
Analytical
Methods

PAPER

Pu
bl

is
he

d 
on

 2
1 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

by
 T

U
 G

ra
z 

on
 2

9/
08

/2
01

7 
15

:3
6:

23
. 

View Article Online
View Journal
Simple method f
aInstitute of Solid State Physics, NAWI Graz,

Austria. E-mail: anna.coclite@tugraz.at
bDepartment Kunststoechnik, Montanuniv

Cite this: DOI: 10.1039/c7ay01748k

Received 18th July 2017
Accepted 18th August 2017

DOI: 10.1039/c7ay01748k

rsc.li/methods

This journal is © The Royal Society of
or the quantitative analysis of thin
copolymer films on substrates by infrared
spectroscopy using direct calibration

Martin Tazreiter, a Paul Christian,a Robert Schennach,a Thomas Grießerb

and Anna Maria Coclite *a

The chemical composition of a copolymer drives many important material properties and quantification in

terms of comonomer volume fraction is thus of practical relevance for many studies. Infrared spectroscopy

is one of the most common techniques for compositional analysis but it usually relies on manual evaluation

of baselines and peak heights, which can be rather inaccurate and become a laborious task when having

multiple spectra to evaluate. On the contrary, Maxwell's theory of electrodynamics can be used to

calculate the complex index of refraction from measured spectra promising a more accurate

quantification. Since this procedure is rather involved, we propose a simple in-house developed

IR-quantification routine to automatically evaluate the comonomer volume fractions of thin copolymer

films by using the Bouguer–Lambert–Beer approximation after correcting the baseline of all absorbance

spectra automatically. This method was experimentally evaluated on over 40 thin polymeric coatings

synthesized by initiated chemical vapor deposition on silicon substrates. The samples comprised a wide

range of different compositions and were synthesized from four different monomers, with single films

consisting of up to three components. All data obtained by our routine was compared with data from

spectroscopic ellipsometry and with X-ray photoelectron spectroscopy data of selected samples. The

comparisons show that the IR-quantification routine reliably evaluated the polymer composition even

when the involved comonomers exhibited similar chemistry, as it is the case for methacrylic acid cross-

linked with ethylene glycol dimethacrylate.
Introduction

Thin polymer coatings, below 1 mm, are an attractive technology
for physical and chemical modication of a wide variety of
different surfaces, being employed in both industrial but also
research-based applications. Such coatings ensure biocompat-
ibility for implants or medical instruments,1 are applied to
devices as protective coatings against thermal,2 chemical3,4 or
physical inuences5 but are also utilized in large-scale appli-
cations such as the fabrication of vehicle tires, where they are
used as mould release agents.6 That polymeric coatings can be
used in such a plethora of different applications stems largely
from the wide range of chemistries accessible within this class
of materials, which can be further tuned by the inclusion of
inorganic materials such as nanoparticles.7 Copolymers are
a particularly interesting class of materials in this regard,
combining the individual properties of two or more constitu-
ents into a single polymer. This allows, for example, to combine
hydrophilic monomers such as (hydroxyethyl)methacrylate
Graz University of Technology, 8010 Graz,
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Chemistry 2017
(HEMA) with cross-linkers like ethylene glycol dimethacrylate
(EGDMA), thus forming a stable hydrogel when immersed into
water.8 Among properties such as average molecular weight,
polydispersity or aggregation state (e.g. amorphous, liquid-
crystalline), the relative fraction of the constituent monomers
in the resulting polymer is oen a dening characteristic. For
example, the maximal water-uptake in p-(HEMA-co-EGDMA)
exhibits a linear dependence on the HEMA content, until
stability cannot be maintained by the decreasing EGDMA frac-
tion.9 Exact data on the volume fractions are also crucial inputs
to several analysis methods such as comonomer reactivity
evaluation by the Fineman–Ross method10 or the characteriza-
tion of charge transport properties in ion-containing copoly-
mers11 and are thus of practical importance.

