 11), and 4.6 for the 1-day
sample from batch B2 (TFBA derivatization, Figure 10).
Process optimizations and more systematic experiments
still need to be done to obtain results which can be
discussed in terms of derivatization chemistries (amine
vs. hydrazine) or methods (liquid vs. vapor phase). For
the present paper, it shall suffice to conclude that similar
orders of magnitude of p,, are obtained. The results also
agree with the expectation that the binding capacity of
aging a-C films for N-nucleophiles should not increase
substantially beyond an age of 1 day as the functional
groups responsible for the reactivity saturate within
about 10* s as suggested by the graph in Figure 6. It must
be noted, however, that the stability of amine or
hydrazine binding has still to be studied. Preliminary
overnight ethanol soaking experiments show that p, can
decrease substantially to below 1 nm™>. The good signal-
to-noise ratio of the spectra in Figures 10 and 11 allows
the expectation that detection limits down to about
0.1 nm ™ should be possible.

For applications where DLC surfaces are contacting
biomolecules, cells, or biological tissues and liquids, an
understanding of major aging mechanisms would be very
helpful. At present it is an open question, for example, if
or to what extent the generation of oxygen functionalities
is due to an autoxidation process involving atmospheric
O, or possibly to the oxidation by ambient ozone. An
autoxidation chain reaction could start with carbon-
centered radicals on the fresh DLC surface which are
rapidly converted to peroxy radicals in the presence of
atmospheric 0,”"; the abstraction of hydrogen from
C-H bonds by peroxy radicals would generate new
C-centered radicals which are immediately scavenged by
0, and so forth.>”

The formation of epoxy groups apparently plays no
significant role in the oxidative degradation of poly-
mers; in the review by Rabek this kind of oxygen
functionality is mentioned not at all.**! There are,
however, also kinetic reasons to exclude the formation
of electrophilic groups via the outlined autoxidation
mechanism via hydroperoxy groups: Hydrogen abstrac-
tion by a peroxy radical requires the presence of surface
C-H groups and sufficient mobility of at least one of the
reaction partners. While the H content of the studied
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films is not known, sufficient mobility on the rigid a-C
surface could be lacking. More importantly, with an
activation energy of at least 110 kJ/moll”? the unim-
olecular thermal decomposition rate of hydroperoxides
at room temperature is many (at least about 7) orders of
magnitude too small to explain the observed time
constant of 2300 s (see Figure 6). Metastable hydroper-
oxides themselves can be excluded as amine- or
hydrazine-binding functional groups: Amines are
known to reduce hydroperoxides to alcohols nearly
quantitatively.!”*! The reactions with hydrazines, too,
result mainly in reduction.!”*

A more likely alternative route toward epoxy groups
is opened by the presence of extended graphene- or PAH-
like domains of sp>bonded carbon atoms in a-C films':
Multinuclear aromatics can autoxidize without the
participation of hydrogen.”® In their study of a range
of coal chars, Levi et al. were led to conclude that
epoxidation is the prevalent type of oxygen functionaliza-
tion by molecular oxygen at room temperature.’”!
Mechanisms of O, chemisorption and the evolution of
functional groups on graphene are part of an actively
developing area of research.!”®! In independent theoreti-
cal calculation it was consistently found that vacancy
defects in graphite (0001) surfaces,’ graphene
sheets,'® 811 and CNTs[®!! lower the energy barrier for
dissociative chemisorption drastically, for example, from
270 kJ/mol for defect-free graphene to less than 30 kJ/mol
for a single-vacancy defect. Low-energy ion bombard-
ment is known to induce defects in graphene sheets.!®?!
In earlier studies on O, chemisorption on graphite, it was
already noticed that, at 300°C, basal graphite surfaces
bombarded with 500-eV neon ions were seven orders of
magnitude more reactive than nonbombarded edge
surfaces!®¥! (see also Barber et al.’**!). During DLC film
growth by sputtering, particles with energies of typically
100 eV or more are bombarding the films surface. Even in
the absence of a negative bias voltage applied to the
substrate, backscattering of neutralized sputter gas ions
from the target provides a substantial influx of energetic,
potentially defect-producing particles.[gs] Therefore, it is
obvious that structures similar to vacancy defects in
graphene sheet are also involved in epoxy group
formation on DLC upon O, chemisorption. It should be
noted that, aside from epoxy groups, cyclic ether groups
with larger rings play important roles as intermediates or
products of O, chemisorption in theoretical calculations.

"In comparing the extended clusters of sp>-hybridized carbon atoms in
DLC with PAHs or graphene, it must be noted that there is an essential
difference in electronic properties between the latters, which is crucial
for the chemical interaction with O,. The difference is due to the lack of
hydrogen saturation of C atoms at graphene edges.[75]

AND POLYMERS

It is an interesting open question to what extent such
ethers may contribute to chemical reactions with
nucleophiles.

