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Abstract The properties of polymer
films prepared from latex dispersions
are influenced by the drying or film
formation process. In order to in-
vestigate this process, various sys-
tems of aqueous latex dispersions
were dried until a specific solid
content was reached. The samples
investigated were based on vinyl
acetate, vinyl acetate/ethylene and
pure acrylics employing different
surfactants and polyelectrolytes as
stabilisers of the dispersions. The
role of water in these partially dried
films was investigated using "H and
’H solid-state NMR spectroscopy.

Different types of water could be
distinguished in the spectra. The
drying latex films were found to
contain interfacial external water,
water at ionic and nonionic groups
at surfactants in the polymer/water
interface and also water inside the
swollen polymer. These different
types of water were examined
separately using various NMR
techniques.
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Introduction

Aqueous latex dispersions contain several types of
polymers, stabilising and dispersing surfactants [1] and
cosolvents. The choice of these components depends on
the application of the final dispersion such as in
adhesives, paper coatings and paints [2]. The macro-
scopic properties of the final film are influenced not only
by the chemical composition, the molecular dynamics
and the structure of the multiple components, but also
by the initial latex particle morphology and by the
kinetics of the latex film formation process [3].

In the first stage of the film formation process [4, 5],
the loss of water causes an increase in polymer
concentration and so the polymer particles come into
close contact and are forced to pack. In the second stage,
if the evaporation of water is continued, the latex
particles will then be deformed into a compact array of
particles. Finally, interdiffusion (third stage) of polymer
chains across the particle boundaries and breakup of the

surfactant layers lead to a homogeneous film. The
molecular dynamics of the water as a solvent is an
important parameter in the film formation process with
respect to the kinetics of water evaporation and to the
mobilisation of the polymer. Water is located between
the latex particles and in the case of hydrophilic
polymers or polymer components it may also be located
inside the particles. The hydroplasticising effect [6] of
polymer swelling and mobilisation by water is especially
important in the last stages of the film formation
process, because the interdiffusion of the polymer chains
is relieved.

Here, we report a study concerning the behaviour of
water in the drying process of different latex dispersions.
Polymer films were made from latex dispersions, which
still contained a known amount of water at various solid
contents. Different types of polymers and polymer/water
interface systems were investigated by 'H and *H solid-
state NMR spectroscopy. The dispersions investigated
were based on poly(acrylate), poly(vinyl acetate) or
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poly(vinyl acetate-ethylene) copolymers. The polymers
are influenced by different hydroplasticising properties
of the polymer/water system. Hydrophilic comonomers
such as sodium ethylene sulphonate or methacrylic acid
(MAA), which form stabilising polyelectrolytes, and
various surfactants such as sodium dodecyl sulphate
(SDS) or surfactants with poly(ethylene oxide) (PEO)-
containing chains were chosen to examine different
polymer/water interfaces.

Solid-state NMR

'"H NMR spectroscopy of solutions yields narrow
spectral lines since the isotropic molecular motion
averages the dipolar coupling of nuclear spins. The
resulting frequencies depend on the isotropical chemical
shift. In solids or gels, however, the dipolar coupling is
no longer averaged by isotropic molecular motions.
Depending on the mobility of the sample, the nuclear
transition frequencies can be broadened up to 30—
50 kHz line width. One possibility to reduce the line
width in '"H solid-state NMR spectra is to spin the
sample at the magic angle [magic-angle spinning (MAS)]
of 54.7° [7, 8]. Components with a homogeneous line
width smaller than the spinning frequency form a
narrow line, and the frequency resolution is dramatically
improved. 'H solid-state NMR under MAS yields
detailed information about the structure and dynamics
in spatially heterogeneous systems [9, p. 402] such as
aqueous latex dispersions. Dissolved or gel-like compo-
nents form narrow lines containing chemical structure
information in the chemical shift. The rigid components
yield broad lines with information about the dynamics at
spinning frequencies below the static line width.