While for soluble polymers a profusion of chemical analysis
is available (mass spectrometry, chromatography, calorimetry)
for cross-linked or uorinated polymers the precise character-
ization of the chemical composition is more complicated. A
standard technique to evaluate the relative composition of thin
copolymer lms is Fourier transform infrared spectroscopy
(FTIR).12 FTIR is a relatively easy and fast technique when
compared to mass spectrometry, titration or chromatography
and it is available in most laboratories. In some cases, the
Anal. Methods
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chemical bonds in the copolymer produce distinguishable
characteristic peak positions in the absorbance spectra, due to
their respective chemical environments (e.g. a C]O bond in
a ketone and in carboxylic acid absorb at different wave-
numbers). The respective volume fraction of the involved
monomers may then be evaluated by baseline correcting the
absorbance spectrum and comparing the different peak heights
or areas utilizing the Bouguer–Lambert–Beer13 relation or
a weakened relation in form of a calibration curve. This proce-
dure is commonly used in literature, but the exact method of
how the baseline is corrected is oen not stated, which is
problematic since this can inuence the outcome. Usually one-
point and two-points corrections are applied, which subtract
a constant and a straight line from the absorbance spectrum,
respectively. In the absence of interference fringes, this can be
sufficient. In the presence of interference fringes, splines can be
used with manually dened points in locations, which the user
interprets to be the baseline. This obviously produces user
dependent outcomes which can vary from spectrum to spec-
trum. The method presented in this paper uses an automated
baseline correction to reduce these problems. For quantica-
tion purposes, the method of how the baseline corrected
absorbance spectrum is used further also varies a lot within
literature. Sometimes absorbance values at specic wave-
numbers are used14–17 and other times areas under peaks are
used.18–21 When the absorbance values at specic wavenumbers
are used, more noise than necessary is extracted from the
spectrum. Using the whole area of a peak reduces the noise.
Both only work in case of non-overlapping peaks. When peaks
overlap, they might be tted with multiple Gauss or Lorentz
functions (or a convolution of both), but the necessary number
of tted peaks as well as their type and constrains on their
parameters introduces again a user inuence on the outcome.
In the present study, these problems are minimized by using
homopolymer spectra themselves to t copolymer spectra.
Some studies use an alternative approach called principal
component analysis.22,23 Theoretically more signicant than the
partly experimental problems stated above is that the presence
of electric eld standing wave effects as, e.g. interference fringes
in the spectrum, cannot be directly described by the Bouguer–
Lambert–Beer relation which is therefore an approximation.24,25

The theory which accurately describes both absorption and
electric eld standing wave effects in transmission spectra is
Maxwell's theory of electrodynamics.26–28 The central quantity
which characterizes the properties of waves in or at the interface
of materials is the complex index of refraction, which is wave-
number dependent. The Kramers–Kronig relation relates the
real part to the imaginary part and vice versa, but requires the
knowledge of one part at all frequencies.29 It is straightforward
to calculate the transmission function of a free-standing layer at
normal incidence with perfectly smooth surfaces given the
complex and wavenumber dependent index of refraction and
the thickness. The inverse problem to calculate the index of
refraction from one measured transmission spectrum is natu-
rally more involved but still possible. R. T. Graf et al.30 for
example determined the complex index of refraction of free
standing organic lms from their transmission spectra, by
Anal. Methods
using the interference fringes to determine the lm thickness
and index of refraction at very high frequency nN for subse-
quent calculation of the wavenumber dependent complex index
of refraction. R. Uitz et al.31 used transmission and reection
spectra of thin polymer lms to determine the index of refrac-
tion. With this method, care must be taken since it might yield
multiple solutions.32

