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ABSTRACT: Core-shell latexes based on poly(butyl acrylate) and poly(methyl methacrylate) and latexes
of poly(butyl acrylate) and polystyrene were synthesized at high and low temperatures. In both cases
the shell content was 33% in weight. Transmission electron microscopy and advanced NMR techniques
have been used to investigate the structure of the system, and particular emphasis was put on the
characterization of the interface between the two components. This interface can sensitively be analyzed
using 1H spin-diffusion techniques. Dynamic gradients at the interface are detected with varying filter
strengths of the dipolar filter selecting mobile components and 2D wideline separation (WISE) NMR
spectra in which structural and dynamic information are correlated. These experiments show distinct
differences in the interface structure of systems synthesized at different temperatures and those with
poly(methyl methacrylate) or polystyrene in the shell, respectively.

Introduction
Emulsion polymerization is a well-known technique

for preparing latex polymers with defined structures.
Depending on the polymerization parameters and con-
ditions, the reaction can selectively yield a variety of
particles with different morphologies,1-4 e.g. core-shell,
sandwich structures, hemispheres, and raspberry- or
confetti-like structures.
The synthesis of core-shell latexes usually does not

lead to an ideal core-shell morphology with a complete
phase separation.5 Figure 1 displays possible substruc-
tures of such core-shell latexes with different inter-
faces. These interfaces consist of mixed phases which
are composed of the core and the shell component.
Depending on the compatibility of the two polymers and
the reaction conditions, the components in the interface
can be mixed on a molecular level with a continuous
concentration gradient or microdomains can be formed.
The morphology of the entire particle and the inter-

face between the two components in core-shell poly-
mers can sensitively change the macroscopic properties
of materials over a wide range. Therefore, the inves-
tigation of the particle morphology is an important task
for further applications of core-shell systems such as
paints, adhesives, coatings, or impact resistant plastics.
The microscopic structure is usually characterized by
transmission electron microscopy (TEM),6 and X-ray,7
light, or neutron scattering.8 A direct picture of the
structure can be obtained by TEM. The limitation of
this method lies in the fact that often a distinction of
different phases is only possible after staining the
sample. Moreover, with standard resolution of about
10 nm it is difficult to characterize substructures in the
particles. The scattering methods are very sensitive for
samples with periodic structures. By neutron scattering
detailed information about the interface between two
films can be obtained, but sufficient contrast in such
measurements can only be achieved using partially
deuterated samples.
As far as NMR is concerned, it is possible to detect

fractions with different mobilities by NMR-relaxation

time measurements.9 Moreover, advanced solid-state
NMR methods have been developed for the character-
ization of heterogeneities in polymers and polymer
blends.10,11 They allow one to characterize the morphol-
ogy including the substructure in the interface and its
thickness.
In this paper core-shell latexes based on poly(butyl

acrylate) (PBuA) and poly(methyl methacrylate) (PMMA)
or polystyrene (PS) are studied. The PMMA and the
PS are chosen because of their different hydrophilicities
from PBuA. Because the PMMA shell is more hydro-
philic than PBuA, a particle with core-shell structure
is expected. In the case of PBuA/PS the PS is more
hydrophobic and should not form a shell around the
PBuA core. The particles were synthesized in a two-
step emulsion polymerization process with the synthesis
of the core in the first step. The second step consisted
of the shell polymerization which was performed at high
and low temperatures. The particle sizes were deter-
mined by TEM and dynamic light scattering (DLS).
Detailed information about the morphology including
the substructure of the interface was obtained using
advanced solid-state NMR methods. It is shown that
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Figure 1. Morphologies deviating from the (a) ideal core-
shell: (b) interface with a wavy structure; (c) interface with a
gradient of both components; (d) interface with microdomains;
(e) microdomains in the interface and an island structure as
shell.
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the NMR methods are applicable not only for the
characterization of core-shell particles but also for the
characterization of particles with a different structure.

