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ABSTRACT: Polyurethane libraries consisting of films with
composition gradients of aliphatic polyisocyanate and hydroxy-
terminated polyacrylate resin were characterized using
methods of 1H NMR microimaging (i.e., magnetic resonance
imaging, (MRI)) and solid-state NMR. Molecular mobilities
and underlying structural information were extracted as a
function of the relative content of each of the two
components. Routine NMR microimaging using the spin-
echo sequence only allows investigations of transverse
relaxation of magnetization at echo times >2 ms. A single-
exponential decay was found, which is likely due to free, noncross-linked polymer chains. The mobility of these chains decreases
with increasing content of the aliphatic polyisocyanate. The concept of a 1D NMR profiler is introduced as a novel modality for
library screening, which allows the convenient measurement of static solid-state NMR spectra as a function of spatial location
along a library sample that is repositioned in the rf coil between experiments. With this setup the complete transverse relaxation
function was measured using Bloch decays and spin echoes. For all positions within the gradient-composition film, relaxation data
consisted of at least three components that were attributed to a rigid highly cross-linked resin, an intermediate cross-linked but
mobile constituent, and the highly mobile free polymer chains (the latter is also detectable by MRI). Analysis of this overall
relaxation function measured via Bloch decays and spin echoes revealed only minor changes in the mobilities of the individual
fractions. Findings with respect to the most mobile components are consistent with the results obtained by NMR microimaging.
The major effect is the significant increase in the rigid-component fraction with the addition of the hydroxy-terminated
polyacrylate resin.

KEYWORDS: polymer formulation, gradient composition libraries, nuclear magnetic resonance, magnetic resonance imaging,
IR microscopy

1. INTRODUCTION
Polymeric materials as used in most commodity and specialty
products are based on multicomponent formulations. Often
these formulations consist of a complex copolymer and a
variety of additives such as stabilizers, plasticizers, and the like.1

Hence, the development of polymer formulations can be a very
labor-intensive task and there is an interest to facilitate this via
high-throughput or combinatorial methods. A specific challenge
for these methods in the field of polymeric materials is based on
the fact that formulations for polymers are developed with the
aim of specific macroscopic end-use properties such as
mechanical stiffness and scratch resistance. A combinatorial
library/high-throughput screening method must therefore be
able to systematically characterize a polymer formulation with
respect to measurable end-use properties. Numerous ap-
proaches have been described in recent reviews.2−9 For
example, polymer libraries (i.e., formulations) are fabricated
with either gradient or discrete variations in composition along
a given sample axis.10−14 High-throughput mechanical charac-
terization at individual positions within gradient-composition
films has been performed using specially developed micro-

mechanical testing instruments. However, given the large
number of possible formulations, and the complex dependence
on component interactions, additional knowledge of the
physicochemical properties of polymer library films is useful
to make meaningful use of the combinatorial approach. When
properties affecting the mechanical response of the polymer are
not already known or readily predictable, it is desirable to
measure them nondestructively directly on the same polymer
library. To name just one example: it is known that the
mechanical properties of elastomers are affected by their
chemical cross-link density.15 To optimize the mechanical
properties of an elastomer synthesized via step-growth
polymerization one might systematically vary the content of a
multifunctional co-monomer that leads to chemical cross-links.
Consequently, it is not only important to measure the
mechanical end-use properties but also the cross-link density
as a function of the formulation variables. Altogether, there is a
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need to characterize gradient-based combinatorial libraries not
only with respect to the relationship between composition and
end-use properties but also with respect to related phys-
icochemical properties.
Methods of Nuclear Magnetic Resonance (NMR) have

found widespread use in combinatorial science.16,17 Most
applications have focused on the characterization of chemical
compounds in solution using standard NMR experiments or
the characterization of gels using Magic Angle Spinning (MAS)
techniques. High throughput can be achieved using sample
changers or flow set-ups.18 Less established is the use of solid-
state methods19,20 for combinatorial libraries. Such methods are
ideally suited to provide a link between molecular and bulk
mechanical properties in the solid state. One of the practical
obstacles for the high-throughput use of solid-state NMR
techniques is the automation of magic angle spinning (MAS).
Even though commercial sample changers exist for MAS
experiments, complete automation is not straightforward
because of the elaborate procedure of packing an MAS rotor,
their cost, and the often long measuring times needed for MAS
experiments of nuclei other than 1H or 19F. These issues are
irrelevant for 1H solid-state NMR of static, nonspinning
samples. Sample preparation can be simple and measuring
times may range from a few seconds to tens of minutes,
depending on the type of experiment. Most importantly, a wide
variety of 1H solid-state NMR experiments can be used to yield
an important collection of material properties. For instance, 1H
solid-state NMR relaxation time measurements have been
employed for high-throughput characterization of clay dis-
persion in polymer−clay nanocomposites.21,22 Relaxation
experiments can also yield the amount and nature of crystallites
in semicrystalline polymers.23−27 Measurements of residual 1H
dipolar couplings28−31 provide information on anisotropic
chain motions and therefore cross-link densities.32−34