2H solid-state NMR spectra are dominated by the
nuclear quadrupolar interaction along the chemical
bond of deuterons with respect to the magnetic field. If

Table 1 Investigated latex systems. The chemical composition of
the samples for the various polymers [poly(vinyl acetate) (PVAC),
polyethylene (PE), poly(methyl methacrylate) (PMMA), poly(n-
butylacrylate) (P(n-BA))], comonomers [sodium ethylene sulphonic
acid salt (NaESA), methacrylic acid (M AA)] and surfactant sys-
tems [sodium dodecyl sulphate (SDS), poly(ethylene oxide) (PEO),
Hostapal BV] and the amounts of (NHy4),S,Og initiator are given.

the chemical shift is ignored, a simple liquid will yield a
single narrow line since the quadrupolar interactions are
isotropically averaged by rapid molecular motions [10].
Rapid anisotropic motions also decrease the line width
but lead to spectral patterns that are characteristic of the
type of motions [11]. Selection between different types of
molecular motion can be performed by varying temper-
ature. The dynamics of one component, such as water, in
a complex system can be conveniently investigated by “H
NMR after selective deuteration, i.e. replacement of
Hzo by DQO

Experimental
Preparation of the latexes

Six latex dispersions containing vinyl acetate or vinyl acetate-
ethylene as monomers were prepared according to the procedure in
Ref. [12] in an emulsion polymerisation with 0.2 wt% ammonium
persulphate (APS) as the initiator. The compositions of the
different samples are shown in Table 1. The pH was adjusted
using 0.2 wt% sodium acetate to a pH of 4-5 for the samples VAc-
1 and VAE-1 with NayP,O;. During the synthesis the ethylene
pressure of the poly(vinyl acetate-ethylene) dispersion was 20 bar.
This resulted in a polyethylene content of 8.7 wt% or 22.6 mol%.

The second type of dispersion was prepared from methyl
methacrylate and n-butylacrylate. The emulsion polymerisation
was performed with 0.35 wt% APS as the initiator. In this case, the
pH was adjusted to pH 8 with ammonia. All the dispersions
contained different surfactant systems to stabilise the dispersions.
They are listed in Table 1 with respect to each system.

Typical surfactants were SDS, several PEO-containing com-
pounds and finally polyelectrolytes. One PEO surfactant was a
C;-oxoalcohol with 28 mol EO, and another one was Hostapal
BV® [sodium tri(z-butyl)phenol-PEO sulphate with typically 7 mol
EO]. MAA and sodium ethylene sulphonic acid salt (NaESA) were
used as comonomers in the emulsion polymerisation. MAA and
NaESA form polyelectrolytes, which stabilise the latex dispersions.

Particle sizes and particle size distributions were measured by
photon correlation spectroscopy (PCS). The particle diameters
were found to be in the range 150-200 nm as for all dispersions.
The glass-transition temperatures, T,, of all the samples were

All weight percentages given were normalised with respect to the
amount of polymer (100 wt%). PEO-1 is a Cj;-oxoalcohol
ethoxylated with an average of 28 mol EO. Hostapal BV® is a
sodium tri(z-butyl)phenol-PEO sulphate with an average of 7 mol
EO. The particle sizes were measured by photon correlation
spectroscopy and were found to be in the range 150-200 nm dia-
meter. VAc-2 (483 nm) and RA-1 (83 nm) differ from this value

Sample Polymer Comonomer Surfactants Initiator
VAc-1 PVAc 100 wt% NaESA 0.5 wt% 1 wt% SDS 0.2 wt%
2 wt% PEO-1
VAc-2 PVAc 100 wt% - 0.5 wt% SDS 0.2 wt%
VAc-3 PVAc 100 wt% - 3 wt% Hostapal BV® 0.2 wt%
VAc-4 PVAc 100 wt% NaESA 2 wt% 3 wt% Hostapal BV® 0.2 wt%
VAE-1 PVAc 91.3 wt% NaESA 0.5 wt% 1 wt% SDS 0.2 wt%
PE 8.7 wt% 2 wt% PEO-1
RA-1 PMMA 50 wt% MMA 2 wt% 1.5 wt% SDS 0.35 wt%

P(n-BA) 50 wt%
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determined by differential scanning calorimetry with a scanning
rate of 20 K/min. They were found to be 313 + 2 K for poly(vinyl
acetate) dispersions, 287 + 2 K for poly(vinyl acetate-ethylene)
dispersions and 295 + 2 K for the polyacrylate dispersion.