Experimental Section
Synthesis. A set of poly(butyl acrylate)/poly(methyl meth-

acrylate) (PBuA/PMMA) core-shell latexes and poly(butyl
acrylate)/polystyrene (PBuA/PS) latexes was synthesized in a
semicontinuous process of emulsion polymerization performed
in a 1 L reactor.12
For the synthesis of the PBuA core with a size of about 350

nm, 270 mL water, 3.0 mL of a 0.5% solution of sodium
dodecylbenzenesulfonate as detergent, 13 mL of a 1.57%
solution of (NH4)2S2O8 as a water soluble initiator, and 15.0 g
of butyl acrylate were put forward in the main reactor. After
a nucleation time of 2 h from reactor I a pre-emulsion
composed of 355 g of butyl acrylate (with 0.25% of the cross-
linking agent ethyleneglycol dimethacrylate (EGDMA)) and
55 mL of a 3.73% solution of sodium dodecylbenzenesulfonate
and from reactor II 55 mL of a 1.57% solution of initiator
(NH4)2S2O8 were pumped into the main reactor with addition
rates of 1.7 and 0.23 mL min-1, respectively. The reaction
temperature was 72 °C, the stirring speed was 250 min-1. After
completion of the addition the temperature was raised to 85
°C for 5 h to reach high conversion and to dissociate the
remaining initiator.
The polymerization of the PMMA shell was performed at

different temperatures, namely at 20 and 72 °C, referred to
in the following as low- and high-temperature processes,
respectively. For the latexes with a shell content of 33 wt %
synthesized at the low temperature (20 °C) a pre-emulsion of
134 g of methyl methacrylate (33 wt %), 62 mL of a 3.73%
solution of sodium dodecylbenzenesulfonate, 10 mL of a 1.57%
solution of (NH4)2S2O8, and 1 g of Na2S2O5 as the redox system
was added with a rate of 0.2 mL min-1 to 600 g of the core
latex (44.7 wt % solid content) in the main reactor. To
guarantee the decomposition of the initiator even at the low
temperature, the redox system of (NH4)2S2O8 and Na2S2O5 was
used as the initiator. The reaction time after the addition was
24 h. For the high-temperature process the same pre-emulsion
without Na2S2O5 was added with an addition rate of 3.4 mL
min-1. The temperature during the addition was 72 °C and
was raised to 85 °C after the addition. The reaction time after
addition was about 4 h. Because of the uniform particle size
determined by DLS (see below), a second nucleation to form
pure PMMA particles can be excluded. The PBuA/PS latexes
with 50 wt % shell content were synthesized under the same
conditions with a preemulsion of higher composition.
Table 1 gives an overview about the particles and abbrevia-

tions used in the following. CS is the abbreviation for core-
shell; LT and HT are for low temperature and high temper-
ature, respectively. The number 400 indicates the size of the
latexes.
Transmission Electron Microscopy (TEM). The char-

acterization by TEM was performed with a Zeiss EM 902 with

an integrated electron energy loss spectrometer. The accelera-
tion voltage was 80 keV. The latex was diluted to a solid
content of 0.40 wt %, and several drops of the diluted emulsion
were put on an object slide. After evaporation of the water
the sample was shadowed with platinum/carbon at an angle
of 20°. Subsequently, a carbon supporting film was evaporated
and the sample was floated off onto water and transferred to
specimen supporting grids as usual. The carbon evaporation
was performed in some cases while rotating the sample.
Light Scattering. The particle sizes were determined by

a Malvern Autosizer II C.
NMR. 1H and 13C NMR spectra were recorded on a Bruker

MSL-300 NMR spectrometer equipped with a standard Bruker
MAS probe head. All samples were spun at frequencies of 3
kHz. The 90° pulse lengths were in the range of 3.5-4.0 13C
magnetization; dipolar broadband decoupling (DD) was used
to eliminate heteronuclear 13C-1H dipolar coupling. The 1H
spin-diffusion experiments were carried out with selection of
the soft component PBuA using the dipolar filter.13 As
indicated in Figure 2 one filter cycle consists of a pulse
sequence of 12 1H 90° pulses separated by a delay time td of
10 µs and can be repeated 1-20 times.
Typically, 100-200 scans for the 1H spectra and 3000-5000

scans for the 13C spectra were accumulated with a repetition
time of 2 s. The measuring time for a 1H spectrum was about
5 min, for a 13C spectrum up to 3 h. All chemical shifts are
given relative to tetramethylsilane (TMS) as the external
reference.

