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Poly[(N-ethylcarbazol-3-yl)methyl methacrylate] and
Poly{2-[(3,5-Dinitrobenzoyl)oxy]ethyl methacrylate}

Using 'H CRAMPS NMR

Gyunggoo Cho and Almeria Natansohn*

Department of Chemistry, Queen’s University, Kingston, Ontario K7L 3N6, Canada

Received May 3, 1996. Revised Manuscript Received August 28, 1996%

'H CRAMPS NMR techniques are used to study the phase structure of complexed and
decomplexed blends of poly[(N-ethylcarbazol-3-yl)methyl methacrylate] [poly(NECMM)] and
poly{ 2-[(3,5-dinitrobenzoyl)oxy]ethyl methacrylate} [poly(DNBEM)] (mole ratio = 1:1). 'H
CRAMPS spectra of two-layer, decomplexed, and complexed samples show a line-shape
change in the aromatic region which reflects the electron density change due to charge-
transfer interaction. 'H spin diffusion experiments are employed to estimate the domain
sizes of the complexed sample and the domain sizes and interface size of the decomplexed
sample. The complexed sample is mixed at the molecular level. The domain sizes and
interface size of the decomplexed sample are too large for these experiments. It is estimated
that the decomplexed sample has about 30% of the volume fraction in the interface and
that in it poly(NECMM) and poly(DNBEM) are mixed at a molecular level.

Introduction

The macroscopic properties of a solid polymer mate-
rial depend on its molecular-level structure and dynam-
ics. Many polymer materials are phase-separated, and
their phase structure is essential for their use proper-
ties. A few NMR techniques can be used to investigate
the phase structure of a polymer material, i.e., phase
sizes and the presence and thickness of interfaces.
Perhaps one of the most promising techniques is based
on selective excitation of one of the phases, followed by
monitoring the spin diffusion to reequilibrate the sys-
tem. This technique was initially proposed by Goldman
and Shen.! The basis for selective excitation is a
difference in mobility of the two phases, and hence
materials consisting of hard—soft components can be
easily analyzed. Spiess et al. developed a pulse se-
guence named “dipolar filter” and used it to analyze a
variety of soft—hard materials.2® Of critical importance
in the analysis is the model of spin diffusion, which
contains spin diffusion coefficients for each of the phases
(and the interface), proton densities, and volume frac-
tions of the corresponding phases.* Although there are
already a few studies published in the literature,
including our own®>8 the reliability of the data obtained
is directly related to the model used for magnetization
transfer. Some refinements of the model have already
been reported in the literature.” A three-phase model
(the third being the interface) was translated into a

® Abstract published in Advance ACS Abstracts, October 15, 1996.

(1) Goldman, M.; Shen, L. Phys. Rev. 1966, 144, 321.

(2) Cai, W. Z.; Schmidt-Rohr, K.; Egger, N.; Gerharz, B.; Spiess, H.
W. Polymer 1993, 34, 267.

(3) Spiegel, S.; Landfester, K.; Lieser, G.; Boeffel, C.; Eidam, N.;
Spiess, H. Macromol. Chem. Phys. 1995, 196, 985.

(4) Clauss, J.; Schmidt-Rohr, K.; Spiess, H. Acta Polym. 1993, 44,
1.

(5) Cho, G.; Natansohn, A. Can. J. Chem. 1994, 72, 2255.

(6) Cho, G.; Natansohn, A.; Ho, T.; Wynne, K. J. Macromolecules
1996, 29, 2563.

(7) Wang, J. J. Chem. Phys. 1996, 104, 4850.

S0897-4756(96)00260-8 CCC: $14.00

computer program named TREEDIFDISOR and very
generously made available to us by Prof. Spiess’s group.
This program operates based on the same physical
principles as the two-phase model, i.e., it assumes three
possible domain geometries on the basis of the dimen-
sionality (one-dimensional lamellae, two-dimensional
cylinders, and three-dimensional spheres), it takes into
account the spin—lattice relaxation using a correction
term (exp(tn/T1)), and it does not distinguish between
main-chain and side-groups motions. The results ob-
tained using TREEDIFDISOR depend on the measure-
ment temperature, since increased motion should change
spin diffusion coefficient values, but not on the field
strength, since the T effect is eliminated. This reflects
the fact that the domains geometry and phase sizes are
dependent on temperature but independent on the
magnetic field.