Sample preparation

Most latex dispersions dry in a spatially inhomogeneous manner,
drying inward from the surface. A skin surrounds the wet
dispersion. The reasons for this spatial inhomogenity are the
increased concentration of latex particles close to the surface as
evaporation of water proceeds and the compressive capillary forces
[13] that deform the particles. This compression accelerates the
closing of the capillaries and the formation of a skin. Due to the
fact that NMR spectroscopy is a spatially averaging method, we
chose to prepare homogeneous latex films. These films contained
different water contents. Dispersions (1-2 g) with an initial solid
content of 50 wt% were filled to a height of 5 mm in glass tubes.
The water was slowly evaporated by heating the samples at 333 K
(60 °C) for several hours while stirring them less than once per
minute to prevent macroscopic skin formation. This drying process
was stopped after different times corresponding to different solid
contents. The solid content of each sample was determined by
gravimetric analysis. The accuracy of the preparation was cross-
checked by "H solid-state NMR spectroscopy. As shown later, the
homogeneous films contained different types of water with several
discrete resonance frequencies with respect to their chemical
proximities. The spatially inhomogeneous films contained a broad
superposition of separate frequencies. Samples with D,O as the
solvent were prepared by adding D,0 to the dispersions followed
by evaporating most of the D>,O / H,O mixture. This procedure
was performed several times. In this way we produced H,O/D,O
exchange rates greater than 80 mol%.

NMR measurements

The *H solid-state NMR spectra were measured on a Bruker CXP
300 spectrometer and the 'H NMR spectra were measured on a
Bruker MSL 300 spectrometer. Both instruments operated at a
magnetic field strength of 7.05 T. All ’H NMR measurements were
recorded under static conditions with a T selective solid-echo pulse
sequence  ([90°]5 e — 71 — 903, — 72 — 905, — 72 — acquire) [l1,
14, 15] at different temperatures. By setting 7; = 10 ms we could
selectively observe the fast-relaxing (and therefore mobile) compo-
nents in a 7} filter experiment. In other experiments 7, was set to
3 s and all water components could be observed. The 90° pulse
length was about 3 us and the pulse delay, 15, in the solid-echo
sequence was 20 us. “H NMR spectra were measured in a
temperature range of 180-300 K. Before each measurement, which
took between 0.5 and 8 h, the sample was allowed to equilibrate for
0.5 h. Selection between different types of molecular water
dynamics at low temperatures was performed by varying the
temperature. The different components of the spectra were
quantitatively determined by standard deconvolution techniques.
The'H solid state NMR spectra of our samples were measured
under MAS in a 7-mm rotor with a rotor frequency of 3000 Hz in
the temperature range 290-340 K. The samples were stable against
the centrifugal forces in the MAS experiment at high solid contents
(above 80 wt%) especially when the temperature was below the T,
of the polymer. No time-dependent change in the spectra of these
samples before and after the acquisition was found. The temper-
ature was controlled by a Bruker VT-100 unit with an accuracy
and stability of +2 K. The 'H 2D-exchange experiment
(90° — 11 — 90° — £, — 90° acquisition — recycle delay) [9, 16, 17]
was performed in time-proportional phase incrementation mode by
incrementing t;. A mixing time, f,,, of 200 ms was used for spin
diffusion and molecular diffusion [9, p. 425]. The 90° pulse length

was about 4.5 us and the recycle delay 2 s. The dynamic and
chemical exchange of magnetisation in 'H 2D-exchange spectra in
combination with MAS contain information about intermolecular
interactions. Slow molecular motions and spatial proximity of
molecules are detected. 7, is limited by the 7 relaxation time of the
sample.

Results and discussion
Temperature dependence of H NMR spectra

Typical H NMR spectra of water as a function of
temperature in a wet polymer film prepared from latex
dispersions are shown in Fig. 1. The poly(vinyl acetate-
ethylene) dispersion VAE-1 in Fig. 1 (Table 1) was dried
to a solid content of 77 wt%. Different dynamics of
water were found in the 2H solid state NMR spectra of
the prepared wet latex films. The dynamics of water and
its associated temperature behaviour depend on the
chemical surroundings. In chemically heterogeneous
systems such as latex dispersions, the differences in
water dynamics can easily be detected by measuring the
samples at various low temperatures from room tem-
perature down to 170 K. All spectra presented are
normalised to the same height.