To our knowledge the NMR characterization of polymeric
films and libraries composed of composition gradients is
completely unexplored. The obvious approach would be to
extend spectroscopic or relaxometric NMR techniques with
spatial resolution as it is used in Nuclear Magnetic Resonance
Imaging (in clinical settings referred to as Magnetic Resonance
Imaging, MRI).35,36 The feasibility of MRI for high-throughput
screening of solutions has been successfully demonstrated.37 It
has also been shown that NMR imaging may be used to assess
individual NMR parameters of polymers.35 An example
includes probing the above-mentioned dipolar coupling via
T2-relaxation effects to produce spatial maps depicting the
distribution of a given physical property in a sample.38,39

Because of limited sensitivities, only a few studies have been
concerned with the investigation of polymer films via NMR
imaging.40,41

To explore the capability of MRI for the characterization of
gradient-composition libraries, we have prepared polyurethane
films from a polyisocyanate and a hydroxy-terminated
polyacrylate in which the molar ratio of these two reactants
vary along the length of the film. This film was expected to be
an ideal candidate for MRI characterization using commercial
microimaging equipment. The film has many commercial
applications, for example, automotive coatings, and the strong
dependence of cross-link density on relative component
fractions was expected to lead to measurable property gradients
along the film. The feasibility and challenges of MRI for the
characterization of polymer gradient-composition films are
discussed and demonstrated in this paper. On the basis of the

MRI studies, we propose an alternative approach that we call
1D NMR prof iling that can be used for high-throughput
characterization of gradient-composition samples. This simple
1D NMR prof iling approach is much more robust, and versatile
as a larger variety of established NMR experiments may be
employed for the characterization of gradient-composition
samples. To provide a context for this development, we begin
with a brief background on the basics of spatially resolved
NMR.

2. BACKGROUND: SPATIALLY RESOLVED NMR
The theory of spatially resolved NMR is extensive, and we refer
the reader to many excellent monographs and reviews in the
field.35,36 For the discussion of effects relevant for this study, it
shall suffice to show the signal, S, detected for a single chemical
site after a radio frequency pulse as a complex function of data
acquisition time, t,

ω ω ω ω∝ − + −

− *
⎧⎨⎩

⎫⎬⎭

S t t i t

t
T

( ) {cos[( ) ] sin[( ) ]}

exp

0 0

2 (1)

where ω is the receiver frequency, ω0 is the nuclear resonance
frequency, and T2* is the time constant for magnetization decay
by spin−spin relaxation. Fourier transformation of this signal, a
basic Bloch decay, leads to a Lorentzian-shaped peak centered
at a frequency ω − ω0 with a width ∝1/T2*. The peak width is
a measure of the mobility of the molecules or segments of
molecules giving rise to the peak. Broad peaks (short T2* values
in the range of microseconds) are characteristic of rigid
molecules/segments as found in crystallites or glasses. Narrow
peaks (long T2* values in the range of milliseconds) are
characteristic of mobile molecules/segments present in fluids or
soft solids such as elastomers. This peak narrowing is caused by
molecular-motion-induced averaging of quantum chemical
interactions, most notably dipolar couplings and the chemical
shift. For polymers, such liquid-like states exist in melts, gels,
elastomers, and similarly soft micro- and nanodomains as often
encountered in copolymers and blends.
The nuclear resonance frequency ω0, and therefore the

signal, depends on the strength of the applied magnetic field.
Imaging is made possible by applying magnetic field gradients
δG/δx that encode nuclear positions in the measured signal.
The spatial information of the object under investigation is
convoluted with the spectroscopic line shapes. For materials
characterized by narrow peaks/long T2* values, that is, soft and
fluid materials, convolution of the spatial information leads to
sharp images and therefore MRI works best for these materials.
A great variety of MRI techniques have been developed for

measuring NMR parameters (e.g., T2*), which can be
correlated with bulk material properties, in a spatially resolved
fashion.35,42 One of the most common methods is the spin-
echo sequence, which consists of 2 rf pulses separated by a time
interval TE/2 where TE is the echo time. This sequence leads
to the build-up of a magnetization echo at time TE/2 after the
second pulse. One major advantage of this method is the
elimination of effects due to magnetic field inhomogeneities.
Consequently, the relaxation constant T2* is replaced by T2
according to
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where SD is the spin density or concentration. Measuring
images for different echo times TEi provides a series of images
in which the signal intensity at a given spatial position x
depends on the respective spin concentration, SD(x), and
relaxation constant, T2(x). By fitting voxel intensities with eq 2,
two images may be constructed: SD(x) reflects the spin
concentration, and T2(x) reflects molecular mobilities. This
approach has two major practical limitations:

(i) The need to switch field gradients on and off during a
spin echo sequence leads to a minimum achievable echo
time (ca. 2 ms for our instrumentation). Nuclei that relax
on time scales shorter than this are not detectable.
Consequently, glassy or crystalline organic matter (T2 ≤
50 μs) cannot be studied using conventional MRI spin
echo sequences.

