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Fluorine depth profiling by high-resolution 1D magnetic
resonance imaging
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Abstract

High-resolution magnetic resonance imaging (MRI) has been used, for the first time, to measure fluorine concentration profiles with a high
spatial resolution (5 mm) along the full film depth of fluorinated polyurethane films. The MRI fluorine profiles were consistent with the results
obtained by X-ray photoelectron spectroscopy (XPS) in combination with microtoming. MRI is a nondestructive and potentially quantitative
technique for probing the spatial distribution of small quantities of fluorine in coatings and multi-layered systems.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Films with fluorine-rich surfaces have many desirable prop-
erties such as water/oil repellency, low friction coefficient, and
chemical resistance [1]. Surface segregation of fluorinated
species (and also silicone compounds) has been used to obtain
coatings with low surface energy and desired bulk properties
[2e12]. In the case of thermosetting coatings, a fluorinated
species contains a perfluoroalkyl group on one end and a reac-
tive group on the other, which chemically binds the fluorinated
tail to the polymer film upon cross-linking. The overall fluo-
rine fraction in such coating systems is usually lower than
2 wt% [6e10,12]. During the course of our research [6e10],
it has become clear that it is also important to profile the fluo-
rine concentration along the full depth of a coating, in addition
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to the (near) surface region that is usually probed, in order to
design coatings with specific surface/bulk properties.

It is not an easy task and also appears challenging to deter-
mine the bulk fluorine level in fluorine-containing coatings, es-
pecially when the fluorine content is low, since most of the
techniques that can be used are either not sensitive enough
(such as Raman and FTIR for surface-segregated coatings)
or destructive, such as X-ray photoelectron spectroscopy
(XPS), dynamic secondary ion mass spectrometry (DSIMS)
[13e16]. Full-depth profiling has been shown by using sput-
tering XPS [15] and DSIMS [16], but these destructive tech-
niques may not give a true picture of fluorine depth profile
due to uncontrolled reaction/degradation during data collec-
tion. Therefore, depth profiling of the fluorine concentration
along the full depth of a film or in multi-layered coatings
has not been addressed so far.

Recently, nondestructive profiling of hydrogen density in
coatings, with a one-dimensional (1D) spatial resolution as
high as 5 mm, has become possible using magnetic resonance
imaging (MRI) [17]. MRI has shown to be a useful tool in
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determining diffusion of water through a film [18,19], water
evaporation [20,21], cross-linking density of coatings
[22,23], and evaporation of solvent and curing during film for-
mation [24e27]. In medical research, 19F MRI has already
been used to image targeted tissue with fluorinated compounds
as contrast agents [28e30].

In this paper a high-resolution MRI setup was used, for the
first time, to study full-depth profiles of the fluorine concentra-
tion (as low as 1 wt%) in coatings in a nondestructive manner.
The results obtained by MRI were compared with depth pro-
files obtained by XPS measurements in combination with
microtoming.

2. Experimental

2.1. Preparation of fluorinated polyurethane films

Model polyurethane (PU) coatings were based on polycap-
rolactone (PCL) precursors with controlled functionality,
including a tri-hydroxyl-functionalized PCL (TMP-PCL,
Mn¼ 1850 g/mol, PDI¼ 1.11) and a perfluorooctyl PCL
(Rf8-PCL-OH, Mn¼ 2520 g/mol, PDI¼ 1.16), both shown in
Scheme 1, which were cured with a polyisocyanate cross-
linker (Desmodur N3600, Bayer). The synthesis of TMP-
PCL and Rf8-PCL-OH was according to literature [31,32]
and details will be reported elsewhere. The reaction mixture
was cast from N-methyl-pyrrolidone (Biosolve, vacuum dis-
tilled before use) solution (30 wt% solid contents) on a thin
glass plate (w100 mm), and cured at 120 �C for 20 min. The
NCO/OH molar ratio was kept at 1.2 to ensure the full conver-
sion of all OH groups. Rf8-PCL was added in an amount
according to desired fluorine mass fraction. For the purpose
of microtoming, the substrate was a glass plate glued onto
a metal carrier.

