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ABSTRACT: The interactions between latex and cement are still
not completely understood. In this work, we would like to address
the temporal changes in cement hardening and latex film
formation. For this reason, the hydration process and the film
formation were simultaneously monitored. This scientific issue is
even more challenging as a nondestructive quantitative analysis of
the film formation process is not available yet. Here, we report on
simultaneous monitoring of the latex film formation and the phase
development in cementitious systems via 1H-time-domain-NMR
for the first time. The obtained results were validated using
classical analytical methods, such as in situ X-ray diffraction, X-ray
fluorescence (Rietveld analysis), and confocal laser scanning microscopy.

■ INTRODUCTION

Cement−polymer composites are of enormous interest in daily
life and play an essential role in the dry mix mortar industry.1

Polymer latex, which is also called polymer dispersion, can be
applied as dispersions or dried redispersible powders and can
significantly improve cement-based mortars, such as repair
mortars, self-leveling underlayment, renders, tile adhesives,
waterproofing membranes, and more. The use of polymer
dispersions leads to a significant improvement in necessary
properties such as adhesive strength, flexural strength,
workability, or durability.2,3

The combination of cement and polymer latex leads to a
very complex composite with a hardening process that can be
divided into a chemical reaction (hydration of cement) and a
physical coalescence of polymer particles caused by the
interdiffusion of the polymer chains between the single
polymer particles, which is known as film formation. During
the composite/hybrid formation process, the cement con-
sumes water, starts hydration, and builds new mineral phases.
However, the latex particles might form a film because of
concentration changes, ionic strength, and/or interactions with
the hydration phases. Therefore, the dispersion as well as its
film formation influences (retarding) the hydration process of
the cement and vice versa. However, both reactions are highly
temperature-dependent. Although the temperature mainly
determines the reaction rate in hydration processes, film
formation is a function of temperature. Below the so-called
minimum film formation temperature (MFFT), there is no

film formation, and the drying of a polymer dispersion results
in an opaque powder or opaque solid. If the temperature is
above the MFFT, the polymer chains can interdiffuse between
the particles and a homogeneous transparent film results. The
film formation of polymer particles is a well-observed
phenomenon. The authors would like to refer to the relevant
review literature.4,5

However, it is a scientific consensus that film formation takes
place through different stages. Water evaporation causes a
concentration of the polymer particles to occur. After the
polymer particles have touched each other, they are deformed
toward a hexagonal packing because of ongoing water
evaporation and capillary pressure. Finally, the polymer chains
interdiffuse and a more homogeneous structure (film) is
formed.
There are many methods that have been used in order to

examine film formation and obtain new insights into this
process. Chen et al.6 studied film formation at temperatures
above the MFFT by means of synchrotron small-angle X-ray
diffraction (XRD). They showed that during drying, the voids
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between the individual particles are first closed. The particles
then form a face-centered cubic colloidal crystalline structure
before the chains begin to interdiffuse.
The film formation process was also studied applying solid-

state NMR spectroscopy.7 It could be shown that the process
of film formation strongly correlates to the drying of different
types of water within the film. It seems that external water
(between the particles) is removed differently than water in the
ionic or nonionic groups of the polymer. Another technique to
study film formation is inverse micro-Raman microscopy.8 The
method was applied successfully in order to examine the
completeness of the film formation.
However, most examinations of film formation concentrate

on pure dispersions/films. A method that is suitable for
studying both cement hydration and polymer film formation in
situ, artifact-free, and quantitatively has not been presented
elsewhere. This scientific issue is even more challenging, as
there is no nondestructive quantitative analysis of the film
formation process available yet. Prior research addressed this
topic qualitatively by using (cryo)-scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM)
analyses. Besides the problem of destructive analysis, these
techniques require a lot of effort, provide only a snapshot of a
complex process, and could lead to misinterpretations because
of (ice) artifacts.9

Nowadays, 1H-time-domain-NMR (1H-TD-NMR) is a
powerful tool in polymer science. Numerous scientific
questions can now be answered by applying 1H-TD-NMR.
For an overview of the possibilities of the method, the authors
refer to a recent published review.10

