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Abstract

Aggregation behavior of polf{,N-diethylacrylamide) (PDEA) in dilute agueous solution has been studied by using the static and dynamic
light scattering. It has been demonstrated that PDEA is not molecularly dissolved in water but forms molecular aggregates below the cloud
point in one phase region. The association number of aggregates is of the order of 100, and the aggregate is suggested to be like a swoller
micro-gel. The aggregation does not come from difficulty of dissolving a frozen structure in solid state, but the aggregates are also formed in
solution starting from aggregation-free state by changing the solvent quality. The detailed aggregate size and structure depend on the
dissolution process of the solid sample in making the solution. Once the aggregate is formed, it is stable, and does not change its association

number and dimension for a long time. But, the association number may change with temperature and depends on therngaR3@ory.
Elsevier Science Ltd. All rights reserved.
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1. Introduction found that PDEA is not molecularly dispersed but forms
aggregates in water. In this study, we investigate detailed

N-substituted acrylamide polymers have attracted much aqueous solution properties of PDEA by static and dynamic
attention as water soluble polymers from both scientific and light scattering to reveal the aggregation behavior of PDEA
practical interests [1—11]. Especially, solution and gel prop- in water.
erties of polyN-isopropylacrylamide) have been investi-
gated most extensively [3—11]. Recently, attention has
also been paid for poli{;N-diethylacrylamide) (PDEA) as
a water soluble polymer, which becomes insoluble above
room temperature [12—14]. ldziak et al. have reported that
the cloud point of PDEA aqueous solution is about@5
depending on the heating rate [12], while Freitag et al. have
found that the cloud point depends on polymerization
method of PDEA [13]. On the other hand, llavsky and
coworkers have investigated PDEA gels by various experi-
mental techniques, and demonstrated that the gels ar
temperature-sensitive [15-18].

In these previous studies, it has been presumed that th
PDEA is molecularly dissolved in water. However, to our
knowledge, properties of PDEA aqueous solution have not
been studied extensively as yet, and it has not been
confirmed experimentally whether PDEA molecules are
molecularly dispersed in water or not.

Recently, by means of light scattering technique, we have

2. Experiments
2.1. Materials

PDEAs were prepared by anionic polymerization
with two different initiators. One has a diphenyl
group at the chain end, denoted as f-PDEA, and the
other has no diphenyl group, denoted as n-PDEA.
eTheir chemical structures and molecular weights are
shown in Fig. 1 and listed in Table 1, respectively.
eThe tacticity in triad level was measured by’C
nuclear magnetic resonance [19] to ben= 7% mr =
89% and rr = 4% for f-PDEA, andmm= 11% mr =
83% and rr = 6% for n-PDEA. The results show that
the tacticities of both samples are heterotactic, not
obeying the Bernoullian statistics. The cloud points of
f-PDEA and n-PDEA agueous solutions are around 30
and 38C, respectively.

* Corresponding author. Tel.-+ 81-3-5734-2132; fax:+ 81-3-5734- Water was de-ionized and then filtered by Milli-Q Jr.
2888. (Millipore Co.) before use. The resistivity of the water
E-mail addresstnose@polymer.titech.ac.jp (T. Nose). was kept at about 18.3 Qicm.
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Fig. 1. Chemical structures of f-PDEA and n-PDEA samples.

2.2. Light scattering measurements
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incident beam in vacuum. The concentratidiis in weight

per volume of solutionKC/R,,(0) and (initial slope) are the
intercept and the initial slope 8fC/R,(6) vs sirf(6/2) plots

at a finite concentration. The refractive index increment was
measured by a differential refractometer as a function of
temperaturd, and is described by the following equation:

(an/9C)/(ml/g) = 0.1905— 0.00064t/°C)

The apparent particle scattering facty,{q) was also
calculated by

Papp(Q) = Ry (/R (0) 3

where the momentum transfeq is given by q=
(4r/Ag)SIN(6/2).

The correlation function of the electric field obtained
from the auto-correlation function of the scattered light
intensity exhibited a unimodal decay and allowed us to
obtain the decay ratd” and the varianceu,/I'? by the
second-order cumulant method [21]. The diffusion coeffi-
cient, D, was calculated by = I/q? and then was extra-
polated toq=0, if D depended org; otherwise,D at
0 = 30° was regarded as those @t= 0. The obtainedD

The light scattering apparatus was a specially designedyas transformed to the hydrodynamic radiBs by the

one with an Ar-ion laser operating at the wavelength of

488 nm as the light source. The correlator used in the

dynamic light scattering was a Multiple-Tau Digital Corre-
lator, ALV-5000. The temperature was controlled within
+0.01°C. Details of the light scattering spectrometer have
been described elsewhere [20].