2.2. Depth profiling using MRI

A high spatial resolution MRI setup was used for depth
profiling of hydrogen and fluorine concentration in polymer
films at room temperature. This relatively new technique
uses the GARField design and allows profiling of coatings
with a resolution of approximately 5 mm [17,24e27]. To
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Scheme 1. Chemical structure of TMP-PCL and Rf8-PCL-OH.
achieve this high spatial resolution, a high magnetic field
gradient is necessary to discriminate between layers inside
a coating. The home-built MRI setup consists of an electro-
magnet operating at 1.5 T at the sample position, and has
a magnetic field gradient of 36.4 T/m perpendicular to the
coating surface. For the first time this setup was used for
fluorine profiling. Because of the difference in resonance
frequency between hydrogen and fluorine, the magnetic field
was increased by 6% to switch from hydrogen to fluorine
detection. The 6% increase would prevent the fluorine and
hydrogen signals from interfering with each other, since the
difference in hydrogen and fluorine resonance frequency is
3.7 MHz, which is larger than the frequency difference (about
500 kHz) of the sample used in this study due to the large gra-
dient. Switching between hydrogen and fluorine can thus be
achieved without sample manipulation. As a result both fluo-
rine and hydrogen profiles can be easily compared. The MRI
profiles were corrected for inherent signal intensity variations,
using profiles obtained from appropriate reference samples.

To measure fluorine profiles with a 1D spatial resolution of
5 mm in coatings with relatively low fluorine contents (1e
3 wt%), the amount of averages is increased by a factor of
104 to obtain a similar signal-to-noise ratio as for hydrogen.
The OstroffeWaugh pulse sequence (90�x-t-[90�y-t-echo-
t]n) was used for additional averaging by using the multiple
spin-echoes [20,21,33], thereby decreasing the time needed
to acquire a fluorine profile. An inter-echo time setting of
2t¼ 150 ms was used. This resulted in a total acquisition
time of approximately 1 day for a single fluorine concentration
profile. The amount of averages needed to obtain a hydrogen
profile is in the order of 103, and these can be acquired within
10 min. It has to be remarked that fluorine depth profiling of
coatings with a low amount of fluorine can only be achieved
if the signal relaxation is at least slower than the necessary
acquisition time for a single echo (2t¼ 150 ms). In general,
the higher the polymer mobility, the slower the signal decay
(which is indicated by the T2-relaxation time) [22,23]. In
practice, the Tg of the polymer film should be below room
temperature in order to obtain sufficiently strong signal.

2.3. Depth profiling by XPS in combination
with microtoming

XPS measurements were performed with a VG-Escalab
200 spectrometer using an aluminum anode (Al Ka¼
1486.3 eV) operating at 510 W with a background pressure
of 2� 10�9 mbar. Spectra were recorded using the VGX900
data system. All carbon 1s (C1s) peaks corresponding to hy-
drocarbon were calibrated at a binding energy of 285 eV to
correct for the energy shift caused by charging. Spectra were
acquired at two different take-off angles relative to the surface
normal: 0� and 60�, corresponding to the probe depths of w10
and w5 nm, respectively [34]. The fluorine-to-carbon (F/C)
ratio was determined from curve fitted C1s window spectra,
according to different carbon environment (CeC/CeH; Ce
O/CeN; C]O; CeF2; CeF3 bonds). The F/C ratio was esti-
mated from the corresponding area ratios by:
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F=C¼ ½AðCF2Þ,2þAðCF3Þ,3�
½AðCF3ÞþAðCF2ÞþAðC]OÞþAðCeOÞþAðCC=CHÞ�

A special home-made sample holder was used to cut slices
of the coating using a Cryostat HM 550 (Microm Systems)
instrument. The substrate and sample holders were specially
designed to ensure the plane parallelity with the surface
when microtoming the film. The cutting was performed at
a temperature around the Tg of the coating in order to reduce
the roughness introduced by the microtoming knife. The thick-
ness of each slice was approximately 30 mm. XPS spectra were
recorded for the top surface of each slice. An estimated error
on the real thickness of the slices is about 10%.