However, the idea of using 1H-TD-NMR in order to study
film formation was already discussed by Voogt et al.11 It was
shown that the drying rate has no impact on the hydrogen
mobility during film formation and the hardening of the film.
Nevertheless, it was discussed that the H mobilities of water
and the mobile polymer phase decrease after most water
evaporated.
If a polymer dispersion is added to the cement, as it is done

for many applications, the whole analysis becomes more and
more complex. Hence, the synchronous tracking of film
formation and cement hydration using 1H-TD-NMR is a
formidable challenge.
During cement hydration, hydrate phases are formed,12−16

which leads to the complication that in addition to water and
polymer, even more H reservoirs occur. There is much
literature on 1H-TD-NMR during cement hydration available
that discuss the challenges and opportunities of the
method.17−19 First, the method can be used reliably in order
to follow the formation of hydrate phases during the hydration
of cements.20−22 Second, the method attracts attention
because porosity23−25 can be studied using 1H-TD-NMR,
which is of great interest for cement stones, inasmuch as
porosity is a main factor affecting strength and durability.
The aim of the present work is to show the challenges and

opportunities of 1H-TD-NMR in order to follow both cement
hydration and film formation. The fact that the presence of
polymer particles has an impact on cement hydration26−28

even further complicates the analytical work.

■ EXPERIMENTAL SECTION
Materials. The cement used in the study was white cement

of the 52.5R type (OPC-type). The chemical and minera-
logical compositions of the cement were studied using X-ray

fluorescence and XRD (Rietveld analysis), respectively. The
cement is composed of 65.7 wt % CaO, 21.4 wt % SiO2, 4.1 wt
% Al2O3, 0.3 wt % Fe2O3, 0.9 wt % MgO, 0.15 wt % Na2O, 0.6
wt % K2O, 3.8 wt % SO3, and 0.2 wt % TiO2. The quantitative
phase analyses by Rietveld yielded 58 wt % alite, 23 wt %
belite, 7.5 wt % C3A cubic, 0.3 wt % gypsum, 3.8 wt %
bassanite, 2.0% anhydrite, 2.8% calcite, 0.3 wt % arcanite, and
0.9 wt % syngenite.
Polymer dispersions were synthesized via emulsion polymer-

ization. Two different copolymers with a variation in the
monomer composition of n-butyl acrylate (BA) and styrene
(St) were synthesized. The ratio between BA and St was
adjusted, so that one polymer shows a Tg value of 58 °C, which
will be called a hard polymer, and one polymer has Tg of −5
°C, which will be called a soft polymer.
In a standard semibatch emulsion polymerization, St, BA,

and methacrylic acid were polymerized at 90 °C for 210 min
using 0.55 pphm sodium persulfate. Stabilization is due to 0.1
pphm Disponil FES77 (Cognis) and 0.2 Lutensol AT18
(BASF SE) emulsifiers in the emulsion feed. Hard polymer
uses 73/25/2 pphm St/BA/methacrylic acid. Soft polymer
uses 36/62/2 pphm St/BA/methacrylic acid. The solid
content is 40%.
The surface of both polymers was modified with anionic

carboxylic groups in order to guarantee stability of the particles
in dispersion, even after removing the aqueous phase. Both
types of polymer particles show a comparable particle size
(mean diameter around 300 nm), and both show a high
negative charge at a pH of 12 (−120 ueq/g for hard polymer
and −162 ueq/g for soft polymer). Both polymer dispersions
were cleaned by dialysis before being used in the experiments.
This was done in order to simplify the starting point of
examinations, inasmuch as oligomers, residual monomers, and
emulsifiers are removed by dialysis and will not produce a
signal in the 1H-TD-NMR measurements. Dialysis was done
using a semipermeable membrane with a pore size of 24 Å
(Visking dialysis tubing 12−14,000 Da, 0.04 mm wall
thickness, 1.5 in. diameter, Medicell Membranes Ltd.,
Greenwich, UK). Dialysis of 300 g dispersion, diluted by half
with water, in 5 L of desalinated water was performed until the
conductivity of the dialysate dropped from around 1200 μS/
cm to below 15 mS/cm, which needs 3−5 days with a daily
exchange of the fully desalinated water (10 μS/cm). The
stability of the cleaned dispersion in a high ionic solution was
confirmed and is guaranteed because of the high ionic charge
on the surface of the particle because of the carboxylic groups.
Pure alite was synthesized using CaCO3, Al2O3, and SiO2

from Alfa Aesar. Al2O3 was used to stabilize the monoclinic
(M3) alite structure. After weighing and homogenization, the
powder was sintered two times at 1450 °C for 4 h. Between the
two sintering steps, the powder was homogenized. Phase purity
was checked with XRD and Rietveld refinement.
All studies were performed with demineralized water at a

temperature of 23 °C and a water/cement ratio of 0.5. The
amount of polymer used was 10 wt % with respect to cement.
The type of polymer used in the experiment (hard or soft
polymer) is indicated in the figures.