This “dipolar filter” pulse sequence can be applied
only if one of the components of the material is “soft”,
i.e., if its mobility is relatively great at the measuring
temperature. This condition applies to many polymer
materials, but it also excludes a majority of polymer
blends, mixtures, and composites, those of the hard—
hard type. An alternative method for selective excita-
tion in a multicomponent system may be based on
differences in proton chemical shifts. This selective
excitation may consist of complete elimination of the
magnetization from one region of the spectrum?® or of
creating a maximum polarization gradient between the
two components.®~11 The proton shift selection may
work on hard—hard systems, but it is restricted to
materials with significant proton shift differences, i.e.,
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containing aromatic or alkoxy groups as opposed to
completely aliphatic proton components. This is an even
more restrictive condition than the high mobility of one
of the phases, since the whole proton shift range is of
only 10 ppm. The polarization gradient requires sys-
tems with significantly different numbers of protons in
them and some proton shift differences, and this is less
restrictive than the proton shift selection.

Independent of which of the selection method is
employed, the key element in determining phase sizes
and interfaces is the model for spin equilibration, and
the models currently used still have some limitations:
(1) They are usually “symmetric”, i.e., considered to
work the same independent of which of the phases
(continuous or dispersed) is being selected. It has been
shown that the sizes of magnetization source and sink
play a definite role in the process of magnetization
reequilibration.” (2) There is a lack of understanding
of the magnetization distribution within the interface.
(3) Most of the required parameters (especially spin
diffusion coefficients) are not available in the literature,
and thus one has to use approximations. To contribute
to the refinement of the magnetization transfer model,
more experimental data on spin diffusion is required.
This paper presents an attempt to measure spin diffu-
sion in a “model” polymer blend.

Charge-transfer interacting polymer blends have been
the subject of investigation in our laboratory, as well
as in other groups. It has been reported that mixing a
polymer containing electron-donor structural units with
a polymer containing electron-acceptor structural units,
one may obtain a molecularly homogeneous blend,
judging from its single glass transition temperature
(Tg).*2 Such a blend is not thermodynamically stable,
however, and the two components phase separate when
heated about a decomplexation temperature. Subse-
guent solid-state NMR studies?® confirmed that the two
components are mixed at the molecular level in the 1:1
blend, judging by the existence of a single spin—Ilattice
relaxation time constant in the rotating frame (T 1,(H)).
The actual value of the constant suggests such an
intimate mixing that the chains are pulled toward each
other, increasing the overall density of the blend. When
the 1:1 blend is heated above the decomplexation
temperature, phase separation occurs and the two
phases exhibit two Ti,(H) values. The lower value
corresponds to the T1,(H) of the homopolymer containing
electron-acceptor groups, but the higher value is lower
than the T,(H) of the homopolymer-containing electron-
donor groups. This is believed to be due to the interface
formed on phase separation. At the boundary between
phases, at room temperature, the electron-donor and
electron-acceptor groups will interact to form a mixed
interface, containing both types of polymers. This
interface will facilitate spin diffusion, thus the phase
with the lower spin diffusion rate will be dominated by
spin diffusion through the interface. Scheme 1 shows
the chemical structure of the two polymers used and a
cartoon of the phase structure of the 1:1 blend before
and after being heated above the decomplexation tem-
perature (ca. 185 °C).
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Experimental Section

Poly{ 2-[(3,5-dinitrobenzoyl)oxy]lethyl methacrylate} {poly-
(DNBEM), polyA} and poly [(N-ethylcarbazol-3-yl)methyl meth-
acrylate {poly(NECMM), polyD} were prepared by A. Sim-
mons. A 1:1 mole blend of poly(DNBEM) and poly(NECMM)
mixed at the molecular level was obtained by the published
method.’®* A decomplexed blend sample was obtained by
heating the previous blend at 190 °C in an oven for 10 min. A
two-layer sample was obtained by half filling the rotor with
poly(DNBEM) powder, and the rest with poly(NECMM), after
a Teflon tape was introduced to physically separate the two
layers.