These methods get more complicated if during the trans-
mission measurement a substrate is present in addition to the
investigated layer. Nilsson33 measured transmission at normal
incidence through a layer on a transparent substrate and
showed how the optical constants can be calculated. In case of
an absorbing substrate like silicon the formulas would have to
be adapted. If the layer is thin such that only a fraction of the
interference fringe period is visible in the spectrum, the thick-
ness and the refractive index nN cannot be reliably determined
from the interference pattern. Unknown surface roughnesses
can further complicate the procedure. The Maxwell compatible
methods discussed so far are model independent and give the
index of refraction at discretized wavenumbers as output. An
also Maxwell compatible method, which is model dependent, is
Dispersion Analysis34,35 which uses a model for the dielectric
function, oen a sum of Drude–Lorentz oscillators. In the
standard approach the number of oscillators and therefore the
degrees of freedom are kept as small as possible but as large as
to get a good t to the data. A. B. Kuzmenko36 on the other hand
used a number of oscillators on the order of the number of
discretized wavenumbers and therefore extended it to an
essentially model independent method. Even though Disper-
sion Analysis is a useful tool, it does not remove the partly
experimental problems stated before. Since for this work
a simple quantication method was desired which does not
depend on preknowledge of layer thickness or refractive index
(except for the homopolymer spectra), the Bouguer–Lambert–
Beer approximation was utilized in combination with an auto-
matic baseline correction algorithm to remove interference
fringes. Other symptoms of the electric eld standing wave
effect like altered band ratios and band positions were neglec-
ted. The validation of the obtained values will justify that. The
polymer layers used in this work were synthesized by initiated
Chemical Vapor Deposition (iCVD). iCVD is a versatile method
to fabricate thin polymer coatings on a variety of different
surfaces,37 which has been successfully used in the preparation
of hydrophobic surfaces for dropwise condensation,38 as anti-
fouling39 and anticorrosion40 coatings or for drug encapsula-
tion.41,42 The iCVD method is a solvent-free polymerization
method, where all the reactants are supplied from the vapour
phase. The process relies on a free radical polymerization
mechanism and allows obtaining polymers and copolymers
with high chemical delity, contrarily to other vapour deposi-
tion techniques. In general, this method results in coating
thicknesses ranging from only a few nanometres to some
micrometres. The commonly used monomers are acrylates,
which oen exhibit similar chemistry. Films deposited by this
technique can be used as test models for the evaluation of the
volume fraction analysis due to their high chemical structure
retention, lack of unpredictable side-reactions and low
This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/C7AY01748K


Paper Analytical Methods

Pu
bl

is
he

d 
on

 2
1 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

by
 T

U
 G

ra
z 

on
 2

9/
08

/2
01

7 
15

:3
6:

23
. 

View Article Online
inclusion of initiator radicals in the initiation and termination
phase.

The present work shows an approach to evaluate the
composition of such lms by treating the experimental FTIR
absorbance spectra of the copolymers as a combination of the
respective homopolymer spectra. The aim is to provide an easy
and reliable tool for copolymer analysis, which eliminates the
person-to-person variability. The IR-quantication method was
evaluated on experimental data for different thin polymer lms
deposited by iCVD and was shown to work also for copolymers
including three different comonomers. The IR-quantication
routine and a graphical user interface were implemented
using the Python programming language. The scripts are
available online free of charge https://www.annacoclite.com/
equipment/.
Theory

To describe the absorbance of an arbitrary copolymer lm of
thickness d, a model system is employed. The lm is treated as
a layered system of independent homopolymer lms, each layer
corresponding to one of the comonomers (see Fig. 1 for
a schematic representation).

The individual layer thickness is then proportional to the
respective comonomer volume fraction. As will be shown, the
absorbance calculated from this model is equal to the copoly-
mer's absorbance within the Bouguer–Lambert–Beer13 approx-
imation (given that some prerequisites are met, which are
stated at the end of this section). According to the Bouguer–
Lambert–Beer approximation, the decrease of radiant power for
transmission through N + 1 layers of different materials with
absorbance per unit length Ai and thicknesses di, can be
expressed as:

Ið~nÞ ¼ I0ð~nÞ10
�
PNþ1

i¼1

Aið~nÞdi (1)

I0(~n) is the radiant power of the incoming light and I(~n) is the
radiant power of the outgoing light, which is measured indi-
rectly by the FTIR technique. Each material i for i ¼ 1.N
describes a (homo-)polymerized version of one of the
Fig. 1 Schematic representation of a copolymer film on a substrate
(left) and the model system used to describe the infrared absorbance
of such a system (right). The polymer film is treated as a stack of
homopolymer layers (one for each comonomer), with the layer
thicknesses corresponding to the respective volume fractions.