Instrumentation. In situ XRD was performed with a
Bruker D8 diffractometer equipped with a LynxEye detector.
The respective mixture was mixed properly with a spatula and
then placed into a special sample holder that allows cooling
and heating of the system.29 XRD patterns were recorded at an
interval of 10 min during hydration. Each pattern was analyzed
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quantitatively, applying the Rietveld method30 combined with
an external standard procedure.31−33 This procedure allows an
absolute quantitative evaluation of each crystalline phase by
considering the amorphous content, such as water and polymer
particles. Rietveld analysis requires structural data from each
crystalline phase. A complete list of all phases used in the
present study and the corresponding reference to all original
structural data can be found in a detailed study of the
hydration of the cement that was also used in the present
study.20

1H-TD-NMR experiments were performed using a benchtop
Bruker minispec mq 20 device. The device is equipped with a
temperature-controlled probe head that allows the equilibra-

tion of the sample at 23 °C. T2 and T1 time curves were
recorded.
The T1 time curves are all saturation recovery curves. First,

all coherence among the spins was destroyed, so that the bulk
magnetization was set to zero. To this end, 10,000 px’ pulses
were applied in order to obtain a T2 time curve that shows no
intensity (see Figure 1a; red and black curves). At defined
times, after the destruction of the coherence, solid-echo (SE)
curves34 were recorded, as can be seen in Figure 1a. The
colored curves show examples after defined times, after the
initial px’ pulses. The increasing intensity of the SE curves
shows the recovery of magnetization with time. The plot of the
respective intensities of the single SE curves (50 single

Figure 1. (a) T2 and T1 time curves, as obtained from the measurements of a sample with one H reservoir (here, a dried film from a cleaned
polymer dispersion). (b) T1 time curve of a dry polymer film of the soft polymer including the fitted curve. (c) T2 time curve of a polymer latex
from a soft polymer with reservoirs for solid and liquid including the fitted curve.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c06010
ACS Omega 2021, 6, 7499−7511

7501

https://pubs.acs.org/doi/10.1021/acsomega.0c06010?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06010?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06010?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06010?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c06010?ref=pdf


measurements for each T1 time curve) against the recovery
time after the px’ pulses yields the T1 time curve, as can be seen
in Figure 1a (black dotted line). The SE pulse sequence was
chosen because it allows the quantification of very fast-relaxing
T2 components, which are, for example, hydrogen in hydrate
phases such as ettringite, portlandite, AFm,17−21 and, as it will
be shown later, hydrogen in the polymer particles as well (see
also ref 10).
Examples of the T1 time curves (saturation recovery) and

the T2 time curves (SE) are visible in Figure 1b,c. Figure 1b
shows an example of a T1 time curve with one reservoir (in this
case, only H in the polymer film), whereas Figure 1c shows an
example of a SE curve of a polymer dispersion showing
hydrogen bound in water and hydrogen bound in a polymer.
Both figures show the recorded curve and the fitted curve (in
red). The respective mathematical equations for the fitting
procedure are stated in the respective figures. The SE delay for
the solid-echo measurements was 0.0055 ms, and the SE
window chosen was 10 ms.
For the deconvolution of all the hydrogen signals

accumulated in the solid part of the T2 time curves, a special
evaluation method was used. By applying the so-called T2 time-
weighted T1 time evaluation, only specific signals of the T2
time curve are plotted as the T1 time curve, which in turn can
then be evaluated in qualitative and quantitative terms. This in
turn allows us to distinguish between different hydrogen
reservoirs in the solid fraction. Since already the T2 time curves
are of high interest and results of our experiments, the whole
procedure will be also explained with more figures in the
Results and Discussion part (deconvolution of the recorded H
reservoirs...).
The film formation behavior of latex particles was addition-

ally characterized by confocal laser scanning microscopy
(CLSM) using a Leica SP8 with a water immersion lens
(63×, 1.2 NA). This technique allows optical sectioning, both
horizontally and vertically, with a lateral resolution of >200 nm
and a vertical resolution of >400 nm. The imaging contrast can
be based on fluorescence or reflection/scattering (refractive
index differences). In order to enhance the fluorescence
contrast of the hydrophobic compartments of the latex, the
lipophilic dye Nile red was used as the staining agent. The air
voids as well as inorganic materials (hydration phases and
fillers) appear dark under these conditions, showing nearly no
(auto-) fluorescence even under the highest laser intensities.
For sample preparation, the hardened latex-modified mortar
layer was broken and incubated overnight (∼24 h) in water
with 50 ppm Nile red (by weight) to allow sufficient migration
of the hydrophobic dye into the polymer latexes. Afterward,
CLSM imaging of the cross section of the fracture edge was
performed using an excitation wavelength of 561 nm. The
fluorescence was detected at a wavelength of 570−700 nm.
Thus, all organic hydrophobic regions appear bright [fluo-
rescence intensity depicted as a glow scale lookup table, i.e.,
low (dark) to high intensity (yellow-white)].”