(ii) Many polymeric materials are characterized by relaxation
functions more complex than that of eq 2. It may not be
possible to collect sufficient data (i.e., images) to describe
such complex relaxation functions within reasonable time
frames.

3. MATERIALS AND METHODS

Sample Preparation. The sample under investigation is a
gradient film based on a commercial aliphatic polyisocyanate
(Desmodur N-3390 from Bayer, referred to as D-N) and a
hydroxy-terminated polyacrylate resin (Desmophen A-365
from Bayer, referred to as D-A). Curing a mixture of these
compounds leads to a polyacrylate-based polyurethane (PU)
network. The isocyanate groups in the D-N react with the
hydroxyl groups in the D-A to form this cross-linked polymer
network. Useful mechanical properties such as strength and
toughness are developed. For our sample we chose curing
conditions to prepare a gradient film that allowed us to study
the effects of molar compositions using NMR.
Solutions of D-N (90 wt % in butyl acetate) and D-A (65 wt

% in butyl acetate) were obtained from the manufacturer.
Further dilution of D-A (57 wt % in butyl acetate) was required
to match the viscosities of the two components and improve
mixing. The components were fed at linearly increasing/
decreasing flow rates to prepare the gradient-composition film.
On the basis of the molecular weight of the individual
components (Mn = 1220 g/mol for DA) and the densities of
the solutions (1.13 g/mol for D-N and 0.98 g/mol for D-A) the
respective volumes were calculated to prepare mixtures of the
two solutions leading to the desired molar ratios of NCO:OH
(0.9:0.1 to 0.1:0.9). Those volumes correspond to starting and
ending volumetric flow rates of 11.43 mL/h and 0.38 mL/h for
DN and 6.57 mL/h and 17.62 mL/h for DA. That is, the two
solutions were infused as linear gradients between these starting
and ending flow rates into a 300-μL gradient mixing chamber at
a total flow rate of 18 mL/h using two computer-controlled
NE-500 syringe pumps (New Era Pump Systems, Inc.). The
tubular mixing chamber, constructed using a Swagelok union
(SS-400-6) as the body, was equipped with an impeller
(Dewalt, Inc. Model 196). The impeller shaft, sealed using
Teflon tubing to prevent liquid leakage while allowing rotation,
was coupled to a motor that operated at 1500 rpm. Two Teflon
inlet tubes (1/8 in. outside diameter) were fitted to the base,
and one Teflon outlet tube (1/8 in. outside diameter) was
fitted to the chamber head. In all cases the Reynolds number in
the tubing was well below the laminar flow limits (NRe ≤ 2100)
for the blend, ensuring that no turbulent mixing occurred after

exiting the mixer. The outlet tube connected to a horizontally
mounted rectangular Teflon mold (1.25 cm width, 7.5 cm
length, and 1 mm depth) with a removable Teflon cover held in
place by clamps. The blend was injected into the mold and
cured at 23 °C for 16 h followed by 55 °C for 1 h in a
convection oven. The syringe pumps were controlled such that
the gradient film extended over a length of 6 cm. IR microscopy
was used to confirm the variation in chemical structure along
the film length.
It is important to note that the gradient-composition films

were prepared with certain specific characteristics to enable and
facilitate their characterization using methods of MRI.

(i) The film was unusually thick (1 mm) to enhance the
sensitivity of a two-dimensional MRI experiment.
Preparing such a thick gradient-composition film of
high quality with our experimental setup was quite
challenging; formation of voids, caused by solvent
evaporation, could not be completely avoided.

(ii) As discussed below, most standard MRI methods work
only for “soft” matter; thus, the curing was performed
under unusually mild conditions to produce a “rubbery”
film. Further curing at higher temperatures yielded a
“rigid” film that was characterized by chain dynamics that
did not vary sufficiently at moderate temperatures along
the composition gradient to be detected by MRI. FTIR
data of our moderately cured film provided evidence that
the maximum chemical conversion was not achieved, as
discussed below. Furthermore, the presence of some
remaining solvent with plasticizing properties cannot be
excluded.

IR Microscopy. The gradient-composition PU film was
characterized by attenuated total reflectance infrared (ATR-
FTIR) spectroscopy. ATR-FTIR spectroscopy measurements
were performed using a Bruker Vertex 80v FTIR spectrometer
coupled to a Hyperion 2000 IR microscope (both Bruker-
Optics) under a 20× magnification ATR objective with a
Germanium crystal. The penetration depth of the ATR crystal
is less than 1 μm, and the crystal area is 80−100 μm2. The
ATR-FTIR signals averaged over 64 scans were collected in the
mid-IR range, 4000−400 cm−1 with a resolution of 4 cm−1,
using a KBr beamsplitter. Bruker’s FTIR software was used to
correct the baseline as well as the wavelength-dependent
variation in penetration depth of the IR radiation for each
spectrum. Principal component analyses for mean-centered
data were performed using PLS toolbox (Eigenvector Research,
Inc.).