Results and Discussion

Particle Size. The core-shell particles are typically
analyzed with techniques such as dynamic light scat-
tering (DLS) and transmission electron microscopy. The
absolute size of hydrodynamic diameter dn of the high-
temperature latex obtained by DLS was determined
from the diffusion coefficient Dz to be 385 nm, while the
size of the low-temperature latex was determined to be
340 nm. The PBuA/PS particles have a diameter of 420
nm. The standard deviation was obtained as an inverse
z-average 〈dn-1〉z-1 from a cumulant expansion of the
electric field autocorrelation function. The relative
width of the distribution as defined by the second
cumulant was on the order of less than 10%. DLS
investigations also show that the MMA does not diffuse
as monomer into the core but as oligomer. An addition
of this monomer to the PBuA-core latex does not change
the particle size during 1 h. When initiator is added to
this dispersion, the particle is built up.
Transmission Electron Microscopy. The global

structure of the particles can be well detected by
transmission electron microscopy (TEM). Figure 3a
shows representative particles of the low-temperature
latex CSLT-400 with a uniform size. The detail struc-
ture of one particle is shown in Figure 3b for the low-
temperature latex with a shell content of 33 wt %. The
photograph shows a core-shell morphology with a
complete shell. Since PMMA is decomposed by the
electron irradiation, the particle is coated with carbon
or with platinum/carbon. Before the irradiation the
shell of the particle is intact and the particles cannot
form a film; during the electron irradiation the shell of
PMMA is partially decomposed and the carbon slumps
down to a ring surrounding the remaining particle. On

Figure 2. Pulse sequence of the spin-diffusion experiment.
In the first step 12 1H 90° pulses for selecting one component
are necessary; the time tfil can be changed by varying the delay
between the pulses or by reapplying the multipulse sequence
several times. In the mixing time tm the spin diffusion takes
place. The resulting magnetization is detected in 1H spectra
or after cross-polarization (CP) in 13C spectra (DD ) dipolar
decoupling; tfil ) filter time; tm ) mixing time).

Table 1. Characterization of the Different Particles
Synthesized

latex
reaction
temp (°C)

diameter by
DLS (nm)

content
PMMA or PS
(% by wt)

CSHT-400 72 385 33
CSLT-400 20 340 33
PBuA/PS 72 420 50
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the contrary a high-temperature latex of PBuA/PMMA
with the same shell content of 33 wt % has only very
thin shells which are partially incomplete (Figure 3c).
Because of the low Tg of PBuA (-45 °C) the particles
begin to form a film even during the preparation. In
the photograph the particle is deformed. If the same
latex is stained with phosphotungstic acid, the latex is
stabilized and microdomains can be detected on the
surface.14 This indicates that the fraction of PMMA that
diffuses into the core during the reaction is higher for
the high-temperature than for the low-temperature
latex. For all cases the shells are thinner than calcu-
lated from the molar mass ratio of the components
introduced during the synthesis. Figure 3d,e shows
TEM photographs of a PBuA/PS latex with different
magnification. The particles are synthesized at high
temperatures. In this case PS does not build a shell
around the core, but it forms microdomains with a
diameter of about 15 nm. Artifacts in the background
of the photograph are caused by the preparation.
Particles with a confetti-like morphology are built up.
Because of the higher hydrophilicity of the PBuA, the
PS seems to have the tendency to diffuse into the core
to prevent contact with the aqueous phase. It can be
shown that the microdomains grow up when the PS
content is increased to 50 wt %; new microdomains are
not formed. This confetti-like structure is formed at

high and low temperatures. Therefore the following
characterizations are performed on one high-tempera-
ture latex only.
Solid-State NMR Investigations. Evidently, the

morphology and the thickness of the interface of the
PBuA/PMMA latexes depend on the synthesis condi-
tions and the sizes of the particles. To elucidate the
relationship between morphology, interface structure,
and preparation conditions, advanced solid-state NMR
techniques,10 involving WISE experiments15 and spin-
diffusion,16 are used for the characterization of the
particles. The core-shell latexes are composed of
mobile PBuA with the low Tg of -45 °C and the high-
Tg component PMMA (Tg ) 120 °C). At the interface a
contact region of the two components is built up. This
leads to a partial immobilization of the soft component
and a mobilization of the rigid component. This gradi-
ent of mobility can be characterized by the dipolar filter.
The WISE experiment detects the quality of the phase
separation. The PMMA mobilized by the PBuA can be
quantified by filter experiments with 13C detection. 1H
spin diffusion allows the quantification of the im-
mobilized PBuA. This experiment allows also the
determination of the thickness of the interface.
WISE Experiments. The 2D WISE (WIdeline SEp-

aration) experiment allows the combination of structural
and dynamic information obtained from the isotropic