■ RESULTS AND DISCUSSION
Deconvolution of the Recorded H Reservoirs and

Assignment to H-Containing Phases. One of the major
tasks when working with polymer−cement composites and 1H-
TD-NMR is the deconvolution of the different signals from the
hydrogen environments in the sample and the assignment of
the reservoirs to the correct physical phases. As is well known,
several hydrate phases are formed during the hydration of an

ordinary Portland cement (OPC)-type cement. Figure 2 shows
the results from in situ XRD of the cement used in the present

study. The results presented show the formation of the hydrate
phases for the system without polymers. However, the hydrate
phases formed are the same if the polymers used in our study
are present during hydration, although the hydration process
might be slowed down significantly.26,27 As can be seen from
Figure 2, the hydrate phases formed are calcium−silicate−
hydrate (C−S−H), portlandite, ettringite, and AFm phase,
which is hemicarbonate in our case. It can also be seen that the
kinetics of the phase formation are quite complex. For a
detailed discussion of the origin of the kinetics of cement
hydration, the authors refer to other literature.13,20,35,36

However, it is known that especially hydrogen bound in the
crystalline phases of ettringite, portlandite, and hemicarbonate
shows a very fast relaxation time. This can be seen in Figure 3.

Here, a typical relaxation curve is shown, which was obtained
from a single SE-Carr−Purcell−Meiboom−Gill (CPMG)
pulse sequence37,38 experiment performed on the cement.
With inverse Laplace transformation (ILT) and applying the
framework from Provencher,39 at least three reservoirs can be
obtained.

Figure 2. Evolution of the H-containing hydrate phases during OPC
hydration determined by XRD analysis.

Figure 3. T2 time curve of a hydrated OPC showing the different
reservoirs which can be obtained from T2 time measurements.
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It can be seen that hydrogen bound in ettringite, portlandite,
and AFm (in our case hemicarbonate) cannot be distinguished
using a T2 time experiment. The ILT results in one reservoir,
which occurs at around 0.015 ms.19,20 Between 0.1 and 1 ms,
hydrogen in the gel pores and the semicrystalline C−S−H
phase can be quantified, as can be seen in Figure 3. However,
as a function of fitting parameters and regulation parameters,
the C−S−H reservoir can also be separated into several
reservoirs representing water in the C−S−H gel pores and
hydrogen in interlayer water.23,40 At longer relaxation times,
hydrogen in free nonreacted water can be measured and
quantified.
Figure 4 shows the SE curve of the dispersion with the soft

polymer synthesized and cleaned for the present study (black

curve). It can be seen that there are mainly two reservoirs for
hydrogen in the sample. First, the reservoir at a very early time,
which might be hydrogen bound in the polymer particles, and
second, hydrogen that shows a decay at later times, namely at a
time longer than 1 ms. In order to prove the assumption, the
quantitatively same amount of dispersion that was measured
and represented the black curve was dried until a transparent
film was obtained. The red curve represents the decay curve
from the SE experiment with the film. The reservoir at later
points in time disappeared, and only the reservoir at earlier
times is visible. Furthermore, the same amount of water that
was present in the dispersion was weighed in a sample holder
and measured. The blue curve represents the quantitative
amount of water from the dispersion. It can be clearly seen that
the black curve is a sum of the red curve and the blue curve.
Thus, this leads to the conclusion that hydrogen in the
polymer particles can be detected and measured at quite short
relaxation times. The small differences in the relaxation time of
hydrogen bound in pure water (blue curve) and hydrogen
bound in the water molecules of the dispersion (black curve)
seem to be caused by the confinement of the water molecules
because of the presence of the soft polymer particles, most
likely due to the surface charge of the polymer particles
introduced by the carboxylic groups.
However, the performed experiments yield the following

conclusions and challenges. Figure 5 shows the results from an
in situ 1H-TD-NMR experiment, involving the cement used
with the soft polymer. The T2 time is plotted against the
hydration time. The intensity is given as a gray level. As
discussed before, at least three reservoirs can be seen. The solid
part at very early relaxation times comprises hydrogen bound
in ettringite, portlandite, AFm, as well as hydrogen bound in
the soft polymer added to the mixture. The intermediate phase
comprises water associated with the C−S−H phase and the
liquid reservoir comprises hydrogen in free water. However, it
has to be concluded that this overlapping information rules out

Figure 4. T2 time curves for the dispersion, corresponding film, and
quantitative amount of water corresponding to the dispersion (all
experiments were performed using the soft polymer).

