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Abstract

The resolution and the relaxation time of poly(butyl acrylate) in latex-state '>*C-NMR spectroscopy are associated with local
motions of the polymer in a dispersoid. Latexes were prepared by emulsion polymerization of butyl acrylate with ammonium
persulfate. The latex-state '>*C-NMR spectra were measured at 323-353 K with a spectrometer operating at 399.7 and 100.4 MHz
for "H and '3C, respectively. The half width of the latex-state '*C-NMR spectrum depends on the temperature. The half width and
the spin-spin relaxation time, 75, are superimposed onto the master curve with a reference temperature, 7.
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Introduction

Polymer dynamics have been investigated with respect to
various motion relaxations such as «-relaxation, (3-relax-
ation, and y-relaxation. These are assigned to the segmen-
tal motion of the main chain, the local motion of the main
chain, and the motion of the pendant groups, respectively
[1, 2]. These relaxations are usually investigated via mea-
surements of viscoelastic properties, dielectric constant,
and NMR spectra [3]. For instance, the relaxation temper-
atures of poly(butyl acrylate), PBA, have been determined
by dielectric constant measurements. That is, T, =240 K,
Tp=155K [4], and T, =142 K [1]. However, few studies
have examined other relaxation temperatures because
some relaxations occur at a very low temperature and they
interfere with each other. Consequently, it is important to
develop a novel technique to investigate various relaxa-
tions over a wide temperature range.

Latex-state NMR spectroscopy is a unique technique to
characterize hydrophobic rubbery polymers as a soft ma-
terial dispersed in water. Since latex is composed of
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rubbery polymer particles and water [5, 6], it may allow
the mobility of polymers in a particle or the movement of
a particle itself in water to be investigated in terms of the
resolution of the NMR spectroscopy and relaxation time,
which are associated with the magnetic dipole-dipole in-
teraction [7-10]. Considering such application fields,
latex-state NMR should become a principal technique to
investigate the structure and the dynamics of the rubbery
polymers in water.

Previously, we proposed latex-state NMR spectrosco-
py to characterize crosslinked rubbery polymers present
in water [11]. We determined a suitable surfactant con-
centration and dry rubber content (DRC) of latex for
NMR spectroscopy (i.e., 1 w/w% in surfactant concentra-
tion and 10 w/w% in DRC). Under suitable conditions,
the value of the spin-lattice relaxation time, 7;, of the
polymers in the latex is quite similar to that in the solid
but not in the liquid. Additionally, it is independent of
the particle size [12].

In contrast, the half width of the latex-state NMR spectrum
is identical to that of the solution-state NMR spectrum, and
both are narrower than that of the solid-state NMR spectrum.
The half width of the latex-state NMR spectrum is expressed
as a function of the dispersion coefficient of the Brownian
motion of the dispersoid in water. The isomeric unit contents
of polybutadiene (i.e., 1,4-cis, 1,4-trans, and 1,2 unit contents
[5]), the crosslinking junctions of natural rubber (i.e., carbon-
sulfur linkages [11]), and epoxidized deproteinized natural
rubber [13] can be quantitatively analyzed by latex-state
NMR spectroscopy.
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Table1  Comparison of the values of the half width of the signals in the
Butyl Acrylate (BA) 20 mL solution-state '*C-NMR and latex-state '*C-NMR spectra for PBA
monomer
Half width C7 C6 C5 C4 C3
Stirring Water 220 mL Mz Hz]  [Hz]  [Hz]  [Hz)
0, [ €—— .
(80°C, 1hour, Sodium dodecyl Solution-state *C-NMR 8 8 2 28 35
Under nitrogen) sulfate (SDS) Latex-state '*C-NMR 6 7 12 35 40
0.2 wiv%
Emulsion <«<— Ammonium persulfate
Polymerization 1.5% 103 mol/L field is irradiated with a magnetic pulse, the rubbery poly-
(80, 2hours, mers in latex have a time-dependent condition due to the

under nitrogen)

Monomer removal
(80°C, 1 hour,
under reduced
pressure)