1H CRAMPS NMR spectra were acquired on a Bruker ASX-
200 spectrometer (200 MHz) equipped with a Bruker CP-MAS
probe with 7 mm o.d. To minimize radiofrequency inhomo-
geneities and to improve magnetic field homogeneity, samples
were packed into a spherical arrangement in the rotor using
two Teflon spacers. The measurement of 7/2 pulse and the
minimization of phase transients were performed by the
manufacturer procedure described in “Painless CRAMPS on
the MSL” by D. P. Burum. The dead time of the probe was
reduced down to 4.3 us using an overcoupling method.** The
7/2 pulse length was 2.0 us, and the basic cycle time of the
MREV multiple-pulse sequence was 51.6 us.

One of the chemical shift selection methods used by Vander-
Hart and co-workers was employed for the spin diffusion
experiment.®~1* The experimental details to achieve a maxi-
mum polarization gradient are given in ref 9. The chemical
shift selection by this method should satisfy two conditions:
(a) a maximum spin polarization gradient should be introduced
between the two components and (b) total integrals of the spin
diffusion spectra at various mixing times 1(Mm) should be less
than 2% of the integral of a Boltzmann CRAMPS spectrum
1(Mo). The above conditions for the samples were satisfied by
creating positive aromatic and alkoxy peaks of poly(NECMM),
and negative aromatic and alkoxy peaks of poly(DNBEM). The
number of multiple pulse cycles used was 27 (the sinusoidal
period = 7.2 ppm). The spinning speed was set to 3 times of
the sinusoidal period (2871 Hz). The phase cycling pulse was
used to eliminate the addition of the intensity due to proton
spin lattice relaxation in the laboratory frame.

Results and Discussion

The Ty's of poly(NECMM) and poly(DNBEM) differ
by about 20 °C, which indicates that the motional
difference between poly(NECMM) and poly(DNBEM) is
not large.1® The aromatic, alkoxy, and aliphatic peaks
of poly(NECMM) and poly(DNBEM) can be resolved
using a combined rotation and magic angle spinning
multiple pulses (CRAMPS) technique, as shown in
Figure 1.

Therefore, a spin diffusion pulse sequence that selects
magnetization by exploiting chemical shift differences
using the CRAMPS technique can be used in this
instance. The use of proton shift selection*1% in this case
would be complicated by the fact that both poly-
(NECMM) and poly(DNBEM) contain aromatic, alkoxy,
and aliphatic peaks. If 13C detection were used, intra-
and intermolecular spin diffusion may occur during the
cross-polarization time, but most of the intensity of a
nonselected peak grows from intramolecular spin dif-
fusion, which usually occurs very fast, during the cross-
polarization time. The low natural abundance of 13C
would make the smaller intensity changes due to
intermolecular spin diffusion hard to detect. Therefore,
a method that does use 13C detection would not be
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Figure 1. *H CRAMPS spectra of poly(NECMM) (a) and poly-
(DNBEM) (b).
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polymer blends whose proton peaks are overlapped, by
generating the maximum polarization gradient and 'H
detection.® 11

IH CRAMPS spectra of poly(NECMM) and poly-
(DNBEM) are shown in Figure 1. The chemical shift
of poly(dimethylsiloxane) (PDMS) was used as an
internal reference (0.09 ppm) only in the samples where
chemical shifts were determined. The assignment of the
spectra is on the figure. While both spectra cover most
of the available proton range for both polymers, there
are some differences. Poly(DNBEM) has two nitro
groups in the aromatic ring, thus its aromatic protons
resonate at lower field than the aromatic protons of
poly(NECMM). The alkoxy protons, on the other hand,
are bonded to an aromatic ring in poly(NECMM), which
shifts their resonance downfield in comparison with the
alkoxy protons of poly(DNBEM). The chemical shift
difference between the aromatic peaks of poly(NECMM)
and poly(DNBEM) is 2.0 ppm, while the difference
between the alkoxy peaks of poly(NECMM) and poly-
(DNBEM) is 2.1 ppm. The maximum polarization
between poly(NECMM) and poly(DNBEM) can be ob-
tained by making the aromatic and alkoxy peaks of poly-
(DNBEM) negative, and the aromatic, alkoxy, and
aliphatic peaks of poly(NECMM) positive. The pulse
sequence used to study the spin diffusion shows that
the line shape is determined by the length of multiple
pulse irradiation (sinusoidal period). The adjustment
of the length of the multiple pulse generates the
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Figure 2. 'H CRAMPS spectra of two-layer (a), complexed
(b), and decomplexed (c) samples.

maximum polarization between poly(NECMM) and
poly(DNBEM). The parameters used are given in the
Experimental Section.