Figure 5. Assignment of the recorded reservoirs during T2 time experiments. OPC used with the addition of the soft polymer.
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the possibility to gain an isolated signal for hydrogen in the
polymer particle using T2 time experiments.
Figure 6 shows the relation between T1 and T2 times to the

molecular mobility of hydrogens. As discussed before,

hydrogen in the hydrate phase crystals as well as in the
polymer particles follows a very short T2 time, as hydrogen is
highly confined and its molecular mobility is very low. Water in
gel pores and the interlayer water of the short crystalline C−
S−H phase show medium T2 times because of the less

confinement and higher molecular mobility compared to
hydrogen in the hydrate phase crystals.
However, the reason why hydrogen in ettringite, portlandite,

hemicarbonate, and polymer particles cannot be distinguished
is also visible in Figure 6. As can be seen at very low molecular
mobility, there is no further change in T2 if there is a further
confinement or freedom within the range of highly confined
hydrogen. The T2 evolution curve flattens at a high
confinement. Hence, it is most likely to use T1 time in order
to distinguish the reservoirs at a highly confined level.40,41 In
addition to the discussed issues, there is one more reason why
the T1 time becomes the most interesting time for the present
study. As mentioned in Introduction, it is the objective of this
work to obtain a physical parameter that can be measured and
correlated to the film formation of polymer particles during
water consumption because of cement hydration in a cement−
polymer−water mixture.
However, as it was shown that hydrogen in the polymer

particles already shows a very high confinement, it is not
conceivable that a further shift in T2 time can be expected
during film formation as the T2 time does not change
significantly at already highly confined hydrogen atoms. This
can also be seen in Figure 4, where the solid hydrogen part of
the dispersion (H in polymer particles) is found at equal T2
times as hydrogen in the polymer film.
When looking at the change in T1 time over molecular

mobility in Figure 6, one can see that there is still a reasonable
shift in T1 time at low molecular mobilities. It is conceivable
that there will be a signal shift in the T1 time when polymer
particles dry and coalesce during film formation.

Figure 6. Evolution of T1 time and T2 time over the molecular
mobility of hydrogen (own figure following figure from ref 42).

Figure 7. Explanation for the T2-weighted T1 time evaluation for the present study shown with the OPC used with the addition of 10 wt % of the
soft polymer dispersion.
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A final challenge arises when looking at Figure 6. As can be
seen, it is possible that hydrogen with a high molecular
mobility might have the same T1 time as hydrogen with a low
molecular mobility. This might cause a problem, as in our
systems, highly confined hydrogen of ettringite, portlandite,
polymer, and so forth appears next to less confined hydrogen
from water. Consequently, there may be a signal overlap in the
T1 time that leads to measurement artifacts and distorts the
evaluation of the T1 times of our hydrogen reservoirs.
In order to bypass this problem, a T2-weighted T1 time

evaluation approach was chosen and will be evaluated in our
system. The procedure of this approach is explained in detail in
Figure 7.
First, the saturation recovery T1 time curves are recorded via

50 SE curves at defined times, after the destruction of the
coherence among the spins. One example for all the curves can
be seen in Figure 7. The longer the time after the destruction
of the coherence, the more intensity is measured because of
the recovery of the bulk magnetization. Second, each of the 50
curves is evaluated with an ILT, as can be seen in Figure 7 at
the bottom left. Two examples are shown for SE curves after
defined times, after the saturation impulses. After 100 ms, less
intensity can be seen compared to that after 10,000 ms because
of the fact that not all spins have already been recovered at 100
ms. The bottom left part of Figure 7 also shows the refinement
of the curves and the contribution of the solid part to the fit of
the curve (the highly confined part in the sample, which is

hydrogen in the polymer and the crystalline hydrate phases).
In order to avoid the T1 time overlap of hydrogen in solids and
water (as mentioned above) and to further distinguish the
different reservoirs of the solid part, only the amplitude of the
refined solid contribution is plotted as the T1 time curve
against the time after the coherence-destroying px’ impulses, as
can be seen in Figure 7 in the right part.
If the recorded T1 time curves are plotted with respect to the