While the defect-induced uptake of O, represents a
convincing explanation of the rapid generation of electro-
philic groups on a-C, it cannot be excluded that ozone in
the ambient air contributes to the oxidation, too: Polycyclic
aromatic hydrocarbons adsorbed on solid surfaces such as
silica, graphite or (filter) paper are known to be susceptible
to oxidation by ozone at ambient-level concentra-
tions.[***! The decay of surface coverage by the PAHs is
generally exponential in time and proportional to the O;
concentration. Even in only 0.2ppm Oj, half-lives of
perylene and benzo[a]pyrene adsorbed on fused silica as
low as 132 and 2.6 min were reported.[86] With measured
second-order rate coefficients in the range of 1x 107*° to
1x 107 cm3s™!, these reactions are much faster than
most comparable gas-phase reactions.®®! The attack of soot
platelets or PAHs by ozone and subsequent loss of O,,
resulting in epoxy and oxepine moieties, has also been
studied theoretically.**!

In view of a seven orders of magnitudes higher O,
content in typical indoor airl®"! and the low barrier for
defect-induced chemisorption of O,, however, it is
questionable if the oxidation of sputtered a-C by O;
actually can compete with the chemisorption of O,.

In the above-cited ref!®! the reactive adsorption
coefficient of water on ion-bombarded graphite was found
to be smaller than the corresponding value for O, by more
than a factor of 10° (at 30°C and an oxygen coverage of
0.5). According to theoretical calculations, barriers of 154
and 19 kJ/mol were determined for chemisorption of H,O
and O,, respectively, at vacancies on the graphite (0001)
surface.l”®! Therefore, the typical 1-% H,O fraction of the
indoor air in the experiments is not expected to play an
important role in the first reaction steps.

In general, it is not possible to represent graphene, its
defects and oxidation products graphically like classical
Kekulé molecules. To get an impression of the molecular
environment of epoxy groups in oxidized graphene, the
reader is recommended to look at the models of Lerf-
Klinowski, Dékany and Hofmann in the first figure of the
cited review article on GO.!**!

4 | CONCLUSIONS AND
OUTLOOK

The application of ImIRRAS to study surface functional
groups produced spontaneously during aging of nomi-
nally H-free amorphous DLC coatings (a-C) exposed to
ambient laboratory air allows to gain insights into
surface-chemical processes which are not easily
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accessible by XPS. Within the first 10*s (about 3 h) after
venting the load lock of the sputter apparatus used to
deposit the films, the growth of a vibrational band
peaking at 928 cm ™ virtually comes to an end, attributed
to the generation of epoxy groups. There are two main
arguments for this assignment: (1) Peak positions of band
components which can be identified in the second
derivative of spectra are characteristic for symmetric
and asymmetric deformation vibrations of the epoxy ring.
(2) Upon contact with vapors or aqueous solutions of two
selected N-nucleophiles, TFBA and TFEH, partial or
virtually complete vanishing of the band is observed, due
to ring opening. Comparing band areas of CF; stretching
vibrations in ImIRRAS spectra with corresponding
integrated intensities B of the reagents enables measure-
ments of number densities p, of reagent molecules
physisorbed or chemisorbed on the film surface. Values
of p, between 1 and 5 per nm” were measured in the
present study for film ages of 1 day or beyond. The
sensitivity of ImIRRAS allows the quantification of
functional groups with high oscillator strength down to
areal densities in the lower 0.1-nm~? range. Thus it can
be shown that the density of carbonyl groups is still quite
small, about 0.3nm™? after 150 min, when the epoxy
group formation is nearly completed, but it grows
substantially within the following 24 h.

Compared with graphite or graphene, clusters of sp*-
hybridized C atoms in a-C represent a highly defective
form of carbon. Therefore, in view of previous experi-
mental and theoretical evidence in reports on defect-
induced interaction of these materials with O,, the
observed rapid formation of electrophilic oxygen-
functional groups on a-C surfaces by chemisorption of
molecular oxygen from the open air is not surprising. So
far, however, a participation of ambient ozone and water
vapor cannot be excluded. A study of the effects of different
storage conditions is planned in the near future, including
a comparison of ImIRRAS results with elemental analyses
by XPS. Another open question to be investigated is the
role of hydrogen atoms incorporated in the DLC film, for
example from water vapor in the residual gas in the case of
nominally H-free a-C films, or from hydrocarbons in the
process gas, as in a-C:H films prepared by PACVD. Last,
but not least, to know and understand the temporal
evolution of functional group densities on the time scale of
100 days is of interest, not only from the scientific point of
view but also for applications.
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