PBA Latex

Total solid content : 10 wiv%
Surfactant concentration: 0.2 w/iv%
Fig. 1 Overview of the experimental procedure

Latex-state NMR may rely on the active motions of
rubbery polymers at an ambient temperature since the
glass transition temperature of the polymers is significant-
ly lower, providing a sufficient free volume fraction [14].
In this case, the contributions of the Zeeman term and the
dipole-dipole interaction term may be considered in the
Hamiltonian expression. When latex in a static magnetic

Fig. 2 a Latex-state BC.NMR
spectrum for PBA at 353 K and b
solution-state '>*C-NMR spectrum
for PBA at 353 K

(b) Solution state 13C-NMR  —C1— 2-); c7

rotational movement of the particle. This corresponds to a
multi-pulse technique, which may reduce the contribution
of the dipole-dipole interaction term in conjunction with
the active motions of the rubbery polymers and the rota-
tional movement of the particle. Therefore, the dipole-
dipole interaction term may be eliminated in the
Hamiltonian expression by not only the active motions
of the rubbery polymers but also the rotational movement
of the particle.

It is important to realize that the active motions of the
rubbery polymer can be distinguished from the rotational
movement of the dispersoid. For instance, the active mo-
tions of the rubbery polymers are divided into various
relaxation modes such as o-relaxation, (3-relaxation, y-
relaxation, etc. These modes occur at various tempera-
tures. On the other hand, rotational movements depend
on the particle size and may be associated with the spin-
spin relaxation time, 7, or reciprocal half width, v,
since vy, = 1/(ntT5).

Herein the factors influencing the resolution and the relax-
ation time of latex-state NMR spectroscopy are investigated.
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Table 2 Glass transition temperature and volume mean particle 350 —PBA C7 XPBA C6 +PBA C5 OPBA C4
diameter for PBA APBA C3 ©PBA C2 OPBA C1
300 0
Specimen Grass transition temperature Volume mean particle
Tg [°C] diameter [nm] 250
O o
PBA —-47 75 N 200
z O o o
g O
2 150
Specifically, the relationship between the local motions of a 100
polymer in a dispersoid and the resolution of latex-state NMR > o
spectroscopy is examined. . 8 A X o o o
La 8 § § & g 2
320 325 330 335 340 345 350 355

Experimental
Material

The monomer, surfactant, and initiator were butyl acrylate
(Tokyo Chemical Industry), sodium dodecyl sulfate, and
ammonium persulfate (Kishida Reagent Chemical), re-
spectively. The samples were prepared by emulsion poly-
merization of butyl acrylate in deionized water in the
presence of sodium dodecyl sulfate. Butyl acrylate was
used as received. The emulsion polymerization of butyl
acrylate (0.56 mol/L) was performed with ammonium per-
sulfate (1.5 % 107> mol/L) in 220 mL deionized water in
the presence of sodium dodecyl sulfate at 80 °C for 2 h.
The unreacted monomer was removed with a rotary evap-
orator under a reduced pressure at 80 °C for 1 h. The total
solid content and surfactant concentration were adjusted
to 10 w/w% and 0.2 w/w%, respectively (Fig. 1).

Temperature / K

Fig. 4 Temperature dependence of the half width for PBA latex

Characterization

Solution-state and latex-state NMR spectra were measured
with a JEOL JNM FT-NMR AL400 spectrometer operating
at 399.7 and 100.4 MHz for 'H and "°C, respectively. For
the solution-state NMR measurements, dried PBA was dis-
solved into chloroform-d (Nacalai Tesque) without
tetramethylsilane (TMS), whereas PBA latex with deuteri-
um oxide (Nacalai Tesque) was used without further treat-
ment for the latex-state NMR measurements. The NMR
measurements were performed at a pulse width of 30°
(5 psec) and pulse repetition time of 5.0 s, and a number
of scans, thus applied, was 1000. Measurement of spin-spin
relaxation time (7,) was performed by pulse sequenced
CPMG with pulse repetition time of 6.2 s at a pulse width
of 90° (PW1) and 180° (PW2) and a relaxation delay of