elapsed hydration time, different reservoirs evolve. In Figure 7,
on the right, it can be seen that the T1 time curve of the
prepared polymer film from the soft polymer without cement
(blue stars) differs from the curve recorded directly after
mixing the cement−water−polymer mixture. Besides the
reservoir of the polymer, another reservoir occurs at around
10 ms (fitted curves will be discussed in detail later). As it is
known and shown for the cement that ettringite is initially
precipitated after mixing (see also Figure 2), it is most likely
that the new reservoir can be assigned to hydrogen bound in
ettringite. At later points in time, portlandite is formed and
contributes to the solid reservoir that now becomes visible in
the T1 time curve at an early relaxation time (around 1 ms).
Figure 8a shows the T2 time-weighted T1 time curves during

the hydration of the OPC used with 10 wt % of soft polymer
after 0, 1, 4, 6, 21, 24, 29, 48, 53, and 168 h of hydration. As
can be expected from Figure 2, the reservoir ettringite is visible
from the beginning of hydration and increases over time. The
reservoir portlandite is not visible within the first hours but

Figure 8. (a) Recorded curves over time of the OPC polymer mixture during hydration. (b) Comparison of the reservoir “ettringite” with the
ettringite measured directly by in situ XRD. (c) Sum of the reservoir “hydrate phases” and reservoir “polymer” plotted quantitatively over time.
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appears after several hours. Additionally, with regard to the
curves during cement hydration, the T1 time curve of the pure
polymer film without cement is plotted in Figure 8a as the
black curve. It can be seen that there is a reservoir visible in the
cement−polymer paste, which can be assumed from the pure
polymer experiment. At short hydration times, the T1 time
curves flatten at longer relaxation times (at around 10,000 ms),
which is evidence that there is no further reservoir. However,
after longer hydration times, one more reservoir is required in
order to fit the curve at long relaxation times (also shown in
Figure 9). It is most likely that a contribution from the
subsequently formed AFm phase (in our case, hemicarbonate)
appears here.
In order to further prove the correct assignment of the

reservoirs, the following considerations were made. Figure 8b
shows the evolution of the quantity (%of all hydrogen in the
sample) of the reservoir which was assigned to the reservoir
ettringite. This curve was compared to the wt % of ettringite
formed that was measured by means of in situ XRD. The wt %
from in situ XRD was also recalculated to the potential %
hydrogen with respect to all hydrogen in the sample. It can be
shown that the curves are in good agreement within the error
of the methods (the error of the Rietveld method has to be
estimated by ±1.5 wt % of ettringite). Especially, the very good
agreement of the development of the curves over hydration

time provides good evidence that the assignment of the
reservoir is correct. Figure 8c shows the evolution of % H in all
reservoirs that were assigned to the cement hydrate phases as
well as the development of the reservoir that was assigned to
hydrogen in the polymer particles. As the polymers are not
consumed during the hydration process, it is most likely that
the amplitude of the reservoir stays constant over the hydration
time. The same consideration can be made for the hydrate
phase, with the difference that hydrate phases grow during
hydration, and hence the amplitude of the reservoirs should
increase with time. As can be seen in Figure 8c, the
considerations are in good agreement with the results from
the experiments. The amplitude of the polymer reservoir stays
constant over time, and the amplitude of the hydrate phase
reservoirs increases with the hydration time.
Some more basic experiments were performed in order to

prove the correct assignment of the reservoirs. Figure 9a shows
a T1 time curve of OPC used with 10% of the soft polymer
after 2 days of hydration. The curve can be fitted well with four
reservoirs that can be assigned to hydrogen in the polymer and
the hydrate phases portlandite, ettringite, and AFm (hemi-
carbonate), which are all present in the sample at the point in
time of the measurements, as can be seen from the XRD
patterns (Figure 2). These findings are verified from Figure 9b
that shows the curve of the cement without any addition of

Figure 9. T2 time-weighted T1 time curves of (a) OPC−soft polymer system; (b) OPC system; and (c) alite−soft polymer system.
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polymers at a comparable hydration time. It can be seen that a
good fit can be achieved even without using a reservoir for
hydrogen in the polymer at around 100 ms. The other
reservoirs for ettringite, portlandite, and AFm have to be added
in order to get a reasonable fit.
Following these considerations, a further experiment was

performed using synthetic alite with the soft polymer. It is
known from the literature that pure alite only forms portlandite
and C−S−H. Hence, in our T2-weighted T1 time curve, there
should only be two reservoirs, namely one for the portlandite
and one for hydrogen in the soft polymer. No reservoirs for
ettringite and AFm should be necessary. As can be seen in
Figure 9c, there is a reasonable fit of the curve of pure alite
with the polymer with only two reservoirs. However, the
position of the reservoirs, especially portlandite, seems to differ
a little bit from the position in the cement paste, which is most
likely due to the different particle size distribution of the
powders. Nevertheless, the number of theoretical and
measured reservoirs is in very good agreement, and especially
the assignment of the reservoir polymer seems to be reasonable
because of the findings of all performed experiments.
Interpretation of the Signal Evolution of the T1 Time