The spectrum at the top corresponds to a temperature
above the freezing point of the external water. From
room temperature to 234 K the external liquid water
outside the polymer particles is the most mobile
component and dominates each spectrum. When the
samples were cooled, a large freezing point depression
of the external water was found resulting from the
surfactants, salt and polyelectrolytes.

Temperature
234K
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Fig. 1 Temperature-induced change in the water dynamics in polymer
films at low temperatures as detected by ’H NMR spectroscopy. The
H,O0 has been exchanged by D,0 to measure exclusively the mobility
of water. Three different dynamics of water in the spectra of D,O in
water-containing polymer films (solid content 77 wt%) made from
dispersion VAE-1 were found: e ice (external water), i immobilised
water (interface) and p mobile water (inside the polymer). All spectra
are normalised to the same height as described in the text
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Below the freezing point of the external water we
were able to distinguish three different types of water in
the spectra at 221 and 194 K (Figs. 1-3). The dominant
contribution to the spectrum comes from the frozen
external water (e). Due to the rigidity of this component
at temperatures below 223 K, a broad Pake pattern [9,
p. 30] is observed. Superimposed on this pattern is a
narrow peak corresponding to the mobile water inside
the swollen polymer (p). The intermediate region of
mobility contains partially immobilised water in the
interface (i).

The film of sample VAE-1 (Table 1) with NaESA as
comonomer contains a large interfacial layer at the
water/particle interface. The observation of an increased
interface size with increasing amounts of NaESA
comonomer derives from a comparison of the particle
diameter measured by PCS and aerosol spectroscopy

Temperature
297 K

247K

Jk 236 K
J\ 208 K
ity et

-200 0 200
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Fig. 2 2H NMR spectra of D,O in swollen pure poly(vinyl acetate) as
a function of decreasing temperature. Only a mobile component is
found in the spectra. The line width increases when the temperature
decreases
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Fig. 3 2H NMR spectra of D,O in the surfactant system of VAE-1
after dialysis of the dispersion. Below the freezing point of the water
the ice shows a typical Pake spectrum

[12] as hydrodynamic and hard-core diameters. The
interface consists of water-soluble polyelectrolytes,
formed by vinyl acetate with 0.5 wt% NaESA comono-
mer, 2 wt% PEO surfactant and 1 wt% SDS.

A simplified picture for the location of these three
types of water is given in Fig. 4. At room temperature
mobile (liquid or gel-like) water is located outside the
latex particles and less mobile water is located inside.
For temperatures below the freezing point of the
external water, rigid ice is found outside the latex
particles. In contrast to this, partially mobile water is
still found inside the polymer. This is in agreement with
Radloff et al. [18], who found that water bound to
cellulose and cellulose/poly(vinyl alcohol) blends did not
freeze. This dynamic behaviour of water in a polymer
matrix was also found in water-containing epoxy resins
[19, 20].

Assignment of spectral components

The assignment of the spectral components was checked
with D,O spectra of water in related but pure chemical
environments. An analysis of the different water com-
ponents was performed as a function of temperature and
chemical composition. First pure poly(vinyl acetate)
with a weight-average molecular weight of 125 kg/mol
was swollen for 4 days in D,O. The surface of the
swollen polymer was dried before the measurements
to exclude external water at the surface. According to
Schaechtling [22, p. 380], about 3 wt% of water is
soluble in poly(vinyl acetate). The ?H NMR spectra of
the D,0 inside the pure polymer are shown in Fig. 2. A
narrow line corresponding to a mobile water component
is present at all temperatures. Nevertheless, there is
a temperature dependence of the line width for this
mobilised water inside the polymer. With decreasing
temperature the mobility of this type of water decreases.
This results in an increasing line width. The water
mobility inside the polymer is a function of the local
mobility of the polymer.

Fig. 4 Schematic presentation of water located in different types of
chemical surroundings in the latex dispersions
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The spectra of pure water used as a solvent for salt,
surfactants and polyelectrolytes differ from those given
in Fig. 2. Typical H NMR spectra of D,O in the
surfactant system of VAE-1 are depicted in Fig. 3. The
sample was prepared by dialysis of the dispersion,
evaporation of the water and finally exchange of H,O by
D,0. Again a strong freezing point depression of about
35 to 238 K depending on the surfactant, salt and
polyelectrolyte concentration is found from the spectra.
The calculated freezing point depression of the pure salt
solution is less than 5 K. Two spectra are given for
comparison: the spectrum of liquid water at 288 K and
the Pake-like spectrum of rigid ice at 233 K. It can be
concluded that component e in Fig. 1 is the frozen
external water.