Figure 3. TEM photographs: (a) several particles of CSLT-400; (b) a representative particle for the characterization of the
core-shell structure of CSLT-400; (c) a particle of CSHT-400 coated for contrast with platinum and carbon. The shell content is
33% by weight. Note that the shell in the high-temperature latex is incomplete, whereas the low-temperature latex has a thin
complete shell. (c) and (d) show particles with different magnifications of the PBuA/PS latex coated with carbon. TEM detects
only the global structure; a substructure is not visible.
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chemical shift in the 13C dimension and the proton line
shape in the 1H dimension, respectively. These 2D
NMR spectra reveal changes of mobility in different
chemical surroundings making use of the 1H NMR line
widths. As an example the 2D WISE spectrum of the
low-temperature latex CSLT-400 is shown in Figure 4
and selected slices for different systems are plotted in
Figure 5.
As expected for PMMA with its Tg well above room

temperature, the slices (d and e) in Figure 5 are
broadened in the 1H dimension due to the large dipolar
couplings. The superposed narrow lines result from
mobilized components in the interface. PBuA (slices a
and b) also shows a superposition of narrow and broad
lines. However, the narrow components are much
stronger, indicating higher chain mobility.
Thus, the WISE spectrum reveals the existence of a

pure PBuA phase and a pure PMMA phase and a region
where the two components are mixed. In the interface
the dynamics of both the rigid and the mobile compo-
nents are different from the respective dynamical
behavior in the pure phases.
Therefore, it is interesting to compare WISE spectra

for the high- and low-temperature latexes. 1H slices for
the C2 signal of PBuA at 31 ppm are plotted in Figure
5 for the low-temperature latex CSHT-400 (a) and the
high-temperature latex CSLT-400 (b). For the latex
CSLT-400 the line width of the immobilized component
is larger and the intensity of this component is higher
than for the latex CSHT-400. This indicates that in the
low-temperature latex a larger amount of PBuA is
immobilized than in the high-temperature latex. The
lines of PMMA for CR at 45 ppm are shown in Figure 6.
The slices are very similar to each other. In both cases
a sharp line on the top can be detected, indicating
mobilized PMMA.
The WISE spectrum of the PBuA/PS (not shown)

indicates more effective phase separation of the two

components. The PS shows very broad lines, as detected
from the PS slice at 40 ppm in Figure 5 f, and nearly
no narrow component is detected in the PS slice for both
high- and low-temperature latexes. The PBuA has
narrow lines, but the line width is larger and more
homogeneous than in the PBuA/PMMA systems, as
shown, e.g., in Figure 5c. In this case the PBuA is
slightly immobilized over the whole particle. The direct
interface between the two phases must be larger, but
the interface region where the two components are
mixed is smaller.
Filter ExperimentssQuantification ofMobilized

PMMA. The dipolar filter using the pulse sequence
described above (Figure 4) selects regions with differ-
ences in mobility of the components. It is based on the
application of multiple pulse homonuclear decoupling.10
Although this pulse sequence in principle is capable of
averaging the dipolar coupling, it is applied here in such
a way that only weak dipolar couplings are averaged
and the corresponding signals are retained, whereas
strong dipolar couplings lead to irreversible decay. If
there are two polymers with an ideal phase separation,

Figure 4. 2D WISE spectrum of the low-temperature latex
CSLT-400 with assignment of 13C chemical shifts.