This journal is © The Royal Society of Chemistry 2017
monomers. The (N + 1)th layer denotes the substrate (bulk
silicon in the present case), which can be eliminated from the
equation by a reference measurement of the pristine substrate:

Isub(~n) ¼ I0(~n)10
�AN+1(~n)dN+1 (2)

By dividing eqn (1) by (2), one eliminates the substrate
inuence (which in case of Si is actually for large parts due to
reectance) as well as I0(~n), which is depending on the infrared
source:

I

Isub
¼ 10

�
PN
i¼1

Aið~nÞdi (3)

Taking the base-10 logarithm and multiplying by �1, one
obtains the copolymer absorbance spectrum A(~n)

Að~nÞ ¼
XN
i¼1

Ai

�
~n
�
di ¼ �log10

�
I

Isub

�
(4)

It was assumed that all N polymer species are separated into
layers of thickness di, but as evident from eqn (1), the measured
I(~n) would not change if the layers are (physically) intermixed to
an arbitrary concentration dependence perpendicular to the
surface. This holds under the assumption that the total polymer
volume does not change during the mixing process and species
interaction effects can be neglected. For the mixed state in the
copolymer, it is useful to dene the total thickness d and the
volume fraction Fi for each polymer species as

d ¼
XN
i¼1

di Fi ¼ di

d
0

XN
i¼1

Fi ¼ 1 (5)

Up to now, the equations describe the most general case of
a copolymer consisting of N species. By depositing the species i
separately (N ¼ 1), measuring its absorbance spectrum and
dividing by the layer thickness measured by another technique
(for example ellipsometry), the absorbance per unit length Ai
can be directly determined. This procedure is known as direct
calibration43 and is a specialization of the classical least squares
method described in literature.13 The discretized version of eqn
(4) for a copolymer of unknown composition can be written in
vector form as

~A ¼ K̂~d (6)

where the ith column of matrix K̂ contains the (known) homo-
polymer absorption spectrum ~Ai and ~A denotes the measured
absorbance of the copolymer sample. This over determined
system of equations can be solved for ~d using a nonnegative
least squares method, which ensures positive (physically
meaningful) di values. The total lm thickness and the volume
fractions are then determined by eqn (5). However, the Bou-
guer–Lambert–Beer approximation does not take into account
electric eld standing wave effects in thin layers with parallel
surfaces which lead to interference fringes in the absorbance
Anal. Methods
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spectrum and can even alter the peak positions and their rela-
tive heights.13,25,44 In the case of the reference measurement of
the substrate, some of the radiant power is absorbed in the
sample, some is transmitted and some is reected back to the
IR source. An additional polymer layer can reduce or enhance
this reection at certain wavenumbers leading to the fringes,
which can even cause negative values in the baseline-
uncorrected copolymer absorbance spectrum when it is calcu-
lated according to (4), which is a shortcoming of the Bouguer–
Lambert–Beer13 approximation. Therefore, all absorbance
spectra have to be baseline corrected by subtracting the base-
line.45 If the absorption peaks in the absorbance spectrum are
separated and show much more variation than the interference
fringes, the baseline can be estimated by asymmetric least
squares. This baseline estimation minimizes the squared devi-
ation from the data using asymmetric weights plus the curva-
ture of the baseline.46 It uses two parameters, labeled p and r
from here on, to dene its properties. The weight for the
squared deviation of data above the baseline is p and the one
below the baseline is 1� p. The weight for the curvature is r. The
calculation is iterative and needs in practice 8 to 10 iterations to
converge.