Water in different polymers

The spectrum of the mobile water (p) in Fig. 1 is a
function of the polymer. Both >H NMR spectra in Fig. 5
correspond to latex films with similar solid contents and
polymer/water interfaces. They differ in the composition
of the polymer. The samples VAc-1 and VAE-1
(Table 1) contain the same amount of surfactant and
similar amounts of stabilising polyelectrolyte: VAc-1 is
a pure poly(vinyl acetate) latex and solution NMR
measurements showed that VAE-1 is an approximately
statistical copolymer with 91.3 wt% vinyl acetate and
8.7 wt% (or 22.6 mol%) ethylene. The different chem-
ical structures of the polymers result in different spectra
of the mobile low-temperature water component (p). A
larger amount of mobile water can be detected inside
VAc-1 by the analysis of the peak areas; less can be
detected in VAE-1. The ratio of ice (e) to the mobile
components i and p is reduced by a factor of 2.8 by
copolymerising ethylene to the polymer as shown in
Fig. 5. Most of the mobile water, 1 and p, in VAE-1 is
found in the intermediate region of mobility, i. This

lp
i

! .
VAE-I Pt WM“@" solid content
()

“/ 85 wt.%
Y Sl

Fig. 5 ?H NMR spectra of D,O in dispersions containing the same
surfactants (Table 1) but different polymers, VAc-1 [poly(vinyl
acetate)] and VAE-1 [poly(vinyl acetate-ethylene)] at 210 K. The
amount and line width of D,O inside the polymer are reduced in the
presence of the ethylene comonomer in VAE-1. The polymers differ in
their number of CH, groups, which is greater in VAE-1, and in the
number of acetate side groups, which is greater in VAc-1

corresponds to the fact that about 3 wt% water is
soluble in poly(vinyl acetate) [22, p. 380] but only 0.002—
0.2 wt% 1is soluble in polyethylene [22, p. 708]. The
reduced number of polar hydrophilic groups in poly(vi-
nyl acetate-ethylene) explains the reduced amount of
water inside the polymer. The ’H NMR line width of the
mobile component p decreases from 7.2 kHz in VAc-1
to 2.6 kHz in VAE-1 by statistically adding ethylene to
the polymer. This indicates a higher mobility of the
polymer in VAE-1. The samples differ in the T,, with
312 K for dry VAc-1 and 288 K for dry VAE-I;
however, with respect to the low temperatures in the
H NMR experiment, differences in the local mobility of
the polymer must be responsible for this behaviour. In
both samples the water inside the polymer mobilises the
acetate side group especially. Higher local mobility of
the polymer is in accordance with higher mobility of the
water inside the polymer. In contrast to the reduced
amount of water inside the polymer, no decrease in the
water peak intensity in the intermediate mobility region
in the “H NMR spectrum of VAE-1 is found with
respect to similar interface systems (Table 1). Both
polyelectrolyte/surfactant interfaces are swollen by
water.

Similar trends are observed in the ?H NMR spectra
of D,O in other polymer systems as displayed in Fig. 6.
VAc-2 (Table 1) is a poly(vinyl acetate) latex dispersion;
the polymer of latex RA-1 consists of 50 wt% MMA
and 50 wt% n-butylacrylate. The T, are 312 K for dried
VAc-2 and 295 K for dried RA-1. The amount of mobile
water at low temperatures is reduced in RA-1. This
corresponds to the fact that D,O is less soluble in RA-1.
Water is soluble to the extent of 1.7-2 wt% in
poly(methyl methacrylate) [22, p. 427], which is the
hydrophilic component of RA-1. The line width in RA-1
is largely reduced and is much more pronounced than in
the case of latex VAE-1 compared to VAc-1. Again this
is related to the local mobility of the polymer, but the
chemical surroundings of the water inside the polymer
are changed.

sample \ solid content

VAc-2 P W 79 wt.%
B W’W««Mw/w
RA-1 72 wt.%
R NM«/\“WWW
7T T T T T T T
-200 0 200
[kHz ]