Figure 5. Comparison of 1H line shapes of the PBuA signals
(13C chemical shift at 31 ppm) in the WISE spectra plotted for
(a) the low-temperature latex CSLT-400 and (b) the high-
temperature CSHT-400. The straight line is the Gaussian fit
for the line which is smaller compared to the dashed line,
indicating the Gaussian fit of the line width of the latex CSLT-
400. (c) shows the line shape of PBuA for the PBuA/PS latex.
The slices for the PMMA signal at 45 ppm are plotted for (d)
the low-temperature latex CSLT-400 and (e) the high-temper-
ature latex CSHT-400. (f) shows the slice of PS at 40 ppm for
the PBuA/PS latex.
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only two different components in mobility are found.
Generally, there is a region of gradual change in struc-
ture and molecular mobility between different phases,
the interface. In the case of a mobility gradient dipolar
couplings also exhibit a gradual change between the
values of the pure phases. Without any filter the whole
particle is detected. With increasing filter strength
regions with different mobilities can be selected. The
strength of the filter can be increased by prolonging the
delay time td between the pulses or by increasing the
number of cycles ncycle. After one filter cycle most of the
rigid components with strong dipolar couplings are
suppressed. Since the mobility of the soft component
is reduced in the interface, this part is also reduced by
the dipolar filter. In reverse, the mobilized portion of
the rigid components immersed in the core is still
detected after applying a weak filter (e.g. ncycle ) 1). The
remaining magnetization can be detected in 1H spectra
or after transfer to 13C through cross-polarization in 13C
CP/MAS spectra. In the 1H spectra the mobile compo-
nent detected as a narrow line can be quantified easily.
The evaluation of the rigid component in these spectra
is inaccurate because of the broad lines with line widths
up to about 50 kHz. The 13C CP/MAS spectra allow an
accurate quantification only of the rigid components, but
not of the mobile component because the cross-polariza-
tion (CP) efficiency of mobile components varies over a

wide range.
In filter experiments described in the following the

pulse spacing td was kept constant at td ) 10 µs. The
number of cycles was varied continuously and the
magnetization was detected in 13C spectra. NMR
spectra without any filtering (ncycle ) 0) are used as
reference for both detection methods.
High-Temperature Latex. In Figure 6 the effect

of the dipolar filter on the latex CSHT-400 detected in
13C spectra after magnetization transfer via CP is
demonstrated. The 13C spectrum without a filter (ncycles
) 0) detects the whole particle, as discussed before. With
the increasing number of cycles, PMMA and immobi-
lized PBuA are suppressed successively. The PMMA
magnetization is evaluated from the signal of CR at 45
ppm, indicated by the arrow, because there is no overlap
with signals of PBuA. The PMMA peaks are only
partially eliminated for weak filter strengths. After one
filter cycle 70% of the PMMA is suppressed, while 30%
are still detected in the spectrum. In view of the
differences in CP efficiencies this may be interpreted
as indicating that at least 30% of PMMA is mobilized.
A total suppression is reached after ncycle ) 5 where only
PBuA signals remain. This demonstrates that this
experiment is much more selective than the proton line
shapes of Figure 5.
Low-Temperature Latex. The TEM investigations

(Figure 3b) allow one to suggest that in the low-
temperature latexes a complete shell is already built
up at 33% PMMA content. This effect also should be
reflected in the substructure of the particles. Indeed,
for the low-temperature systems it is more difficult to
suppress the PMMA. Because the spectra are similar
to those of the high-temperature latex, they are not
shown here. For the latex CSLT-400 a number of cycles
ncycle ) 7 is necessary to eliminate the PMMA signal
completely. The results of the experiment are shown
in Figure 7a. The intensity of the CR signal is plotted
versus the number of filter cycles. The first value
without any filter is scaled to 1.0. After one filter cycle
36.8% of the PMMA compared to 30.4% for the high-
temperature latex with the same shell content can still
be detected.
Comparison of High- and Low-Temperature

Latexes. For the low-temperature latex the amount
of detected PMMA at weaker filters up to ncycle ) 6 is
always higher than for the high-temperature latexes,
as shown in Figure 7b. This indicates a higher mobility
of the PMMA in the interface which results if the
components are mixed on a molecular length scale.
Thus, in the case of the low-temperature latex an

interface with a continuous concentration gradient is
expected, as depicted schematically in Figure 1c. The
interfacial region of the high-temperature latexes must
be different. In spin-diffusion experiments (see below)
parts of the PMMA are reached after very short diffu-
sion times. In addition, the shell size is thinner than
calculated from the molar mass ratio, while the contact
area between the two components must be smaller,
resulting from the comparison of the filter experiments.
From these findings we conclude that the interface in
the high-temperature latex is built up of microdomains.
It should be noted that two different kinds of interfaces
are present in the particle. As depicted in Figure 7d,
there is an extended region between the pure phases
with substructures of the rigid component in the mobile
one. The gradient region in the high-temperature latex
with microdomains is smaller than in the low-temper-
ature latex because of the interfacial region. In addi-
tion, the shell as well as each microdomain have