of H in Polymer. The aim of the present study is to get an
idea about how a synchronous tracking of cement hydration
and film formation can be achieved. As shown above and in the
literature, the SE-CPMG curves recorded during cement
hydration can be evaluated quantitatively and plotted against
time. As a result, one can get an idea about the hydration
process of the cement. In Figure 10 the quantities of the

different reservoirs are plotted. One can see that the reservoir
for the hydrate phases increases over time (red curve for
ettringite, portlandite, AFm, and blue for C−S−H) and that
the reservoir for free water decreases because of the
consumption of water during cement hydration.
In order to get an idea about film formation, it is not

sufficient to plot the quantity of the reservoir of the polymer, as
shown in Figure 8c, inasmuch as the polymer is not consumed,
and the amount of hydrogen in the reservoir polymer will stay
constant over the hydration time.
However, it is possible to plot the T1 time for the reservoir

polymer, as determined by fitting against the hydration time of
the polymer−cement composite. As shown in Figure 10 (see
black dots and red crosses for two reproductions), there is a
shift in T1 of hydrogen in the soft polymer particles during the
hydration of the polymer−cement composite. The T1 time at
the beginning of hydration is around 228 ms and increases
rapidly. From around 8 to 35 days, the T1 time stays constant
over time.
The question that arises from this observation is how this

shift can be explained. Initial evidence is provided by the
fluorescence microscopy measurements performed.
As can be seen in Figure 10, the single polymer particles can

be visually separated after a short time of hydration. At later
points in time, when the determined T1 time of hydrogen in
the polymer particles stays constant, there is no evidence of
single polymer particles from fluorescence microscopy, and
hence it has to be assumed that a homogeneous film is formed.
The best insights into the physical background of the T1

time shift can be obtained from experiments with pure polymer
dispersions. In the following case, the hard polymer dispersion
was used in order to decouple drying and film formation.
Figure 11 shows the T1 time shift of hydrogen in the polymer
particles during drying at defined temperatures. The results
shown here are achieved with the hard polymer with a Tg value
of 50 °C. Hence, the dispersion can be dried at room
temperature, resulting in an opaque, dry powder, and no
homogeneous transparent film can be observed. At higher
temperatures, the material becomes transparent and homoge-
neous as a result of the coalescence of the polymer particles
because of the interdiffusion of the polymer chains.
Hydrogen in the polymer particles in the dispersion shows a

T1 time of 634 ms. After drying at room temperature, hydrogen
in the polymer particles shows a T1 time of 384 ms. Further
temperature treatment results in a more transparent solid at 50
°C and a very homogeneous film at 80 °C. The T1 time shifts
from 384 ms (room temperature) to 453 ms (50 °C) and 583
ms (80 °C).
The results obtained from the experiments can be explained

as follows. Water is removed when the polymer dispersions
dry. First, free water is removed, and then water in the polymer
particles is removed. Figure 12 shows where water in the
polymer particles can be assumed. The oxygen as well as the
hydroxyl groups offer the potential for the accumulation of
water molecules. If this water is removed, the T1 time shifts to
lower values that correspond to a gain in molecular mobility
for the H atoms in the polymer particles (see Figure 6). This is
more than reasonable because hydrogen from the polymer
chains loses confinement by the release of water from the
particles and the disappearance of hydrogen bound to the
water molecules. Additionally, particles gain additional space if
the water molecules are removed, resulting in more molecular
mobility for hydrogen in the polymer chains.

Figure 10. Top: Fluorescence microscopy images; Bottom: T1 time of
hydrogen in the soft polymer (two reproductions are shown as black
dots and red crosses) and quantities of the reservoirs (hydrate phases
and water) against hydration time.
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In contrast to this, the coalescence of the polymer particles
into a homogeneous, transparent film at higher temperatures
causes a T1 time shift to later T1 times. This shift is caused by
an increasing confinement of hydrogen in the particles or a less
molecular mobility of hydrogen in the particles. This in turn
can be explained by the interdiffusion of the polymer chains, as
shown in Figure 12.
In the following, we explain these findings on a more

molecular scale: as discussed by Voogt et al., the rigid (hard)
fractionin our case, the hydrophobic St compartments
with low hydrogen mobility does not have a strong interaction
with water.11 On a molecular level and because of the
hydrophobic effect, these domains are arranged into structures
that minimize their surfaces that are in contact with water.
Thus, their mobility in water is reduced, and exposed regions
are surrounded by highly ordered water molecules. After