Fig. 3 Latex-state *C-NMR —C1—c24— cs <7
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Fig. 5 Master curve of the half width superimposed with(7-Tx) for PBA 0 100 200 300 400
T-Ty

5.000 s. The measurement was carried out by using 32,768

data point at 323-363 K. Differential scanning calorimetry

(DSC) measurements were performed with an SII Nano
Technology DSC7020 differential scanning calorimeter
over a temperature range of — 150 to 150 °C at the heating
rate of 10 °C. The samples (~ 10 mg) were encapsulated in
an aluminum pan. The glass transition temperature, 7y, of
the sample was determined from the inflection point in the

DSC curve. The particle size was measured with a Coulter
LS230 Laser Diffraction particle size analyzer. PBA latex
was dispersed in a sodium dodecyl sulfate solution (0.1 w/
w%) to obtain latex samples with DRC ~3 w/w%.

Results and discussion

Figure 2a, b shows the "?*C-NMR spectra for PBA latex at
353 K in the latex-state and solution-state NMR spectra,
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Fig. 7 Master curve of the half width superimposed with 7-Tx for PBA
after determining the 7 for C5, C6, and C7

respectively. The '>C-NMR spectrum for PBA has seven sig-
nals at 35, 41, 174, 64, 30, 19, and 14 ppm, which were
previously assigned to C1, C2, C3, C4, C5, C6, and C7 of
the butyl acrylate units [15—17]. The values of half width of
the signals in the latex-state '*C-NMR spectrum for PBA are
similar to those in the solution-state '>C-NMR spectrum
(Table 1). The narrow half width of the signals in the latex-
state '*C-NMR spectrum for PBA may imply that a high res-
olution is achieved by not only the active motion of PBA but
also by the rotational movement of the dispersoid since PBA
in the dispersoid is in the solid state. Table 2 shows the value
of the glass transition temperature, 7, and the volume mean
particle diameter for PBA.
To investigate the effect of active motion of PBA and
the rotational movement of the dispersoid more precisely,

® €)@ (@

0.03

a/um

Fig. 6 Master curve of the half width superimposed with 7-Tx for PBA Fig. 8 Particle size distribution of PBA latex. Average particle size is (a)
before determining T for C5, C6, and C7

78 nm, (b) 150 nm, (c) 212 nm, (d) 250 nm, and (e) 300 nm
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Fig. 9 T, versus the average particle size for PBA latex

we focused on the half width of PBA latex. Figure 3
shows the latex-state '*C-NMR spectra for PBA at vari-
ous temperatures (323, 333, 343, and 353 K). At 323 K,
the signals of C1, C2, and C3 are very broad. This may be
due to the reduced motions of PBA and the slow rotation-
al movements of the dispersoid. These signals narrow as
temperature increases. For example, the value of the half
width of C7 decreases from 6 to 3 Hz as the temperature
rises from 323 to 353 K. In addition, the value of the C3
signal decreases from 40 to 20 Hz. However, there is a
difference in the absolute value of the half width between
the C7 and C3; the value of the half width of C3 is much
larger than that of C7.

Figure 4 shows the temperature dependence of the half
width for PBA latex. A higher temperature results in a lower
half width value. The value of the half width of the C7 signal
is the lowest among the carbons, whereas that of the C1 is the
highest. This may be due to the difference in the local molec-
ular motion of PBA.
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Fig. 10 T versus reciprocal 7,,, for PBA latex
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Fig. 11 Master curve of the half width superimposed with 7-Tx for PBA
with a volume mean particle diameter of 300 nm

In the terms of the relationship between the relaxation time
and the molecular motion, the spin-spin relaxation time, 75,
depends on the correlation time of the motion. Therefore, the
difference in 7, may originate from the difference in local
molecular motions. In other words, the difference in the half
width may reflect a change in the local molecular motion. The
local molecular motion is usually associated with the relaxa-
tion temperatures, which are determined by dielectric constant
measurements. For instance, the « relaxation is related to the
micro-Brownian motion of the main chain, (3-relaxation is
related to the local bending motion of the main chain, and y-
relaxation is related to the motion of the pendant group.
Figure 5 plots the reciprocal half width versus reciprocal (7-
Tx) !, where T is the characteristic temperature. According
to the literature, 7, = 240 K, T3 = 155K, and 7, = 142 K. The
values of the half width of the C1, C2, C3, and C4 signals are
well superimposed by Ty, T, and T, whereas those of C5,
C6, and C7 are not. This may due to the incorrect selection of
Tx for C5, C6, and C7. Therefore, we assumed 7x =0 K for
C6 and C7 signals and removed the data for C5 to obtain the
master curve for the reciprocal half width versus reciprocal (7-
Ty)"'. However, we are concerned about the ambiguity of the
fitting procedure.