Figure 6. Filter experiments on CSHT-400 with 13C detection.
With increasing filter strength the rigid PMMA is suppressed
(see arrow at 45 ppm for CR). Simultaneously immobilized
portions of the PBuA are suppressed as visible from the
decreasing C2 signal of PBuA.
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interfacial regions with concentration gradients as
discussed for the low-temperature latex.
A second indication for the different interface struc-

tures results from the finding that more of the magne-
tization of PBuA is suppressed in the low-temperature
latex CSLT-400 than in the high-temperature latex
(Figure 7c). The filter experiments imply that the PBuA
in the low-temperature latex is more immobilized, which
is expected for a mixing on a molecular level, in contrast
to a microdomain formation.
The conclusions reached so far are confirmed by other

observations, e.g. the CP efficiency of the two compo-
nents. In the 13C CP/MAS spectrum of the pure PBuA-
core latex the scaled intensity of the PBuA signals is
smaller than in the spectra of the core-shell latexes.
Comparison of all samples investigated shows that the
low-temperature latexes always have higher CP ef-
ficiencies than the high-temperature latexes. Therefore,
a portion of PBuA in the low-temperature latexes is
more immobilized than in the high-temperature latexes.
The corresponding 13C one-pulse spectra also show a
decrease in the intensity of the PBuA signals for the
low-temperature latexes and thus confirm the results
of the cross-polarization spectra.
PBuA/PS Latexes. In the case of PMMA a shell is

built up around the core with an interfacial region
between both phases. The more hydrophobic PS does
not build up a shell but only remains inside the core,
as determined by TEM (Figure 3e). Even if there is not

a core-shell structure, the NMR data allow one to
characterize the substructure in the particle. The filter
experiments give information of the mobilized portion
of PS in the interfacial region around each PS domain;
the spin diffusion data (see below) allow one to localize
the domains. The filter experiment of the PBuA/PS
latex with 1H detection exhibits a slow decay of the
PBuA which indicates its high mobility. This decrease
of the mobile components corresponds to the detected
magnetization of PBuA in the experiment with 13C
detection. In this case a change of cross-polarization
efficiency is not observed, which indicates the absence
of an extended interface for these systems. The mag-
netization of PS in the filter experiment with 13C
detection decreases very fast and is totally suppressed
already after four cycles of the dipolar filter (Figure 8).
Therefore, only a small portion of PS is mobilized in an
interface and an effective phase separation can be
proposed for the PBuA/PS latexes from the filter experi-
ments.
Spin-Diffusion ExperimentssQuantification of

Immobilized PBuA and Determination of the In-
terface Thickness. The spin-diffusion experiments
allow the characterization of heterogeneities on the
length scale of one monomer unit up to 150 nm.10 A
typical 1H spin-diffusion experiment consists of three
steps: first, the proton magnetization of one component
is selected by a suitable filter to generate a nonequilib-
rium distribution of proton magnetization; second, 1H

a

b

c

d

Figure 7. (a) Filter experiment for the low-temperature latex CSLT-400 with 13C detection. The PMMA intensity of the CR
signal is plotted versus the number of filter cycles. The intensity of the first spectrum without any filter is scaled to 1. After one
filter cycle 36.8% of PMMA can still be detected as mobilized PMMA. A number of cycles ncycle ) 7 is necessary to eliminate the
entire PMMA. (b) Comparison of the results of the filter experiments with 13C detection for the high- and low-temperature latexes.
The PMMA intensity of the CR signal is plotted versus the number of filter cycles. Note that in the high-temperature latex,
contents of mobilized PMMA smaller than in the low-temperature latex are detected for all filter strengths. Note the different
scale from (a) to clarify the difference between both latexes. The first value for ncycle ) 0 is 1, respectively. (c) The PBuA intensity
is plotted versus the number of filter cycles. Note that in the high-temperature latex a content of mobile PBuA higher than in the
low-temperature latex is detected for all filter strengths. Because of changes in the CP efficiency the PBuA curves cannot be
evaluated qualitatively. (d) Both the shell and the substructures have interfacial regions with concentration gradients.
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spin diffusion, i.e. a spatial diffusion of nuclear mag-
netization without material transfer, occurs during a
mixing time tm which is varied systematically; third, the
resulting distribution of proton magnetization after the
mixing time is detected in a 1H spectrum or after cross-
polarization in a 13C spectrum.
High-Temperature Latex. Because the particle

size in these experiments is as large as 400 nm, the spin-
diffusion technique is not sensitive to the entire struc-
ture.14 This is due to the low spin-diffusion constant of
the mobile component17 and the spin-lattice relaxation
time T1 in the range of 1000 ms. However, in the case
of the PBuA/PMMA latexes spin-diffusion data provide
a sensitive measure of the thickness and the structure
of the interface.18
In Figure 9 the results of the 1H spin diffusion with