NMR Imaging. The film was placed inside a test tube (outer
diameter 15 mm) with the gradient-composition axis parallel to
the long axis of the tube. A Bruker DSX-400 NMR
spectrometer, with a magnetic field of 9.4 T corresponding to
a 1H frequency of 400 MHz, was employed with the Bruker
Micro-25 NMR accessories (Bruker-Biospin). The radio-
frequency (rf) coil used with this accessory had a diameter of
20 mm and an active length of about 30 mm. Since the
gradient-composition film was 60-mm long, it was imaged in
two separate experiments after repositioning the test tube
within the rf coil. Experiments were conducted using the Bruker
Paravision 3.1 software environment. A spin-echo sequence
based on two rectangular rf pulses with lengths of 50 μs (π/2
pulse) and 100 μs (π-pulse) was used without slice selection.
Images consisting of 128 × 128 pixels were recorded for a
repetition time of TR = 2000 ms and an echo time of TE = 2.1
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ms, which is the shortest experimentally achievable echo time
for our setup. Further images were recorded for TE values of
3.1 ms, 4.1 ms, up to 10.1 ms. This series of images was
transferred to a personal computer for analysis. A home-written
program in MATLAB (The MathWorks, Inc.) was used to
produce parameter-selective images by fitting corresponding
voxels within the series of images using eq 2.
1D NMR Profiling. Since the composition is expected to

vary only along one spatial axis of the sample, we designed a
simple setup that allows the full spectroscopic characterization
of the film along this axis (cf. Figure 2). A representative strip

with a width of 4 mm was cut from the sample film such that
the spatial axis x coincided with the long axis of the strip. This
strip was then mounted in a glass tube with an outer diameter
of 5 mm (standard NMR tube) and characterized with a
Helmholtz-type rf coil with inner diameter of 5 mm and active
vertical height of about 15 mm. This height was measured from
images of a 5-mm NMR tube filled with water so that the water
extended far beyond the top and bottom of the coil in which it
was inserted. A variety of MRI pulse sequences (spin echo,
gradient echo, with and without slice selection and with
different pulse lengths) always provided an image that reflected
fairly homogeneous excitation over the entire active range of
the coil.
Adjusting the position of the test tube with respect to the rf

coil allowed characterization of the gradient library at various
positions along the sample strip. The spatial resolution is given

by the active vertical range of the rf detection coil (ca. 15 mm
for the setup reported here). Our study was conducted on a
commercially available coil with through-vertical access. It is
certainly possible to design a coil with smaller vertical
dimensions to improve spatial resolution. While the initial
experiments described in this paper were conducted by
manually shifting the test tube, it should be straightforward
to integrate a stepper motor into the setup to shift the sample
and synchronize data acquisition to fully automate the profiler.
In many ways our 1D NMR profiler is comparable to other

NMR-based explorers or profilers, some of which are
commercially available,43 that have been described in the
literature to examine materials and surfaces. These instruments
work mostly with low-field permanent magnets in combination
with rf surface coils. The inhomogeneous magnetic and rf fields
in these devices pose experimental challenges that limit the
applicability of many spectroscopic pulse sequences. Our 1D
NMR profiler employs conventional NMR equipment consist-
ing of a strong and homogeneous magnetic field in combination
with a homogeneous rf volume coil. Therefore, all standard
solid-state NMR experiments on static samples can be
conducted with this setup.
One can argue that instead of using the 1D NMR profiler,

which relies on cutting a gradient strip out of a gradient-
composition film, one might further cut this strip into x-mm-
long segments, where x would be the spatial resolution, that can
then be characterized by separate NMR experiments. While
samples would have to be individually packed, automatic
sample changers are commercially available. However, cutting
samples into individual sections is labor intensive and obviates
the need for preparing a gradient-composition film in the first
place.
For the 1D NMR profiling, a Bruker AV3−400 operating at a

magnetic field of 9.4 T was used. A sample strip was cut from a
gradient-composition film and placed in a 5-mm (o.d.) NMR
tube which was inserted into a 5-mm rf coil. This coil is part of
the exchangeable set of rf coils with the Bruker Micro-25 NMR
microimaging accessory. For each experiment the rf coil had to
be removed from the magnet and the position of the film with
respect to the sample coil was adjusted by sliding the NMR
tube into the detection coil. Bloch decays were recorded within

Figure 1. Components used for the preparation of the gradient-
composition polyurethane film of this study: (a) D-N is Desmodur N
3390 (Bayer), a 1,6-hexamethylene diisocyanate-based polyisocyanate,
and (b) D-A is Desmophen A-365 (Bayer), a hydroxy-terminated
polyacrylate.