Figure 2 shows the 'H CRAMPS spectra of three
samples. The two-layer sample has poly(NECMM) on
the top and poly(DNBEM) on the bottom layer in a rotor
divided by a Teflon tape. Therefore, because of the
physical barrier between poly(NECMM) and poly(DN-
BEM), the charge transfer interaction between the two
components must be negligible. The chemical shifts of
each peak in the three samples do not change signifi-
cantly, although the aromatic protons of polyA, which
presumably resonate at the lowest field, seem to be
shifted upfield when there is some charge-transfer (CT)
interaction present in the interface (Figure 2c, decom-
plexed blend) and even more when the two polymers
interact throughout their bulk (Figure 2b, blend ob-
tained by coprecipitation). This kind of upfield shift
upon complexation has been previously reported for
protons in solution® and for carbons in the solid
state.1”.18 More noticeable, however, are the line shapes
and line widths of the three samples, which are differ-
ent, especially in the aromatic regions. The CT interac-
tion between NECMM and DNBEM changes the elec-
tron densities of the aromatic rings and the different
electron densities produce different 'H line shapes. It
is clear from Figure 2 that the CT interactions are
different in these three samples.

The integrated intensities [I(Mmt)] of the raw spin
diffusion spectra were about 1% of I1(Mg). All spectra
were subtracted by an My line shape which was multi-
plied by 1(Mm)/I(Mg) using a software tool in Bruker
UXNMR. This procedure is necessary in order to
compensate for minor spectrometer instabilities, as
described in the literature.’! The integrated intensities
of the spin diffusion spectra are made to be zero. Spin
diffusion was measured using peak amplitudes, i.e., the
height between the negative peak at 9 ppm and the
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Figure 3. 'H CRAMPS spectra of the two-layered sample
obtained with the polarization gradient pulse sequence at
various mixing times: (a) 1 us; (b) 100 us; (c) 1 ms; (d) 10 ms.
See text for details.
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Figure 4. 'H CRAMPS spectra of the complexed sample
obtained with the polarization gradient pulse sequence at
various mixing times: (a) 1 us; (b) 100 us; (c) 1 ms; (d) 10 ms.

positive peak at 6 ppm. Figures 3 and 4 show the 1H
spin diffusion spectra of the two-layer sample and of
the complexed blend obtained at various mixing times
after the above manipulation. The two-layer sample
experiences only intramolecular spin diffusion, and it
reaches an equilibrium within a few milliseconds.
Therefore, the negative and positive peaks in Figure 3d
are a consequence of the polarization gradient between
poly(NECMM) and poly(DNBEM). The amplitudes of
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Figure 5. Plot of the polarization gradient signal amplitudes
for the three samples vs the square root of mixing time; two-
layer (open circle), complexed (open square), and decomplexed
(open triangle). The amplitude is measured as the height
between the negative signal at 9 ppm and the positive signal
at 6 ppm and is given in arbitrary units.

the spin diffusion spectra of poly(NECMM) and poly-
(DNBEM) become zero when each reaches an equilib-
rium through intermolecular spin diffusion. Zero am-
plitudes in Figure 4d indicate that both intra- and
intermolecular spin diffusion is finished within about
10 ms of mixing time.

The plot of amplitudes of the signals of the three
samples as a function of mixing time is shown in Figure
5. All amplitudes are corrected by the factor exp[t,/Ti-
(H)], where ty, is the mixing time,'® and normalized to
the amplitude of the two-layer sample at 10 ms mixing
time, which was arbitrarily considered to be 1. The
T1(H) values of the two homopolymers were measured
to be 380 ms, and this value was used for all samples.
The amplitude of the complexed blend is almost 0 at 10
ms, which means that the spins of poly(NECMM) and
poly(DNBEM) reach the equilibrium within this time.
The amplitude of the two-layer sample decreases fast
initially, due to intramolecular spin diffusion, and then
plateaus at an amplitude of 1 (arbitrary units). Hence,
intermolecular spin diffusion is present in the decom-
plexed blend, since its plateau amplitude is less than
1. The decomplexed blend displays a plateau at about
0.7 (a further decrease of the amplitude is not evident
until about 300 ms mixing time, which is not shown
here). This means that 30% of the possible inter-
molecular spin diffusion is complete.