13C detection of the high-temperature latex CSHT-400
are shown.14 For the quantitative analysis the CR signal
of PMMA at 45 ppm and the C2 signal of PBuA at 31
ppm can be used because they show no overlap with
other signals. Using a strong filter with ncycle ) 7 after
a very short mixing time (1 ms) the magnetization of
the PMMA is almost completely suppressed and the
PBuA is selected. With increasing mixing time the
magnetization of PMMA detected in the 13C spectra
increases. The high-temperature latexes show redis-
tribution to equilibrium after 180 ms; compare the
spectrum for tm ) 180 ms in Figure 9 with that for ncycle
) 0 in Figure 6. With increasing PMMAmagnetization

the PBuA signal should decrease because the sum of
both intensities must be constant during the experi-
ment. As mentioned above, due to the differences of the
cross-polarization efficiency in the interface, the signal
intensity of the PBuA does not change or even rises
during the experiment. The increase of the signal
intensity of the PBuA is another sign that a portion of
the PBuA which was initially suppressed due to im-
mobilization is now remagnetized by spin diffusion.
In order to quantify the thickness of the interface, 1H

spin-diffusion experiments with 1H detection were car-
ried out with varying filter strengths. As an example
the results for the high-temperature latex CSHT-400
are shown in Figure 10. The number of cycles was
varied between 1 and 6. The initial value is always
normalized to 1.0. The signal decay occurs in two steps.
At short mixing times the magnetization of PBuA
decreases rapidly followed by a slower process at longer
mixing times. With increasing filter strength the first
decay becomes faster. The final value for mixing times
corresponds to the amount of mobile component selected
in the experiment. After the weakest filter ncycle ) 1 a
fraction of 73% for the high-temperature latex is ob-
served, which is nearly that expected from the mass
ratio of the two polymers PBuA and PMMA. With

Figure 8. Filter experiment of the PBuA/PS latex. The PS
intensity of the CR signal at 40 ppm is plotted versus the
number of filter cycles. The detected PS magnetization de-
creases with increasing filter strength and is totally sup-
pressed after four cycles of the dipolar filter.

Figure 9. 1H spin-diffusion experiment of the latex CSHT-
400 with 13C detection. Using a filter strength of ncycle ) 6
initially only PBuA is detected (tm ) 1 ms). Due to spin
diffusion the PMMA signal rises with increasing mixing time
and the equilibrium distribution of magnetization is reached
after 180 ms.

a

b

Figure 10. (a) Spin-diffusion experiment for the latex CSHT-
400 with 1H detection and varying filter strength. The intensity
of the PBuA signal is plotted versus the square root of the
mixing time. Note the decrease of the end value with increas-
ing filter strength and the differences in decay at small mixing
times, indicating the interface of the particles. (b) Fit for the
determination of the interface thickness using the curve with
ncycle ) 6. The parameters were diffusion coefficient of the
mobile component 0.1 nm2 ms-1 and diffusion coefficient of the
rigid component 0.8 nm2 ms-1. The thickness of the interface
is dso + 2dif + dde ) 9.4 nm.
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increasing filter strength the final values in the spin-
diffusion experiment are lower, reaching 48% for ncycle
) 6 because magnetization of PBuA in the interface is
also suppressed. The fast decay at short mixing times
detects the thickness of the interface region. The data
can be fitted with a one-dimensional diffusion model.
In the time of about 100 ms the spin diffusion reaches
only the interface as a lamellar structure because of the
large diameter of the particle. The simulation yields
in a size of about 10 nm for the interface thickness. The
long-time behavior cannot be described by the same set
of parameters due to the superposition of spin-diffusion
processes originating from different structures.
Low-Temperature Latex. The redistribution in the

low-temperature latex is similar. For the low-temper-
ature latex the equilibrium is reached very fast (70 ms)
in the spin-diffusion experiment with 13C detection. The
1H spin diffusion was again carried out with varying
filter strengths. For the low-temperature latex a decay
in two steps was detected as well. The final value of
the curve using one filter cycle (ncycle ) 1) is 67% and
corresponds to the mass ratio of the particles. However,
it must be mentioned that with weak filters mobilized
portions of PMMA are selected as well and detected in
the final value besides the PBuA. Therefore, the
amount of mobile PBuA is even smaller than 67%. With
increasing filter strength the final value decreases. At
strong filters the PMMA is totally suppressed and the
final value corresponds directly to the selected mobile
PBuA.
Comparison of the High- and Low-Temperature