Table 3  Determined reference temperature, 7'
PBA 70 nm PBA 300 nm

C7 272 7.1

C6 64.4 62.5

C5 91.3 89.7

c4 140 140

C3 157 157

C2 240 240

Cl1 240 240
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We reconsidered the relationship between 7, and the mo-
lecular motion since a linear relationship could not be obtain-
ed in a semi-logarithmic plot of 7, versus reciprocal (7-T).
We assumed that 7, is related to the molecular motion, where
the molecular motion is proportional to (7-Tx). Figure 6 plots
the half width of the latex-state '>C-NMR spectra for PBA
latex versus (7-Tx). Using the literature values of T, T§,
and T, for C1, C2, C3, and C4, the reciprocal half width is
proportional to (7-T%). However, the reciprocal half widths for
C5, C6, and C7 deviate from the linear regression line.
Therefore, we tried to use Tx as the fitting parameter. 7 for
C5, C6, and C7 were determined by superimposing the half
width against the temperature.

Figure 7 plots the master curve of the half width and 7,
versus T-Tx for PBA after determining 7 for the C5, C6, and
C7 signals. The values are 75 = 63 K for C5, Te =21 K for C6
and 7; =4 K for C7. In the previous work, the motion of the
pendant group is regarded as one relaxation mode. However,
in the present work, we successfully analyzed various relaxa-
tion modes. We believe that this is an advantage of latex-state
NMR spectroscopy.

Figure 8 shows the particle size distribution of PBA latexes
with an average particle size of (a) 78 nm, (b) 150 nm, (c)
210 nm, (d) 250 nm, and (e) 300 nm. Each latex provides a
uniform symmetrical distribution.

Figure 9 shows the 7, versus the volume mean particle
diameter for PBA latexes. The smaller the dispersoid, the lon-
ger the spin-spin relaxation time. This implies that latex with a
smaller dispersoid provides a higher resolution NMR spec-
trum. The rotational movement of the dispersoid is expressed
as Eq. (1).

37K,
 dmnad

(Trot)71 (1)

where, kg, Boltzmann constant; 7, circular constant; 7, viscos-
ity of water; and a, particle radius.

Figure 10 plots 7, versus reciprocal, Ty, for PBA latex. 75 is
linearly proportional to T,. The higher the T, value, the longer
T, confirming that 7, depends upon the rotational movement
of the dispersoid. The dependence is much stronger for C7 and
C6, which are the terminal units of the pendant group.

Figure 11 plots the half width of the latex-state '*C-NMR
spectra for PBA latex versus 7-Tx. Latex with a volume
mean particle diameter of 300 nm yields a similar linear line.
Table 3 summarizes the determined values at the reference
temperature, 7. Both the volume mean particle diameters
give similar results, demonstrating that the molecular mo-
tions of the polymer are independent of the particle size,
although the absolute values of the half width depend on
the particle size. This is strong evidence that latex-state
NMR spectroscopy effectively investigates the local molec-
ular motions of vinyl polymers.

@ Springer

Conclusion

The half width depends upon the temperature and the particle
size. The half width and the spin-spin relaxation time, 75, for
PBA are superimposed onto the master curve with the refer-
ence temperature, T, which is independent of the particle
size. The resolution and relaxation time of the latex-state
BC-NMR spectrum for PBA are associated with the local
motions of the polymer in the dispersoid. This study demon-
strates that latex-state NMR spectroscopy is a powerful tech-
nique to investigate the molecular motions of a polymer.
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