The amplitude decrease of the complexed and decom-
plexed blends signals is due to the intra- and intermo-
lecular spin diffusion. The domain size reflected by the
intermolecular spin diffusion can be obtained from a
separation of intra- and intermolecular spin diffusion
curves, based on the spin diffusion plot of the two-layer
sample, which has only intramolecular spin diffusion.
The TREEDIFDISOR program can be used to separate
the intra- and intermolecular spin diffusion curves. If
either the spin diffusion coefficients or the domain sizes

(19) Spiegel, S.; Schmidt-Rohr, K.; Boeffel, C.; Spiess, H. Polymer
1993, 32, 4566.
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Figure 6. Plot of the polarization gradient signal amplitude
of the two-layer sample fitted by TREEDIFDISOR program.
The fit is indicated by a dotted line. It is assumed that the
dimensionality is one. See text for details.

are known, the spin diffusion curve can be fitted using
the TREEDIFDISOR program, by varying the spin
diffusion coefficients (or the domain size). A maximum
proton distance between the aromatic and alkoxy groups
of poly(NECMM) (about 0.8 nm) was roughly calculated
using a molecular modeling program (PCMOD). The
spin diffusion rates within NECMM and DNBEM
molecules were assumed to be the same, and the
TREEDIFDISOR program was used to fit the amplitude
decrease of the two-layer sample with different spin
diffusion coefficients. The data are well fitted using a
spin diffusion coefficient of 0.40 nm2/ms. The result is
shown in Figure 6.

Since the two-layer sample has only intramolecular
spin diffusion, the result of the curve fitting in Figure
6 can be used to measure the domain size of the
complexed and decomplexed blends. The amplitude
changes of the complexed and decomplexed blends in
Figure 5 result from intra- and intermolecular spin
diffusions. The spin diffusion curves of these samples
can be fitted by the sum of the known intramolecular
spin diffusion curve (two-layered sample) and the
intermolecular spin diffusion curve with various domain
sizes. Figure 5 suggests that the ratio of the amplitude
decrease of the intra- and intermolecular spin diffusions
of the complexed sample is about 6:1, since the initial
polarization gradient is 7 (arbitrary units) and the
residual polarization gradient signal after all intramo-
lecular spin diffusion has taken place is 1. The spin
diffusion curve of the complexed sample was fitted by
the sum of the 8/; of the simulated intramolecular spin
diffusion curve (from Figure 6) and /7 of a simulated
intermolecular spin diffusion curve using various do-
main sizes. The amplitude decrease of the intermo-
lecular spin diffusion is about /s of the intramolecular
spin diffusion, and the equilibrium time of the inter-
molecular spin diffusion is not very different from that
of the intramolecular spin diffusion. Thus, it is difficult
to separate the two. A domain size of 1.2 nm gave a
good fitting, and the fitting becomes worse when the
domain size is increased to 2 nm (see Figure 7). Thus,
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Figure 7. Plot of fitting the polarization gradient signal
amplitude for the complexed sample. It is assumed that the
dimensionality is one. The fitted lines are the summation of
6/, of the sample having a domain size of 0.8 nm and */; of the
sample having domain sizes of 1.2 nm (dotted line) and 2.0
nm (broken dashed line).

the domain size obtained for the intermolecular spin
diffusion (or the phase sizes in the complexed blend)
should be between 1.2 nm and 2.0 nm. The maximum
distances between protons in the structural unit of poly-
(NECMM) and poly(DNBEM) calculated using PCMOD
are about 1.3 nm. Therefore, it can be concluded that
poly(NECMM) and poly(DNBEM) in the complexed
blend are mixed at a molecular level.

The spin diffusion curve of the decomplexed blend in
Figure 5 does not go down to O but displays a plateau
atabout 0.7. Since the amplitude change between 0 and
1 results from intermolecular spin diffusion between
poly(NECMM) and poly(DNBEM), the amplitude be-
tween 0 and 1 can be used to estimate the amount of
intermolecular spin diffusion. Some 30% of the decom-
plexed blend reaches equilibrium between poly(NEC-
MM) and poly(DNBEM) within 10 ms. The equilibrium
time is almost the same as that of the complexed blend.
Thus, 30% of the decomplexed blend must be mixed at
molecular level.