A simple method to verify the determined di values is to
compare their sum, which is the total thickness d, to an accu-
rate measurement of it. From this, the relative error of the total
thickness can be calculated. The relative error of the volume
fractions can then be estimated as follows: assuming the same
relative thickness error c for each species individually, it follows
that also the relative error of the total thickness is the same:

c ¼ Ddi
di

0
Dd

d
¼ 1

d

XN
i¼1

Ddi ¼ c

d

XN
i¼1

di ¼ c (7)

How these errors determine the error of the volume fractions
can then be estimated by propagation of error of uncorrelated
di:

DFi ¼
XN
j¼1

����vFi

vdj

����Ddj0 DFi

Fi

¼ 2cð1� FiÞ (8)

For example, the relative error of the volume fractions can be
estimated by the experimentally determined error c for a volume
fraction of 1/2.

The prerequisites for the IR-quantication method to work
and the assumptions being made are the following:

� All homopolymer spectra used in the evaluation of
a copolymer spectrum have linear independent absorbance
spectra within their uncertainty. This is fullled if each homo-
polymer spectrum differs by at least one absorption peak from
the other spectra or if a large enough peak shi is present. This
requirement is necessary for the tting process to calculate
parameters with a small error.

� The total polymer volume does not depend on the spatial
concentration distribution of the species and species interac-
tion effects can be neglected. This is required so that the
Anal. Methods
homopolymer spectra can be related to the copolymer spectrum
via Bouguer–Lambert–Beer's approximation.

� The respective baselines vary much less than the absor-
bance spectra themselves and the absorption peaks are sepa-
rated such that the baseline can be estimated by the asymmetric
least squares method.

Depending on the polymerization process used for the
synthesis, additional requirements can be necessary. For iCVD
polymerization, the following premises have to be met in
addition:

� The number of vinyl bonds that polymerize in the homo-
polymers is the same as in copolymers and no other bonds are
formed. Otherwise more degrees of freedom for the copolymer
absorbance spectrum would have to be taken into account.

� Likewise, the inclusion of radical initiators is the same
during homopolymerization and copolymerization.

Experimental
Materials

The monomers 2-hydroxyethyl methacrylate (HEMA, 97%),
methacrylic acid (MAA, 99%) and 1H,1H,2H,2H-peruorodecyl
acrylate (PFDA, 97%) as well as the cross-linker ethylene glycol
dimethacrylate (EGDMA, 98%) and the initiator tert-butyl
peroxide (TBPO, 98%) were obtained from Sigma-Aldrich
(Germany) and used without further purication. As
substrates, single side polished silicon wafers with a native
oxide (1.7 nm) were used (Siegert Wafers, Germany).

Initiated chemical vapor deposition

Three different copolymer types were deposited by iCVD in
various compositions:

� p-(MAA–EGDMA) (32 samples)
� p-(MAA–EGDMA–HEMA) (15 samples)
� p-(PFDA–EGDMA) (4 samples)
The monomers were heated to ease vaporization (MAA to

70 �C, HEMA to 75 �C and EGDMA and PFDA to 80 �C) and were
fed to the processing chamber through a heated mixing pipe.
Needle valves allowed control on the individual owrates, which
were varied for MAA between 2.4 and 4.4 sccm, for EGDMA
between 0.00 and 0.34 sccm, for HEMA between 0 and 0.8 sccm
and for PFDA between 0.15 and 0.20 sccm to achieve polymers
in different compositions. The initiator TBPO was own into the
chamber at room temperature via a mass ow controller. The
working pressure was controlled by a buttery valve connected
to a roughening pump, and was varied between 350 and
800 mTorr, depending on the copolymer to be deposited. The
substrate temperature was xed to values between 25 and 30 �C
by a heater/chiller. A more detailed description of iCVD setups
in general and the experimental procedure can be found in
literature.47