Figure 2. Schematic setup of the 1D NMR profiler. The sample is moved through the stationary rf coil in steps that depend on the sensitive field-of-
view of the coil.
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Bruker’s TOPSPIN software environment using a π/5 rf pulse
with a length of 2 μs. Prior to every scan the rf frequency ω was
adjusted to coincide exactly with the maximum of the respective
NMR spectrum. A total of 1024 data points, each separated by
a dwell time of DW = 4 μs was recorded. The data were
transferred and analyzed with respect to their relaxation
behavior according to eq 3 using Igor Pro (Wave Metric Inc.):

= · − * + · − *

+ · − *

S t w t T w t T

w t T

( ) exp( / ) exp( / )

exp( / )

rigid
2

2 ,rigid inter 2 ,inter

mobile 2 ,mobile (3)

in which the signal is composed of three components
characterized by rigid, intermediate, and mobile chain seg-
ments. Spin-echo (SE) data were also recorded for a total of 32
values of TE ranging from 32.5 μs to 10 ms. The pulse lengths
for the SE sequence were 5 μs (π/2 pulse) and 10 μs (π pulse).

4. RESULTS AND DISCUSSION
IR Microscopy. IR spectra were recorded as a function of

spatial position within the film to obtain information on the
concentration distributions of D-N, D-A, and formed cross-
links (cf. Figure 3). To obtain such information, it is desirable
to have at least three non-overlapping peaks in each spectrum
that independently represent concentrations of each of these
three species. For our experimental data, peak overlap is
substantial such that no such set of 3 peaks could be identified.
Furthermore, a full quantitative analysis is not possible because
of missing molar extinction coefficients. Semiquantitative
information on relative concentrations can be obtained via a
principal component analysis (PCA).
PCA is a Chemometric tool that can provide insight into

spectroscopic data that are difficult to analyze due overlap of
spectral components.44 It is based on the premise that i
experimental spectra Spi may be represented by a weighted
addition of a limited amount of loadings Ln. For the case of
mean-centered preprocessing, scores Sci,n are the respective
weighting factors that allow the description of the deviation of

experimental spectra from their average spectrum Spav
according to

∑= +Sp Sp LSci
n

i n nav ,
(4)

Loadings often lend themselves to a spectroscopic interpreta-
tion. Scores can provide information as to trends found within
the series of experimental spectra.
Such a principal component analysis was conducted for the

spectral range between 2400 cm−1 and 1600 cm−1 (very
comparable results, with lower accuracy, were obtained by
analyzing the entire spectral range). This region was chosen
because it includes three prominent peaks that contain
information on the three species of interest: D-N, D-A, and
cross-links. The peak at 2268 cm−1 corresponds to unreacted
isocyanate groups of D-N and its disappearance can be used as
a measure of the degree of cross-linking.45 The peak at 1730
cm−1 is attributed to the carbonyl groups of D-A, the urethane
linkages, and possibly some remaining solvent.46 Lastly, the
peak at 1680 cm−1 is attributed to the carbonyl groups of
urethane linkages and the isocyanurate rings of D-N.46 Two
loadings were considered for the PCA of the mean-centered
spectra (cf. insets in Figure 3). With two loadings the variance
in the data is captured by more than 99%. That is, with the
given set of loadings it is possible to accurately fit the
experimental data to a very high accuracy. Loading 1 is positive
for the peaks corresponding to the isocyanate group (2268
cm−1) and the carbonyl of the urethane linkages and
isocyanurate rings (1680 cm−1), while the peak at 1730 cm−1

is negative. Therefore, negative scores 1 correspond to a
reduction of the peak intensities at 2268 and 1680 cm−1 and an
increase of the peak intensity at 1730 cm−1 with respect to the
average spectrum Spav. Low scores correspond to a sample,
with low concentrations of D-N and high concentrations of D-
A. Those scores 1 are displayed in Figure 4. Note that the first
principal component alone captures the variance of the data by
over 96%. The increase in score 1 with increasing distance from

Figure 3. IR spectra recorded as a function of position (0 to 6 cm) within the gradient-composition polyurethane film. Spectra are plotted with an
offset to increase visibility. Arrows point toward three prominent peaks providing information on the chemical composition and extent of
conversion: 2268 cm−1 due to NCO stretching indicative of unreacted NCO of D-N; 1730 cm−1 due to CO stretching in D-A and urethane
linkages; 1680 cm−1 due to CO stretching in urethane linkages and isocyanurate rings of D-N. Shown as insets are the results of a principal
component analysis (loadings) investigating the spectral window containing the three peaks of interest.
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the origin of the library film clearly reflects the composition of
the sample. While the composition changes in a linear manner
between 0 and 4 cm, this is not the case for the other positions.
Only a slight variation in the chemical composition is found
between 4 and 6 cm. This overall trend with regard to the
sample composition is also observed in the NMR and MRI data
discussed below.
Accurate description of the experimental data by using only