Latexes. The difference of the interface revealed from
the spin-diffusion experiments for the high- and low-
temperature latexes can be explained with different
material diffusion lengths of the oligomers during the
synthesis. Three effects should be considered: First,
at high temperatures the oligomers can diffuse easier
than at low temperatures, where the higher viscosity
results in a reduced material diffusion coefficient.
Therefore, the oligomer chains in the high-temperature
latexes can diffuse toward each other and form micro-
domains. Second, at low temperatures microphase
separation of polymerized chains may be hindered due
to the lower diffusion coefficient. And third, the ø-pa-
rameter may change with temperature, resulting in
different compatibilities of the polymers.
When identical filter strengths are compared, the

detected proton magnetization of PBuA for the low-
temperature latex is always smaller than for the high-
temperature latex CSHT-400, as seen in Figure 11 for
ncycle ) 6. This means that the amount of mobile PBuA
is smaller for the low-temperature latex than for the
high-temperature latex. This indicates that the contact
area of PBuA and PMMA is larger for the low-temper-
ature latex. Therefore, as stated before, an interface
with a molecular mixing of both components is likely.
The fit for the low-temperature latex (shown in Figure
11) results in similar values of 10 nm for the interface.
PBuA/PS Latex. The results of spin-diffusion ex-

periments with 1H detection also show a two-step decay
of decreasing magnetization. However, the first mag-
netization decay for the PBuA/PS latex is slower than
for the high-temperature latexes of PBuA/PMMA. This
can be explained with larger microdomains in the core.
The final values are always higher (Figure 12), even
higher than expected from the mass ratio. A constant
end value of magnetization is not reached. In this case
the microdomains must be in the outer core region. So
a pure core of PBuA may be present with another phase

which can be compared with the interface region in the
PBuA/PMMA latexes.

Conclusion

The combination of transmission electron microscopy
and advanced solid-state NMR methods allows the
characterization of the morphology and the interface
structure of PBuA/PMMA and PBuA/PS polymers ob-
tained by a two-step emulsion polymerization. The
results of filter-strength, spin-diffusion, and WISE
experiments are consistent with the morphologies shown
in Figure 13. The PBuA/PMMA latexes have a core-
shell morphology with an interface region between the
two components which depends on the synthesis condi-
tions. The low-temperature PBuA/PMMA latex consists
of core-shell particles with an interface formed by the
two components mixed on a molecular level with a
continuous concentration gradient of the components.
The high-temperature PBuA/PMMA latex forms small
microdomains in an interface which is as thick as in
the low-temperature latexes. The PBuA/PS latex does
not build up a core-shell structure, but the PS forms
microdomains in the outer region of the core with an
effective phase separation of the components, e.g. a
confetti-like structure with little interface. The size of

Figure 11. Comparison of the spin-diffusion experiment for
the high- and low-temperature latexes CSHT-400 and CSLT-
400. The number of filter cycles is ncycle ) 6. The intensity of
PBuA is plotted versus the square root of the mixing time.
Note that the values for the magnetization of the low-
temperature latex are smaller than for the high-temperature
latex, indicating the higher amount of immobilized PBuA in
the low-temperature latex.

Figure 12. Spin-diffusion experiment with 1H detection for
the PBuA/PS latex with varying filter strength. The intensity
of the PBuA signal is plotted versus the square root of the
mixing time.
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the microdomains in the system PBuA/PS can be
determined by TEM to be 15 nm, while the interface is
smaller than 3 nm.
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Figure 13. Morphologies predicted from the filter-strength,
spin-diffusion, and WISE experiments. (a) The low-tempera-
ture latex consists of a core-shell structure with an interface
formed by the two components mixed on a molecular level with
a continuous concentration gradient. (b) The interface in the
high-temperature latexes is built up of microdomains. (c) The
PBuA/PS latexes do not form core-shell latexes, but particles
with a confetti-like structure.
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