The excess Rayleigh ratR,(#) was calculated from the

Einstein—Stokes equation

kT

R. =
n 6mneD

4

wherek, T and no are the Boltzmann constant, absolute
temperature and solvent viscosity, respectively. Similar to
the static properties, we evaluated the hydrodynamic radius

measured excess scattered intensity as a function of theyjthout extrapolating to dilute limit, which is here referred

scattering angle. Since the extrapolation to the dilute

limit was not available because of aggregation, we have

evaluated the apparent molecular weiliht,,and apparent
radius of gyratiorRy,,,without the extrapolation, which are
defined as

Rw(0)
Muyapp = % D
3A3M,(initial slope
2 0
Rgapp = W167T2n2 (2)
where the constant K is given by K=

4m?n?(an/aC)%/(NaAS), with n being the refractive index
of the solvent, ) the Avogadro constant(on/oC) the
refractive index increment, andl, the wavelength of the

Table 1
Characteristics of PDEA samples

Sample code Mg2 My/M,2 Cloud point {C)°
f-PDEA 10 100 1.15 30
n-PDEA 11 000 1.10 38

2 Measured by SEC with DMF as solvent and poly(methyl methacrylate)
standards.
® Heating rate of 3C/min.

to as the apparent hydrodynamic radRig,,
2.3. Shear viscosity measurements

Shear viscosity ) of PDEA aqueous solution was
measured by the rolling ball method. The viscometer
consisted of a glass capillary tube of 1.8 mm inner diameter
and a bearing ball of 1.3 mm diameter. The temperature was
regulated at-0.05C in a water bath. The value of was
evaluated using the modified Sage’s relation. Details of the
measurements have been described elsewhere [22].

2.4. Preparation of sample solutions

Powder of PDEA was dissolved in water cooled in an ice
bath to make a stock aqueous solution of 0.3 wt%. The
solution was filtered through a Millipore filter of pore size
of 0.2um into a dust-free light scattering glass tube, and
then an appropriate amount of solvent water was filtered
directly into the tube to obtain the sample solution of desired
concentration. The sample glass tube was flame-sealed
under mild vacuum, and was left at room temperature for
one night to equilibrate the solution. For testing the effect of
freezing of aggregation in solid PDEA formed before disso-
lution, we also made a PDEA solution by using a good
solvent and subsequently replaced the good solvent with
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16 [t T T T T T T T indicate that both f-PDEA and n-PDEA form aggregate
00 with association numbers of the order of 100 irrespective
141 RIS of the presence of diphenyl end group. Similar results were
126 Ooo°° 1 obtained for the concentration ranging from 0.001 to
) o0 0.3 wt%, showing the formation of aggregates with similar
é 10 OooO° ] sizes even in a very dilute solution over the whole range of
E; c)ocf’ experimental concentration. It should be noted here that the
e 8 dpoo°° oo | guantitative results of light scattering change from solution
el .,.oo"' ] to solution prepared in different conditions, exhibiting poor
...0'" reproducibility, although the association number and the
al ....-'" ] dimension of aggregates have always the same orders of
magnitude. This suggests the possibility that there still
20 oi1 ofz ois 0f4‘ ojs ofe 0f7 o8 remains some aggregates formed in bulk before dissolving
) in water.
sin(6/2) In Table 3 are listed the apparent molecular weildht,,
Fig. 2. Zimm-type plots of scattered light intensity for: -PDE@9( and n- for PDEA in THF solution. The values are a couple of times
PDEA(O) aqueous solutions at 20. The concentration is 0.3 wt% for both  of those of unimers, indicating no appreciable formation of
f-PDEA and n-PDEA. aggregates in THF. Table 4 summarizes the light scattering

results for the PDEA aqueous solution prepared from the
water by the following procedure. First, PDEA was THF solution. My.,s are of the order of 10 indicating
dissolved in tetrahydrofurane (THF) to make a solution, the formation of aggregates with an association nhumber of
followed by adding water to the solution, and it was frac- the order of 100. The aggregates have the dimension of
tionally distilled under reduced pressure to make more about 100 nm. Therefore it is concluded that PDEA forms
concentrated but less THF content solution. Then we aggregates in aqueous solution from almost molecularly
added water again, and distilled the solvent. We repeateddispersed state, which haw,,,, similar to those of the
this process, and finally obtained a purely aqueous solution.aggregates formed in the directly prepared aqueous solution
No trace of THF was detected by gas chromatography. Thefrom the PDEA powder. The difference in dimension
obtained solution was further concentrated by evaporation between the differently prepared solutions is within the
to make the highest concentration in the present light scat-reproducibility observed in the solutions prepared directly.
tering experiments. Dilution with water was carried out in The aggregation observed is not due to incomplete dissolu-
the same manner as mentioned above to prepare sampléion process of bulk PDEA into water, but PDEA can form
solutions of the desired concentration. stable aggregates in pure water by intermolecular associa-

tions. To our knowledge, the presence of molecular associa-

tion in PDEA aqueous solution has not been reported before.