Fig. 6 2H NMR spectra of D,O in a water-containing poly(vinyl
acetate) latex film (fop) and a poly(acrylate) film (bottom) consisting of
50 wt% methacrylic acid and 50 wt% n-butylacrylate made from
dispersions measured at about 211 K. D,O is less soluble in RA-1, but
is of higher mobility in the changed chemical water/polymer
environment of RA-1 caused by the modified polymer structure
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Water in the interface from *H
and '"H NMR spectroscopy

Different copolymers and surfactants in the interface
region modify the domain of intermediate mobility in
the ’H NMR spectra of D,O in wet polymer films. This
corroborates the assignment in Fig. 1. Spectra of
poly(vinyl acetate) films with a solid content of about
78 wt% are presented in Fig. 7. The T selective solid-
echo spectra contain only fast-relaxing components,
selected by a short preparation time of 10 ms after the
saturation pulses (see Experimental); therefore, only
mobile components are detected in the spectra of VAc-2
and VAc-4. The film made from VAc-2 contains only a
small amount of 0.5 wt% SDS in the polymer/water
interface (Table 1). In contrast to this, the extended
interface of VAc-4 consists of 3 wt% Hostapal BV® and
polyelectrolytes, built up by the copolymerisation with
2 wt% NaESA. At 231 K the water in VAc-4 is very
mobile compared to that in VAc-2, which corresponds
to the increased freezing point depression of the external
bulk water in VAc-4 relative to VAc-2. At temperatures
below 231 K, when all external water is frozen to ice, an
extended amount of water in the interface is still detected

Fig. 7 T selective 2H NMR spectra of D,O in wet poly(vinyl acetate)
films with different interfaces. The small interface of VAc-2 in a is
generated by 0.5 wt% sodium dodecyl sulphate (SDS) and polymer—
initiator groups. The interface of VAc-4 in b contains 3 wt% Hostapal
BV®, the ionic polymer—initiator groups and a large amount of
polyelectrolyte, formed from a copolymer of 2 wt% sodium ethylene
sulphonic acid salt with vinyl acetate. Only the fast-relaxing mobile
components are recorded after saturation of the slow-relaxing
components followed by a solid-echo sequence (see NMR measure-
ments). The freezing point depression of the external water is
increased in VAc-4 due to the higher number of additives, which
can be seen in the spectra at about 232 K. At temperatures below
212 K different amounts of water in the interface are detected in the
intermediate range of mobility. The corresponding spectra are shown
in ¢ as the difference of VAc-2 and VAc-4 spectra; they correspond to
the relative size of the interfaces

a) film from VAc-2

A solid content
79 wt.%

b) film from VAc-4

for VAc-4 in Fig. 7, which can be seen in the difference
of both spectra. This corresponds to the large interface.

H NMR spectra yield information about the mobil-
ity of water inside different polymers and provide an
estimate of the size of the polymer/water interface. A
more detailed view results from 'H NMR spectra.
Solution NMR methods are limited by the compara-
tively low spectral resolution due to the immobilised
water in the interface. More detailed structural infor-
mation and also high spectral resolution is achieved by
'"H solid-state NMR in combination with MAS. A
typical 'H NMR spectrum of a wet polymer film made
from the dispersion VAc-3 is shown in Fig. 8. The solid
content of the film made from the latex dispersion VAc-3
(Table 1) was 99 wt%. The narrow lines of the mobile
Hostapal BV® interface, the PEO surfactant, can be
distinguished from the broad lines of the rigid polymer.
'"H NMR is therefore sensitive to the mobile compo-
nents, which are in solution or in the interface. An
interesting point in Fig. 8 is that most of the residual
water (1 wt%) is not visible as external water at the
resonance frequency of 4.65 ppm. A detailed analysis by
integration reveals that less than 0.1 wt% water is
located in the PEO layer, the rest is immobilised inside
the polymer [22]. The immobile water component in the
"H NMR spectrum is identified as nonfreezable water
(p) as shown in the ’H NMR spectra of Fig. 1. At
temperatures below the freezing point of the external
water in Fig. 1 this water has the highest mobility.