the first principal component is only possible if, throughout the
entire sample, the ratio of reacted to unreacted D-N varies
linearly with the sample composition. This linearity is not
necessarily expected since conversion to the polyurethane also
depends on the concentration of D-A. Deviations are described
by the second components, which only capture a variance of
3%. Loading 2 is also depicted in Figure 3. Loading 2 consists
mostly of a positive peak at 2268 cm−1 (unreacted NCO) and a
negative peak at 1680 cm−1 (urethane and isocyanurate CO).
Hence, a negative score for component 2 indicates a reduction
of isocyanates with respect to an overall higher peak at 1680
cm−1; that is, there is an increased formation of urethane
groups. The scores 2 are also depicted in Figure 4. Note that
the lowest values (i.e., highest relative conversions) are found
for positions between 1 and 3 cm. The highest concentrations
of urethane groups are expected where reacting functional
groups are at equimolar concentrations. For an exactly linear
composition variation this is expected in the middle of the film
at position 3 cm. The fact that the minimum for score 2 is
shifted to lower positions agrees with the overall finding of a
nonlinear composition gradient.
Unfortunately, because of the lack of molar extinction

coefficients and exactly known conversions it is not possible to
extract quantitative information on the extent of the cross-
linking. However, qualitative insight is offered from the height
of the peak at 2268 cm−1, the unreacted NCO group. Complete
conversion of all isocyanate groups would be indicated by the
complete disappearance of this peak for compositions with a
stoichiometric or greater quantity of hydroxyl groups (i.e., D-
N:D-A = 0.1:0.9 to D-N:D-A = 0.5:0.5). With the exception of
the spectrum at 0 cm (D-N:D-A = 0.1:0.9), some signal
intensity is present at 2268 cm−1. Hence, conversion was not
carried to completion within the majority of the gradient-
composition film. As intended, a “soft” film suitable for MRI
investigation was prepared by partial curing.
NMR Imaging. It was the purpose of this experimental

approach to use an MRI methodology that is readily available

on commercial NMR microimaging scanners. Even though the
filling factor was far from optimal for our coil (20-mm diameter
× 30-mm length cylinder), a reasonable signal-to-noise ratio
could be achieved with a spin-echo sequence when not utilizing
slice selection on a film that was 1-mm thick and 12.5-mm
wide. The measured images are projections of the total signal
through the sample thickness.
The shortest experimentally achievable spin-echo time (TE)

was 2.1 ms. At room temperature, the signal from the polymer
film decayed almost entirely during this TE (cf. eq 2), and
detection of images was not possible. Heating the sample to 40
°C induced sufficient molecular mobility within the sample to
lengthen the T2 values and allow measurement of MR images
using the spin-echo method, at least for the portion of the film
containing the lower polyisocyanate (D-N) content. For the
portion of the film containing the higher D-N content, it was
even necessary to heat the sample to 60 °C. As explained in the
Materials and Methods section, the 60-mm-long gradient-
composition film was imaged in two separate positions since
our imaging coil was 30-mm long. Analysis of the data resulted
in two sets of images which are shown in Figure 5: spin-density

images representing the variable SD(x), and T2(x) images
representing the spatially resolved T2. Spin-density images
correspond mostly to the concentration of spins with respect to
the sampling plane. Greater thickness at the film edges is clearly
visible in the SD image taken at 60 °C. Bubbles, which lead to
areas with low concentrations, are visible in the SD image taken
at 40 °C. Note that the SD images may also reflect intensity

Figure 4. Scores resulting from a PCA analysis of the spectral range
between 2400 and 1600 cm−1 of the IR data shown in Figure 3: black
filled circles, score 1 (96.2% variance); and red filled squares, score 2
(3.0% variance).

Figure 5. Parameter-selective magnetic resonance images for a
gradient-composition polyurethane film prepared from a 1,6-hexam-
ethylene diisocyanate-based polyisocyanate (D-N) and a hydroxy-
terminated polyacrylate (D-A) (cf. Figure 1 for structures). The D-
N:D-A ratio changes continuously from 0.1:0.9 to 0.9:0.1 over a 6-cm
length of the film. The film was longer than the rf coil so the film was
imaged in two sections: bottom images, marked from 0 to 3 cm, lower
D-N content, 40 °C; and top images, marked from 3 to 6 cm, higher
D-N content, 60 °C. On the left are spin density (SD) images that
reflect a combination of 1H concentration, sample thickness and
inhomogeneities in rf excitation. On the right are T2 images that reflect
the spatial distribution of the T2 relaxation constant, an indication of
molecular mobility.
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fluctuations due to inhomogeneities in the rf-excitation profile.
These fluctuations are not visible in the T2 images since these
reflect the spatial distribution of a physicochemical constant
obtained through data fitting. The T2 image of the film section
taken at 40 °C shows a clear decrease of T2 values along the
long axis of the sample: T2 decreases with increasing D-N
content, which is also observable to a much lesser extent in the
T2 image taken at 60 °C. Even after raising the temperature by
20 °C, only low T2 values are observed for the film section
containing higher D-N contents.
The T2 values can be related to other physicochemical or

mechanical properties. Schneider and Simon have provided a
model for the T2 relaxation in elastomers in which several
components contribute to the overall relaxation.32,33,47