Characterization

The thicknesses of the polymer layers were measured using
a commercial spectroscopic ellipsometer (M-2000V, J.A. Wool-
lam Co. Inc., USA). For each sample, spectral data in the
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Experimental baseline-uncorrected absorbance spectra
normalized by thickness of the homopolymers p-EGDMA (a) and
p-MAA (b). The baseline, as estimated from asymmetric least squares
(described in the text), is shown in red.
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wavelength range from 370 to 1000 nm were collected at three
different incidence angles (65, 70 and 75�). The experimental
data were tted using the Cauchy model since the polymers are
transparent in the measured wavelength range. The resulting
thicknesses are consistent within about �1% which was
observed from multiple measurements of the same sample at
different positions.

Absorbance spectra of all samples were collected in trans-
mission mode on a Bruker IFS 66 v/s Fourier transform infrared
spectrometer. The data were recorded in the wavenumber range
400–4000 cm�1 at a resolution of 4 cm�1 and a zero lling factor
of 8. A triangular apodization function was used. The baseline
estimation was performed using r ¼ 1 � 108 and p ¼ 5 � 10�3

for all samples. These values were empirically determined by
visually comparing the baselines and the spectra.

X-ray photoelectron spectroscopy (XPS) spectra were recor-
ded using a Thermo Scientic instrument equipped with
a monochromatic Al-Ka X-ray source (1486.6 eV). High resolu-
tion scans were acquired at a pass energy of 50 eV and a step size
(resolution) of 0.1 eV. Survey scans were acquired with a pass
energy of 100 eV and a step size of 1.0 eV. Photo-electrons were
collected using a take-off angle of 90� relative to the sample
surface. Charge compensation was performed with an argon
ood gun. All analyses were performed at room temperature.
XPS measurements were performed on all homopolymers and
on one sample of each different type of copolymer. For each of
these samples, two different spots were analysed. The atom
fractions calculated from the XPS survey scans of one spot were
compared to the other and showed amean absolute deviation of
0.0019. The average between the two spots was calculated
subsequently.
Results and discussion
Baseline correction

The baseline-uncorrected absorbance spectra of two exemplary
homopolymer layers (p-EGDMA and p-MAA), normalized by the
respective polymer thickness, are shown in Fig. 2 together with
the baselines estimated by asymmetric least squares
smoothing. Fig. 2a refers to a 292 nm thick lm, while Fig. 2b
depicts a thicker lm (2020 nm). More interference fringes can
be observed on the latter due to the higher thickness. This
example shows the robustness of the baseline estimation
algorithm, since it uses the same two parameters and still
estimates the strongly different baselines to an optically plau-
sible degree. As the homopolymer spectra serve as references for
the copolymer evaluation process, thick lms are desired so that
the signal-to-noise ratio is maximized.
Calculation of volume fractions

For tting the infrared spectra, the wavenumber range from
1000 to 2000 cm�1 was used since it includes the strongest
absorption peaks. It also excludes the range around 3000 cm�1

which is unstable in our setup due to uctuations in water
adsorption at the liquid nitrogen cooled detector.
This journal is © The Royal Society of Chemistry 2017
The absorbance spectrum of two exemplary copolymers
(p-MAA–EGDMA and p-PFDA–EGDMA) each consisting of two
monomers as well as their baseline and tted homopolymer
spectra are shown in Fig. 3a and b, respectively. The red solid
line shows the absorbance of the copolymer and the black solid
line shows its baseline. The blue and green areas represent the
homopolymer spectra, which span between the baseline of the
copolymer spectrum and the sum of the same and the baseline
corrected homopolymer absorbance spectrum. The dashed line
is the t calculated by minimizing the squared differences
between the copolymer data and the linear combination with
positive coefficients of the homopolymer absorbance spectra,
all baseline corrected. The ts overlap very well with the
experimental spectra and allow an estimate of the EGDMA
volume fraction of 0.47� 0.02 in case (a) and 0.22� 0.02 in case
(b). The peaks which distinguish MAA and EGDMA (Fig. 3a) the
best are the C]O peaks at 1730 cm�1 (EGDMA) and at
1703 cm�1 (MAA). For PFDA and EGDMA, the components can
be discriminated by their peaks around 1200 cm�1 (Fig. 3b). The
total thicknesses estimated by the t are 1306 � 23 nm for case
(a) and 317 � 7 nm for case (b), while ellipsometric measure-
ments yielded thicknesses of 1202 nm and 371 nm. An absor-
bance spectrum for a copolymer consisting of MAA, EGDMA
and HEMA is shown in Fig. 3c. The additional species HEMA
has a characteristic C–O peak at 1075 cm�1, which does not
appear in the other spectra. Also in this case the model suc-
ceeded in reproducing the measured spectra, yielding a MAA
Anal. Methods
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Fig. 3 Exemplary fittings of copolymer absorbance spectra. p-MAA–
EGDMA (a), p-PFDA–EGDMA (b) and p-MAA–EGDMA–HEMA (c).