3. Results and discussion

3.1. MRI depth profiling

We have recently shown that the fluorine-rich layer in fluo-
rinated PU and epoxy films is very thin (approximately 20 nm)
[7,10]. However, to our knowledge, the fluorine profile in
a coating beyond the first 100 nm of surface has not been mea-
sured so far. To gain insight on the fluorine concentration pro-
file through the whole depth of the film, MRI has been used.

The MRI depth profiling was recorded on a coating
(containing 2 wt% of fluorine) cast on a cover glass plate
(dimension: 18� 18� 0.1 mm3). Coatings were typically
150e200 mm thick. Obtained profiles for hydrogen and fluo-
rine are depicted in Fig. 1. The surface of the coating is
located at the left side and the cover glass at the right side
of these profiles. The receiver coil is located underneath the
glass plate, and signals are acquired from a cylinder of approx-
imately 5 mm in diameter. To obtain high-resolution profile
for fluorine, 128 000 repetitions were needed together with
11 echoes from the acquired echo train (containing 256 echoes
in total). It is reasonable to consider that the hydrogen concen-
tration is uniform throughout the coating. Therefore, the nor-
malized hydrogen MRI profile can be used as an internal
standard for the normalization of the fluorine MRI profile. In
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Fig. 1. MRI full-depth profiles of fluorine and hydrogen of a fluorinated PU

coating containing 2 wt% F.
Fig. 1, the fluorine and hydrogen profiles, within the experi-
mental error, vary in a similar way. Based on these spectra,
we deduced that the fluorine concentration is constant along
the full depth of a coating within the spatial resolution of
5 mm. Note that this means that spatial variations in the fluo-
rine content on length scales far below 5 mm will be averaged
out and are thus not observed.

The uniform fluorine distribution observed by MRI is sur-
prising at first glance since one would expect that surface
segregation of the fluorinated species would yield nonuniform
distribution profile at least at the surface [6e10]. However,
each MRI data point represents the average F content over
a 5 mm section of a coating, and the strong segregation is
only present in the first w20 nm [10], so the bulk values
would level out the surface value for the MRI profiling.

To prove that changes in the fluorine concentration can be
determined using the high spatial resolution MRI setup, two
samples with different fluorine concentrations (1 and 2 wt%
F) were imaged during a single experiment (a glass slide of
about 100 mm thick was sandwiched between the coatings
[35]), as shown in Fig. 2. The hydrogen profiles were first
acquired, followed by the acquisition of the fluorine profiles.
For the fluorine profiling 80 000 averages were used, including
11 echoes from the echo train. The lower signal-to-noise ratio,
visible at the left side in Fig. 2, was caused by a reduced
sensitivity at large distances from the MRI coil and a limited
excitation volume. As expected, the hydrogen signal remains
at the same level for the two coatings containing different
amounts of fluorine. On the other hand, compared to the coat-
ing with 2 wt% F, about 40% decrease in the fluorine signal
was observed for the coating containing 1 wt% F, indicating
that the technique is indeed sensitive enough to detect small
fluorine concentration changes in a film. This experiment
also demonstrates that MRI can be successfully used for the
fluorine depth profiling in multi-layered systems.

We also attempted to check the sensitivity limit for the one-
dimensional fluorine profiling by using the current MRI setup.
The fluorine profiles of two PU films containing 1 and 0.5 wt%
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Fig. 2. MRI fluorine and hydrogen profiles of two PU coatings containing 2

and 1 wt% F, respectively, with a glass slide of about 100 mm thick sand-

wiched in-between.
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F, respectively, are shown in Fig. 3. Obviously, for the film
with 0.5 wt% F, the normalized signal intensity is not signifi-
cantly stronger than the noise level. Therefore, the low sensi-
tivity limit for this MRI setup and the used amount of averages
is about 0.5 wt% F.

One may wonder whether this technique can be used for
obtaining absolute data on the fluorine concentration. The
fluorine concentration at certain depths can be calculated by
integrating over the MRI profile (the slope introduced by mea-
surement has to be corrected by dividing the fluorine profile
with the hydrogen profile) and coupling that result to the
known amount of added fluorine. The absolute values of
fluorine concentrations can also be investigated if, prior to
the profiling of film with an unknown fluorine concentration,
the MRI setup is calibrated with films with a known fluorine
content. It should be noted that in this case the fluorine T2

value for calibration standards and the investigated film should
be similar [17].