The '"H NMR MAS spectra of polymer films
containing water prepared from VAc-1 in Fig. 9 show
complex spectra with several overlapping components of
a dispersion containing various surfactants [22]. Only
the mobile interface is presented here, not the broad
lines of the rigid polymer. The spectra in various drying
states of the dispersion correspond to different stages in
the film formation process. To study this we chose
samples with 74, 84 and 91 wt% solid content. The
mobile water at 4.65 ppm, which can be identified with

¢) difference (VAc-2 - VAc-4)

| solid content

78 wt.%
231K J
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MAS 3000 Hz

mobile
interface

\

rigid polymer

-50 -100

oblle interface

[ L L B B B
10 9 4 3210 -1
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T T 1 !
8 7 65
Fig. 8 The 'H NMR spectrum of a water-containing polymer film
made from dispersion VAc-3 was taken at a rotational frequency of
3000 Hz in the magic-angle-spinning (MAS) experlment The film
with 3 wt% Hostapal BV contains only 1 wt% water. "H NMR is
sensitive to the mobile components in the solution and in the interface.
The rigid polymer yields broad lines, the mobile poly(ethylene oxide)
(PEO) interface provides narrow lines. Most of the residual amount of
1 wt% water is immobilised in the polymer

solid content
74 wt.%

91 wt.%

‘ T i T I T ‘ T ‘ T ’ T ‘ ‘ T ‘ T T | T
6.0 55 50 45 40 35 3.0 25 20 15 1.0 05
ppm

Fig. 9 "H NMR spectra of wet polymer films prepared from VAc-1
and measured at room temperature. All spectra are normalised to the
same height. Water, A, evaporates in the drying process and the
interface becomes immobilized. Analysis of the complex spectra,
verified by analysis of pure systems, yields 4 water at nonionic groups,
B water at ionic groups, C immobilised PEO chains, SDS and
polymer—initiator end groups, D PEO in the surfactants, £ mobile
polymer (polyelectrolyte), F and G CH chains of all surfactants

the external and the interfacial water in the H spectra at
low temperatures, evaporates in the drying process,
represented in the 'H NMR spectra for the different

solid contents in Fig. 9. The analysis of the complex
spectra was performed by investigating the drying
processes of only one surfactant containing pure aque-
ous surfactant solutions and latex dispersions, respec-
tively. First, we considered the spectra of water within
the pure chemical environment. Then all spectral lines
were assigned supported by the identified surfactant
signals. So A is found to be water at nonionic groups
and D is mobile PEO of the surfactants. The shoulder B
between A and D was assigned to water at ionic groups
B, shifted to lower parts-per-million values. Peak C
represents immobilised PEO chains, SDS and polymer—
initiator end groups. Integration of the VAc-1 spectrum
at 84 wt% solid content yields quantitative amounts of
the different types of water in the interface. The residual
16 wt% water is distributed as follows: 8 wt% water is
located at nonionic groups, 4.5 wt% is found at ionic
groups and approximately 3.5 wt% is immobilised
inside the polymer. The inherent error of the integration
is estimated to be within 1 wt%.

In 'H 2D-exchange experiments (Fig. 10) the 1D
spectrum is found in the projection of the spectrum
along each frequency axis [16]. The peak intensity along
the diagonal represents components without exchange,
which are modified because of the 200-ms mixing time
for spin and molecular diffusion. The exchange peaks
outside the diagonal indicate intermolecular interactions
of molecules in spatial chemical surroundings. A mag-
netisation or a molecular transfer is performed during
the mixing time of 200 ms. In Fig. 10, with a higher
resolution for the 2D spectrum, A and D from Fig. 9
are separated, while B and C still overlap. The large
exchange peaks between the different types of water, A
and B, indicate their close proximity. No exchange peaks
are found between the CH chains of the surfactant and
the water.

Summary

An important factor in the film formation or drying
process of latex dispersions is the dynamics of water.
The molecular dynamics of the water in latex dispersions
is highly influenced by the local chemical environment.
Homogeneous polymer films, with different water con-
tents, were investigated via “H and 'H solid-state NMR
spectroscopy. Detailed information about the distribu-
tion and dynamics of water in different polymer and
surfactant systems were obtained. Three types of water
in these wet films could be identified with respect to the
temperature dependence of their dynamic behaviour,
two could be identified with respect to their chemical
shifts.