Fig. 4 Thickness value comparison for all samplesmeasuredwith FTIR
and ellipsometry. The estimated error from the FTIR fitting method is
shown, whereas the error of the ellipsometry measurements of about
1% is not shown (a). A histogram of the relative deviation of the FTIR
value from the ellipsometry value is shown in (b).
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volume fraction of 0.40 � 0.02, an EGDMA volume fraction of
0.17 � 0.02 and a total thickness of 1282 � 41 nm. The ellip-
sometric measurement yielded a total thickness of 1222 nm. To
further prove the method, the tting routine was applied to
more than 40 samples, yielding their respective volume frac-
tions and the total lm thicknesses. The total thicknesses were
compared to the thicknesses measured by ellipsometry as
shown in Fig. 4a. Their consistency validates the method, at
least in the used parameter ranges. A histogram of the relative
deviation of the thickness measured by FTIR compared to the
thickness measured by ellipsometry is shown in Fig. 4b. The
mean of the relative thickness errors, calculated by using eqn
(9), is 0.01 and the standard deviation 0.08. The error might be
for large parts due to different water uptake during the FTIR or
ellipsometry measurements, leading to a different thickness of
Anal. Methods
the layers as well as due to the application of the Bouguer–
Lambert–Beer approximation.

Relative thickness error ¼ dFTIR � dellipsometry

dellipsometry

(9)

If the validity of the Bouguer–Lambert–Beer relation would
not hold, e.g. via not negligible interaction effects, a more
sophisticated calibration method could be used for which the
volume fractions of copolymer calibration samples would have
to be measured by another technique.48

To further validate the IR-quantication method, X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed on the homopolymer samples as well as on one sample
of each type of copolymer. The atom fractions of the homo-
polymers calculated from survey scans matched well with the
expected atom fractions from the known chemical composition
of the homopolymers with an average absolute deviation of
0.017. The measured concentration of carbon was systemati-
cally higher than expected, which could be due to surface
contamination coming from the exposure of the samples to air.
The high resolution XPS scans of C 1s was used to distinguish
EGDMA and MAA, due to the binding energy of the component
at 286.6 eV, which can be attributed to a bonding environment
like –O–C*H2–CH2–,49 as present in EGDMA but not in MAA.
The molecule number fraction of EGDMA was calculated to be
This journal is © The Royal Society of Chemistry 2017
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0.37 � 0.06 leading to a volume fraction of 0.57 � 0.09 in
agreement with the 0.51 � 0.02 calculated from the FTIR
measurements. The molecule number fraction of p-MAA–
EGDMA–HEMA could not be distinguished meaningfully from
the survey scans because of the similar C to O ratio of the
comonomers leading to a big error. For p-PFDA–EGDMA, the
appearance of F in only one comonomer allowed to calculate
amolecule number fraction for PFDA of 0.55� 0.01, which gives
an estimated volume fraction for PFDA of 0.67 using its mass
density and molecular weight. This value is substantially higher
than the one measured by FTIR (0.47 � 0.02). This effect has
been explained by surface segregation of the uorinated groups
(only present in this copolymer) at the interface polymer–air to
minimize the surface energy, as shown in literature.50Due to the
surface sensitivity of XPS, it yields a higher PFDA volume frac-
tion compared to the bulk-averaged fraction measured with
FTIR. To show that the IR-quantication method is not
restricted to iCVD lms, an exemplary blend of polymers as well
as the respective homopolymers was spin coated and investi-
gated (data not shown). The used polymer solutions were
poly(3-hexylthiophene) and polystyrene in chlorobenzene. The
IR-quantication program was able to properly t the spectrum
of the blend with the homopolymer spectra.