3.2. Depth profiling by XPS in combination with
microtoming

The as-prepared PU film was also subjected to XPS mea-
surements. The results are depicted in Fig. 4; the XPS C1s
spectra for two different probe depths (5 and 10 nm) clearly
show that the CF2 peak area decreases significantly within
the first few nanometers. This shows that the amount of F-
species decreases substantially for fluorinated PU coatings
within the first few nanometers.

XPS measurements, in combination with microtoming,
were used to check whether the fluorine profile as measured
with MRI truly represents the fluorine profile in bulk. The
MRI data of the PU coating containing 2 wt% F (Fig. 1)
were compared with F/C ratio obtained by XPS in combina-
tion with microtoming. For this purpose, the reaction mixture
was cast on a special substrate (glass plate glued on the metal
carrier). The specimen was then cured at the same reaction
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Fig. 3. MRI fluorine profiles of two PU coatings containing 1 and 0.5 wt% F.
conditions as the PU films containing 2 wt% F previously
prepared for MRI measurements. After curing, the coating
was sliced into plane-parallel slices using the cryomicrotome.
XPS spectra were collected from the top surface of each slice,
corresponding to certain depth of the original coating.

Fig. 5 shows F/C ratios recorded on the surface of each
slice obtained by microtoming at different depths of the coat-
ing. The film depth ‘0 mm’ represents the virgin surface of the
film, while ‘120 mm’ is very close to the glass substrate slide.
The average F/C ratio was over the top 10 nm of the surface of
each slice. Note that for the virgin surface the F/C ratio in the
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Fig. 4. XPS C1s signals of a fluorinated polyurethane coating containing

2 wt% F. The spectra were recorded at take-off angles of 0� (upper) and 60�
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top 5 nm is 0.28 (from Fig. 4), significantly greater than the
ratio in the top 10 nm which is w0.16. Within the experimen-
tal error of the measurement and the fitting procedure, the F/C
ratio is constant along the full depth of the coating. Through-
out the coating depth, the F/C ratio obtained by XPS appears
to be much higher that one would expect from the bulk F/C
ratio from the coating formulation. We speculate that the
highly mobile perfluoroalkyl end-capped chains of the coating
(due to the PCL spacer with a Tg of �60 �C) are able to easily
reorient themselves toward the ‘‘fresh’’ surface after it has
been created by microtoming, rendering them ‘‘visible’’ by
XPS, a technique very sensitive for the depth of first few
nanometers of the surface. More investigations on the
self-replenishing behavior of such fluorinated tails are under
way in our laboratories.

Both MRI and XPS results indicate that the fluorine con-
centration is constant along the full depth of the PU coatings,
with the exception of the top 10 nm. On the other hand, it is
difficult to directly compare the XPS results and MRI depth
profiling, because the fluorine concentration by XPS is aver-
aged over the top w10 nm of each of the 30-mm slice while
the MRI profile is averaged over 5 mm depth in the bulk of
the coating. One may consider that these two techniques are
complementary for investigating polymeric films in which
the chemical composition varies along the film depth. We
believe that this MRI technique may be particularly suitable
for multi-layer systems, as clearly demonstrated in Fig. 2.
We also hope that this proof-of-concept study may serve as
a stepping stone to stimulate further investigations on other
polymer systems of interests by using the 19F MRI setup.

4. Conclusions

We have demonstrated that fluorine profiles can be obtained
along the full depth of fluorinated polyurethane films with
a resolution of 5 mm by using high spatial resolution MRI in
a nondestructive manner. Fluorine concentrations as low as
0.5 wt% can be detected by this technique. The homogeneous
distribution of fluorine in the bulk observed by MRI was
consistent with the profile obtained from XPS in combina-
tion with microtoming. The MRI setup will also be useful
for detecting and quantifying the diffusion of fluorine-
containing species between different layers in a multi-layer
system.
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