Relaxation during approximately the first millisecond is
dominated by polymer chains confined by cross-links. The
shape of this initial portion of the relaxation curve has been
used to correlate series of elastomers with respect to their cross-
link density and mechanical strength. Relaxation at longer echo
times (>1 ms) is governed by free polymer chains or largely
unconfined dangling chain ends. Obviously, the current NMR
microimaging experiment, where the shortest achievable TE
value is 2.1 ms, can only detect the latter moieties. As a result,
the T2 maps displayed in Figure 5 do not necessarily correlate
with cross-link densities and therefore mechanical properties of
the different compositions represented.
The complete recording of NMR microimaging data on

elastomers and analysis to extract the cross-link density has
been described.38 However, the associated NMR method
requires very short rf pulses during magnetic field gradients
such that only the characterization of very small samples (a few
mm) is technically feasible. Possibly, a better approach would
be to combine the SPRITE or single point imaging (SPI)
technique with a spin echo as demonstrated by Balcom et al.48

We tried these techniques and encountered sensitivity issues for
our films. Furthermore, argument (ii) presented in section 2
remains a concern; MRI is best suited to yield the coarse shape
of characteristic relaxation functions. An approach to measure
spatially resolved relaxation functions with greater accuracy is
1D NMR profiling, for which results are described below. MRI
remains a very valuable method for the assessment of overall
sample homogeneity and accuracy of sample preparation.
1D NMR Profiling. The feasibility of 1D NMR profiling was

demonstrated by measuring simple Bloch decays. In solid
samples, where the dipolar coupling between nuclei dominates
over chemical shifts, it is reasonable to assume that the
excitation frequencies of all 1H nuclei are centered symmetri-
cally around a characteristic frequency ω0. Therefore, operating
the spectrometer with the condition ω = ω0 leads to a
monotonically decreasing signal for Re(S(t)) (eq 1). However,
eq 1 will only hold for simple systems. Multiphase systems
often exhibit nonexponential decays. Bloch decays are shown in
Figure 6 for two positions along our gradient library film;
nonexponential relaxation is observed and was found at all
positions of the film. Close inspection of the relaxation data for
t < 50 μs reveals a distinct deviation from exponential behavior.
During the initial microseconds the slope of the decay increases
with increasing time. This is a well-known finding for 1H atoms
experiencing strong dipolar coupling.23 Molecules containing
these 1H atoms are part of a rigid framework in which no large
angle motions faster than 1 kHz occur. Several functions have
been discussed for the characterization of these types of
decays.23−27 For the purpose of our analysis it suffices to

approximate this initial part of the decay with a Gaussian
function (cf. eq 3). Further inspection of the decay curves for
times >50 μs revealed continued deviation from simple
exponential behavior. By using two exponential functions for
this part of the decay, the entire decay curve could be fit using
eq 3.
Assigning a physical meaning to all of the parameters in eq 3

can be ambiguous. It is reasonable to assume a network of
cross-linked polymers that contain regions with different
mobilities.32,33,47 The most rigid moieties, with relative fraction
wrigid, are attributed to the highly cross-linked regions. The
components of intermediate mobility (T2,inter and winter) are
attributed to lightly cross-linked chains, and the mobile
component corresponds largely to free polymer chains or
dangling chain ends. The presence of moisture or some
remaining solvent can also contribute to the mobile
component.
Altogether, the Bloch decays for all positions within the

composition-gradient sample could be fitted with good
accuracy using the three components represented in eq 3.
Despite the quality of these fits that suggest three dynamically
discrete components in the material, it is likely that a
continuous transition between relaxation times and correspond-
ing mobilities exists in these samples. Nevertheless, fitting
yielded component fractions and respective T2 values for each
position along the gradient axis. No true systematic variations
were found along the gradient axis for the T2 values, which are
reported here as averages over the entire film: T2*,rigid = 26.3 ±
0.8 μs, T2*,inter = 78.4 ± 2.1 μs, T2*,mobile = 474 ± 43 μs. The
relatively high error for T2*,mobile may be due to improper
selection of the excitation frequency ω or variations in the
homogeneity of the external magnetic field, both of which are
increasingly relevant with longer T2* decay times.
Contrary to the T2* values, the component fractions wmobile,

winter, and wrigid vary systematically along the gradient axis (cf.
Figure 7). At the low D-N content end of the film (position
marked 0 cm), the film consists of about 57% rigid component,
36% intermediate, and 7% mobile component. The rigid-
component fraction increases with increasing D-N content,
while the mobile and intermediate component fractions
decrease. The relative ratio of winter to wmobile remains
approximately constant throughout the sample; that is, large
changes in the relative amount of free chains (mobile regions)
versus lightly cross-linked chains (regions of intermediate
mobility) were not observed across the sample. Hence, to a first
approximation, the primary change in the dynamics of the
sample can be summarized as an increase in the rigid fraction
with increasing D-N (polyisocyanate) content.