’H solid state NMR spectroscopy yields information
about the water mobility in different polymers; 'H solid-
state NMR spectroscopy provides information about
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Fig. 10 'H 2D-exchange exper-
iment with 200-ms mixing time
for spin diffusion in sample
VAc-1 with a solid content of
91 wt% measured at room
temperature. Because of the
higher resolution of the 2D
experiment 4 and D from Fig. 9
are separated and B and C are
still the overlap of different
components. The exchange
peaks between 4 and B indicate
the spatial proximity of the
different types of water

water in the polymer/water interface. The combination
of both methods results in a complete picture of the
different types of water in the film formation process.
The films contained external water, water at ionic and
nonionic groups in the polymer/water interface immo-
bilised by the surfactants and water inside the polymer.
The amount of water inside the polymer, known as the
water absorption capacity, depends on the polarity of
the polymer, its dynamic behaviour and on the local
mobility of the polymer. If chemically similar water/
polymer environments are compared, the mobility of the
water dissolved in the polymer depends on the local

VAc-1

ppm 5

solid content
91 wt%

mobility of the polymer. Variations in the polymer/
water interface size result in different amounts of water
being located inside this intermediate mobility region
with motional rates of approximately 30 kHz. Informa-
tion about the amount of water at ionic and nonionic
groups in the polymer/water interface can be gained by
integration of 'H solid-state NMR spectra.

Acknowledgements We would like to acknowledge fruitful discus-
sions with P. Fischer (Clariant) and A. Du Chesne (Max-Planck-
Institut) and S. de Paul for corrections. Financial support from the
BMBF (grant no. 03N3018A) is gratefully acknowledged.

References

1. Ottewill RH (1997) In: Lovell PA, El- 6.
Aasser MS (eds) Emulsion polymerisa-
tion and emulsion polymers. Wiley,
Chichester, p 60

2. De Fusco AJ, Sehgal KC, Basset DR 7.
(1997) In: Polymer dispersions: prin-
ciples and applications. Kluwer,
Dordrecht, p 379

3. Lambla M, Schlund B, Lazarus E, Pith
T (1985) Macromol Chem Suppl 10/
11:463 10.

4. Bradford EB, Vanderhoff JW (1966)
J Macromol Chem 1:335

5. Vanderhoff JW, Bradford ED, Car- 11.
rington WK (1973) J Polym Sci Polym
Symp 41:60

el

261:193-209

Winnik MA (1997) In: Lovell PA, ElI- 12.
Aasser MS (eds) Emulsion polymerisa-

tion and emulsion polymers. Wiley, 13.
Chichester, p 497

Andrew ER, Bradbury A, Eades RG 14.
(1957) Nature 182:1659

Lowe 1J (1958) Phys Rev Lett 2:285
Schmidt-Rohr K, Spiess HW (1994)
Multidimensional
and polymers. Academic, London

Abragam A (1961) The principles of 16.
nuclear magnetism. Oxford University
Press, New York, pp. 424

Spiess HW (1983) Colloid Polym Sci

Fischer JP, Nolken E (1988) Prog
Colloid Polym Sci 77:180-194

Sheetz DP (1965) J Appl Polym Sci
9:3759-3773

Komorowski RA (1986) High resolu-
tion NMR spectroscopy of synthetic
polymers in bulk. VCH, Weinheim,
p 346

Hentschel D, Sillescu H, Spiess HW
(1981) Macromolecules 14:1605-1607
Ernst RR, Bodenhausen G, Wokaun A
(1986) Principles of nuclear magnetic
resonance in one and two dimensions.
Clarendon Press, Oxford

17. Heftner SA, Mirau P (1994) Macro-
molecules 27:7283

solid-state  NMR 15.



244

18. Radloff D, Boeffel C, Spiess HW 20. Jelinski LW, Dumains JJ, Cholli AL, 22. Preuschen J, Rottstegge J, Spiess HW
(1996) Macromolecules 29:1528—-1534 Ellis TS, Karasz FE (1985) Macromol- (1999) Colloids Surf A 158:89

19. Jelinski LW, Dumains JJ, Stark RE, ecules 18:1091
Ellis TS, Karasz FE (1983) Macromol- 21. Schaechtling H (1995) Kunststoff
ecules 16:1019 Taschenbuch. Hanser, Munich