drying and before film formation, these hydrophobic parts gain
more molecular mobility. When the temperature is increased
above the MFFT, the polymer chains diffuse across the particle
boundaries (coalescence) and penetrate through the thin layers
of surfactants surrounding the latex particles.7 As a
consequence, the polymer chains occupy less space and are
densely packed, whereby the molecular mobility of the
polymeric hydrogens is reduced.
The soft polymer domains consist of hydrophilic acrylic

moieties, serum, and surfactants. This part is swollen and
plasticized by water.7 During evaporation and further film
formation, the soft part loses its hydrogen mobility.
However, it can be summarized that drying and film

formation seem to have an impact on the molecular mobility of
hydrogen in the polymer particles. It seems that drying causes
a decrease in T1 because of an increase in molecular mobility,

Figure 11. T1 time shift during drying of the hard polymer dispersions at defined times and the corresponding T1 time.

Figure 12. Schematic presentation of the mechanisms taking place during drying/film formation and the corresponding T1 time shift.
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and film formation causes an increase in T1 time because of the
loss of molecular mobility. During the hydration of a polymer−
cement composite at room temperature, both effects (drying
and film formation) can take place synchronously if a soft
polymer is used, which is caused by the consumption of water
in the hydration process.
The big difference in such experiments is due to the polymer

used. If a soft polymer is used that forms films at room
temperature, both effects can be assumed. The T1 time shift
results from drying and film formation, and hence the shift in
T1 has to be less than that for a hard polymer that only loses
water without film formation. The reason for this assumption is
based on the fact that the T1 time shifts because of drying and
film formation are opposite, as shown above.
Figure 13 finally shows the T1 time evolution of hydrogen in

the polymer particles during the hydration of a cement−

polymer composite (10 wt % polymer) at 23 °C with two
different polymers.
It can be seen that the hard polymer shows a T1 time shift of

195 ms, whereas the soft polymer shows a T1 time shift of 114
ms. It is most likely that the delta in T1 time gives an idea of
the film formation.
If the polymer particles do not form films, only the drying of

the polymer particles mainly contributes to the T1 time shift,
leading to a quite high T1 time shift. If the drying is
accompanied by a film formation process, the T1 time shift is a
combination of drying and film formation. It can be assumed
that the shift in T1 time is less because both effects act
oppositely with regard to the T1 time, and only the T1 time
shift as a sum of both processes (drying and film formation)
can be detected.
However, this is an initial interpretation and has to be

proven in detail further. The T1 time shift during drying/film
formation is also a function of the polymer composition. In
order to prove this impact, further studies will be performed
using special synthesized polymers. The results from these
experiments will be published in the future.

■ CONCLUSIONS
In the last decades, large efforts have been paid to link the
processes within a combined organic and inorganic system to

the final performance of the resulting hybrid system. Because
of the lack of suitable nondestructive analytical methods, the
simultaneous monitoring of the latex film formation and the
hydration of cement (consumption of water) is still an issue.
Therefore, our motivation was to find a novel analytical
method.
The following conclusions can be drawn from the presented

data: a method is presented that gives an idea of the suitability
of an affordable, artifact-free benchtop method for synchro-
nously tracking cement hydration and film formation.
Compared to other methods such as (cryo)-SEM and TEM,
it has the advantage that a nondestructive bulk analysis can be
performed that provides signals free of artifacts.
As shown, a special approach with 1H-TD-NMR, namely the

T2 time-weighted T1 time evaluation, is very promising for the
deconvolution of all the hydrogen reservoirs in the sample. In
comparison to T2 time, the reservoirs for the highly confined
hydrogen, namely ettringite, portlandite, AFm, and polymer,
can be separated from the intermediate bound hydrogen in the
C−S−H phase and free water. A further separation can be
done using T1 time, and an isolated signal for hydrogen bound
in the polymer particle can be obtained.
The T1 time shift of the polymer during the hardening of a

cement−polymer−composite with water seems to be driven
first by the drying of the polymer particles and second by the
interdiffusion of the polymer chains causing a homogeneous
film. Further studies must be carried out in order to
understand the impact of the polymer composition on the
T1 time shift during film formation.
On the basis of the performed experiments, it must be

concluded that the film formation of the polymer particles
during the hydration of a cement (OPC), applying a w/c ratio
of 0.5, is a process that takes place over days instead of within
the first few hours.
As an outlook, this method might allow us to link the

temporal order of film formation and hydration to the final
properties of the construction material, such as the mechanical
properties (elongation at break, tensile strength, and
adhesion), the sealing properties (waterproofing), the
durability, and how fast the processing/drying time can be.
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