Figure 6. Bloch decays measured using the 1D NMR profiler for two
positions, 0.5 and 6 cm, along the gradient-composition film:
experimental data (solid line), and fit to eq 3 (dashed line). The 6-
cm position contains the higher D-N content.
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The findings from 1D NMR profiling (T2 values remain
largely constant, rigid-component fraction increases with
increasing D-N content) appear to contradict the findings
obtained by MRI (T2 decreases with increasing D-N content).
To further investigate the apparent discrepancy between MRI
and 1D NMR profiler data, spin-echo experiments were
conducted at room temperature using the 1D NMR profiler.
A typical spin-echo decay is displayed in Figure 8. Comparison

with the Bloch decays depicted in Figure 6 shows some major
differences:

(a) It is not possible to measure data for echo times shorter
than about 30 μs. Consequently, the initial Gaussian-
shaped portion of the Bloch decay, which was attributed
to rigid components, is not readily apparent in the spin-
echo decay. Only its final tail, which accounts for the
steep decay at TE ≤ 100 μs, is visible.

(b) For the Bloch decay the signal intensity is ∼1% after 1
ms. For the spin-echo decay, around 5% of the signal
intensity remains at an echo time of 1 ms. This is largely
because relaxation data are normalized with respect to
the first measurable data point. Since some fraction of the
rigid material is undetected in the spin-echo experiment,

mobile components seem to be present at higher
concentrations.

(c) The spin-echo decay is measurable for echo times
ranging up to 8 ms. This is because chemical shift
interactions and magnetic field inhomogeneities are
refocused and therefore do not contribute to signal
decay to the same extent as with Bloch decays.

Note that only the tail of the spin-echo decay at TE > 2 ms is
accessible via standard MRI as presented above. This tail may
be described by a single exponential decay for all relaxation
data. Respective time constants T2,mobile were determined by
fitting spin-echo data for TE > 2 ms using eq 2. Good fits could
be obtained for all positions along the gradient in the library
film. The T2,mobile relaxation times, displayed in Figure 9,
decrease with increasing D-N content. This indicates the film
becomes more rigid with increasing D-N content, which is
consistent with the MRI data shown in Figure 5.

Overall, NMR data from Bloch and spin-echo decays appear
very consistent with the mechanical properties of the film.
Close to the position marked 0 cm (D-N:D-A = 0.1:0.9) the
film is soft and flexible, while it is brittle close to the position
marked 6 cm (D-N:D-A = 0.9:0.1). The increase in D-N
content primarily causes an increase in the rigid-component
fraction. Decreases in the mobility of the mobile fraction are
minor, and only detectable using the spin-echo sequence. The
increased amount of the rigid fraction likely contributes toward
the increased mechanical brittleness in this material. However,
the rigid domains may also act as cross-linking and reinforcing
agents that further increase the rigidity of the mobile domains
to increase the hardness of the film.

5. CONCLUSIONS
Polymer films with gradient compositions may be used as
convenient libraries for the assessment of mechanical properties
of polymeric materials. Nuclear magnetic resonance is a
powerful tool to investigate underlying molecular and
physicochemical properties in these gradient films through a
variety of NMR-determined parameters. NMR imaging (i.e.,
MRI) provides a means to assess the spatial distribution of
these NMR parameters. However, the hard- and software
limitations associated with MRI characterization of polymer
films, which can exhibit a large variety of properties, will likely

Figure 7. Molar fractions of rigid (○), intermediate (□) and mobile
(△) components as determined by fitting Bloch decays obtained at
different positions along a gradient-composition film (DN:DA) to eq
3. Horizontal error bars represent the spatial resolution governed by
the active range of the rf coil.

Figure 8. Spin-echo relaxation data for the position at 6 cm (high D-N
content) of a gradient-composition film recorded with the 1D NMR
profiler. Data for TE > 2 ms are the only ones detectable using
standard MRI as described above.

Figure 9. Mobile-component spin−spin relaxation times, T2,mobile,
obtained by fitting the spin-echo data collected for TE > 2 ms at
different positions along the gradient in a library film using the 1D
NMR profiler. Horizontal error bars represent the spatial resolution
determined by the active range of the rf coil. The position marked 0
cm contains the lowest D-N (i.e., polyisocyanate) content.
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require development of experimental protocols on a case by
case basis. It should be kept in mind that the tremendous
progress in clinical MRI is essentially based on optimizing the
technique for one single sample: the human body. Standard
MRI for the characterization of polymer-based gradient-
composition films appears to be suitable for evaluation of
overall film quality provided sufficient molecular mobility is
present. This limitation is much less of an issue for existing
NMR spectroscopic methods. A modern NMR spectrometer
with solid-state NMR capabilities (high power for rf pulses and
fast analog-to-digital converter) is capable of characterizing
materials with underlying molecular mobilities ranging from
those encountered in rigid crystalline or amorphous phases to
liquid melts. A whole array of methods exist to characterize
these materials with respect to cross-link density, molecular
mobility, and phase composition.19,20,27 The 1D profiling
method demonstrated in this paper provides a convenient
means to use static NMR methods on gradient-composition
samples. Moreover, since signal sensitivity is much less of an
issue for the 1D NMR profiler than it is for MRI, it is practical
to study nuclei other than 1H, including 19F, 13C, 2H, 15N, and
31P in thin solid films.
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