At this stage, one must consider the intensity contri-
bution from T1(H), which is not negligible during longer
mixing times [compared to T;(H)]. A phase cycling
pulse was experimentally used to eliminate the added
intensity from Ti(H). Since the phase cycling pulse
produces a decay of the overall intensity, the length of
the mixing time is experimentally limited. If the
domain sizes are relatively large, the decrease in the
polarization gradient amplitude may take place over a
longer time than that allowed by the T;(H) limitation.
A simulated spin diffusion curve has shown that if the
domain size is larger than 200 nm in one-dimensional
phase structures (spin diffusion coefficient = 0.6 nm2/
ms), the amount of spin diffusion, measured there by
the growth of the suppressed signal, is small.® There-
fore, experimentally, the slow intensity changes due to
spin diffusion and the changes due to T1(H) relaxation
make it difficult to observe spin diffusion in larger
domain sizes. The plateau of the decomplexed blend
suggests that the domain size of the other 70% of the
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sample is probably greater than 200 nm and cannot be
measured.

The decomplexed sample shows two intermolecular
spin diffusion processes, one fast in about 30% of the
sample and the other slow in the remaining 70% of the
sample. The slow process is not shown in the figures
presented here, but it does take place at mixing times
of about 300 ms and higher. Obviously, at such long
mixing times, the spin—Ilattice relaxation process begins
to interfere significantly with the spin diffusion, and the
spin diffusion cannot be properly analyzed. The weight
ratio between poly(DNBEM) and poly(NECMM) is 52:
48, and the phase structure of this sample is assumed
to be one-dimensional based on the almost equal vol-
umes of the two components. Thus, the decomplexed
blend is probably composed of successive layers of polyD,
interface (having mixed polyD and polyA) and polyA.
The fast intermolecular spin diffusion rate can be
assigned to the interfacial area and suggests that polyD
and polyA are mixed there at the molecular level. The
question now is what is the size of the interfacial area?
The volume ratio between the interface and the sepa-
rated phases should be about 3:7. If the size of the
interface were of the order of 1 or 2 nm, the size of the
other phases should also be just a few nanometers and
the magnetization would reach equilibrium within 10
ms. However, the domain sizes of the decomplexed
blend of poly(NECMM) and poly(DNBEM) should be
larger than 200 nm, because the polarization gradient
amplitude had the plateau at 0.7 and did not decrease
more within the T1(H) measurement time. Since the
estimated domain size of poly(DNBEM) and poly-
(NECMM) is larger than 200 nm, the interfacial size
should be about 86 nm in thickness. This is a huge
number and is not within the range of what one
normally estimates for an interface. A possible expla-
nation is related to the “special” nature of this blend. It
is known that polyA and polyD can be mixed at the
molecular level even in the solid state, by grinding the
powders together. Decomplexed samples are also known
to re-form the complexed blend if left for a long time at
room temperature. This recomplexation process may
be accelerated by spinning in the NMR spectrometer,
due to relatively high pressures generated there. It is
known that grinding the two polymer powders together
produces enough pressure to generate complexationi2,
High-speed spinning in the rotor should produce a much
higher pressure, probably favoring re-complexation. If
this hypothesis is correct, then the “interface” is actually
a third phase present in this system, and its size may
slowly grow until it becomes the dominant phase.

These findings correlate well with the previous analy-
sis of glass transition temperatures and proton spin—
lattice relaxation time constants in the rotating frame.'3
Although the “interface” (or the “third, mixed phase”)
appears to be large in the sample analyzed here, it is
still much smaller than the polyD and polyA “pure”
phases, and does not exhibit an intermediate Tg or Ty,-
(H), as the complexed polyD—polyA blend does.’* One
should remember, though, that “annealing” at room
temperature for months, as well as spinning in the rotor
may cause re-complexation in a phase separated blend
to some extent.
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Conclusions

A 1H CRAMPS experiment was used to study polymer
blends of poly(DNBEM) and poly(NECMM). Poly-
(DNBEM) and poly(NECMM) are mixed at a molecular
level in the complexed blend. The estimated intramo-
lecular spin diffusion coefficient in each polymer is 0.40
nm?2 /ms. The decomplexed blend is phase-separated,
with phase sizes exceeding 200 nm in length and has
an “interface” volume which is some 30% of the total
sample volume. The actual thickness of the interface
cannot be measured, but it is estimated to be of at least
86 nm. Poly(DNBEM) and poly(NECMM) are mixed at
the molecular level in the interfacial area.
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