Conclusions

An IR-quantication method was presented to calculate the
volume fractions of different compositions within a copolymer
thin lm layer by infrared spectroscopy using automatically
baseline corrected spectra in combination with the Bouguer–
Lambert–Beer approximation. This method was put to test in
the analysis of more than forty different copolymer samples
synthesized by iCVD, a vapor-based radical polymerization
technique. The total thicknesses were also calculated from the
model and compared to a more accurate thickness measure-
ment for all samples. The values were within a standard devi-
ation as low as 8%, which is a validation of the estimates
obtained with this method. Additionally, XPS measurements of
an exemplary p-MAA–EGDMA sample agreed with the data
gained by the IR-quantication. For p-PFDA–EGDMA, XPS data
could not be used to validate the IR-quantication due to the
surface sensitivity of XPS and the difference in bulk and surface
composition of this copolymer. The most important require-
ments for the IR-quantication to work is to have homopoly-
mers which all have linear independent absorption spectra
within their uncertainty. Also, the interaction of the compo-
nents has to be negligible.

The presented IR-quantication is a simple and easy to apply
method for a rst assessment of copolymer chemical compo-
sition in terms of volume fraction, but it can also be used to
quantify blends of polymers. It minimizes analysis uncer-
tainties and difficulties oen encountered in the manual eval-
uation of infrared spectra and also enables the analysis of
copolymers for cases, in which involved monomers possess
similar chemistry. This method should be applicable not only to
randomly or regularly alternating copolymers but also to block
copolymers, blends of polymers and polymers synthesized by
This journal is © The Royal Society of Chemistry 2017
other techniques, given that the discussed prerequisites can be
fullled.
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25 T. G. Mayerhöfer, H. Mutschke and J. Popp, ChemPhysChem,
DOI: 10.1002/cphc.201700688.

26 K. Yamamoto and H. Ishida, Vib. Spectrosc., 1994, 8, 1–36.
27 O. S. Heavens, Optical Properties of Thin Solid Films, Courier

Corporation, 1991.
28 M. Djak, E. Gilli, E. Kontturi and R. Schennach,

Macromolecules, 2011, 44, 1775–1778.
29 E. Gilli and R. Schennach, Appl. Spectrosc., 2010, 64, 669–681.
30 R. T. Graf, J. L. Koenig and H. Ishida, Appl. Spectrosc., 1985,

39, 405–408.
31 R. Uitz, G. Temmel, G. Leising and H. Kahlert, Z. Phys. B:

Condens. Matter, 1987, 67, 459–465.
32 R. D. Bringans, J. Phys. Appl. Phys., 1977, 10, 1855.
33 P.-O. Nilsson, Appl. Opt., 1968, 7, 435–442.
34 W. G. Spitzer and D. A. Kleinman, Phys. Rev., 1961, 121,

1324–1335.
35 G. Cataldo, J. A. Beall, H.-M. Cho, B. McAndrew,

M. D. Niemack and E. J. Wollack, Opt. Lett., 2012, 37,
4200–4202.

36 A. B. Kuzmenko, Rev. Sci. Instrum., 2005, 76, 083108.
37 K. K. Gleason, CVD Polymers: Fabrication of Organic Surfaces

and Devices, John Wiley & Sons, 2015.
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