3. Results and discussion .
3.2. Time dependence of aggregates

3.1. Aggregations Fig. 3 shows changes in the scattered light intensity

[/1genzene WherelgenzenelS the scattered light intensity of pure
benzene for standard, at an angle of @éft axis) and in
Rnapp (right axis) with time at a fixed temperature of°20

No significant changes ifYlgenzene@nd Ryapp are found for

19 days. This indicates that the aggregates are stable in
solution showing no changes in the association number
and the dimension once they are formed.

Examples of angular dependencies of the scattered light
intensity for f-PDEA and n-PDEA aqueous solutions at
20°C are shown in Fig. 2 as Zimm-type plots, and apparent
molecular weights and radii of gyration evaluated from
these plots are listed in Table 2, along with the results of
dynamic light scatteringM,.p,s are more than 100 times
larger than those of the PDEA samples measured by size
exclusion chromatography (SEC) N,N-dimethylforma- 3.3. Temperature dependence of aggregates
mide (DMF), and the dimensions are several ten nm,
much larger than the expected dimensions of an isolated In Fig. 4 are ShowmM,app Ryapp@ndRyapp@s functions of
PDEA molecule called as unimer here. These results temperature for n-PDEA aqueous solution of 0.3 wt% under

Table 2

Numerical results of light scattering measurements for PDEA aqueous solutioriCat 20

Sample code Concentration (g/g) Muapp Ryapp (NM) Riapdnm) Ryapd Rnapp wall?
f-PDEA 336x 1072 37x10° 79 60 1.32 0.17

n-PDEA 333x10°° 1.4x10° 37 50 0.74 0.14




8684 M. Itakura et al. / Polymer 41 (2000) 8681-8687
Table 3 200 T T 100
Numerical results of the light scattering measurements for PDEA/THF
systems at 2T
1 98

Sample code Concentration (g/g) Muapp

150 [ o o
f-PDEA 103x 1072 32x10 {96 =
n-PDEA 104x 1072 42x10* § o ¢ H

100 [
repeated heating and cooling processes. Here the thermal 1 o2
history was as follows: the solution was first heated from
20 to 35C, standing at each experimental temperature for
2 h (run-1). The solution was opaque when the temperature 50 ———— ' ————— 90

reached at 3%, then it became transparent again by 0 5 10 15 20
annealing at 3% for 3 days. After confirming the trans- Time/day
parency, the solution was cooled down to°(203tand|ng Fig. 3. Time dependencies of the scattered light intengify,,ene(O) at

at each experimental temperature for 2 h (run-2). The last g = 3> andR,(®) at the fixed temperature of 2D for n-PDEA aqueous
run of heating (run-3) was performed after leaving the solution of 0.3 Wi% [genzencis the scattered light intensity of benzene for

solution at 20C overnight and subsequently the solution standard).
was heated in the same manner of run-1. In any temp-
erature-change processb,,, increases with increasing
temperature, and more sharply increases as the cloud poinstable and is not decomposed any more by temperature
was approached. On the other hand, with increasing change below the cloud point.
temperature, the dimension of aggregates, observed as Fig. 5 presents the temperature dependence of specific
Ryapp @nd Ryqpp decreases around D once and then  viscosity ng, = (n — mg)/mo, Where no and n are the
abruptly increases near the cloud point. This indicates the shear viscosity of solvent and solution, respectively,
occurrence of a slight shrinkage of the aggregation particle, for PDEA aqueous solution of 0.3 wt%. The tempera-
suggesting that the polymer chains forming the aggregateture dependence of)s, is complex but weaken up to
shrink owing to the decrease in the solvent quality with 35°C, where 5, starts increasing abruptly, immediately
increasing temperature. The decrease in the solvent qualityfollowed by non-smooth rolling of the steel ball in the
to PDEA chains eventually results in making the solution viscometer capillary, which may be a sign of appreci-
cloudy. able heterogeneity in the polymer solution. No indica-
It is noteworthy that the cloud point observed here is tion of phase separation was observed in viscosity lower
not an indication of the onset of usual phase separationthan 35C. This may support the above interpretation
since the cloudy solution becomes transparent again onfor the light scattering results. Decrease in, with
waiting for a long time at that temperature, but there the increase of temperature below°G0may be due
was no trace of precipitation observed with the solution to the shrinkage of aggregate, and the followed increase
still giving a high scattered light intensity. It turns out may come from increasing number of aggregates, the
that the associations of PDEA bringing about the very effect of which dominates that of the shrinkage.
large aggregates take place below and even near the Thermal history effects were also observed by giving
cloud point without showing the phase separation. other temperature history. An aqueous solution prepared
Therefore the association may not be related directly directly from the PDEA powder was kept atG and this
to the phase separation. solution was sometimes heated to 20%35and again
As seen in Fig. 4, the larger aggregates grow first by cooled to 8C for annealing. After this temperature history,
heating up to the cloud point, and they are not decomposedthe aggregation behavior was different from those
by cooling and further repeated heating, exhibiting an irre- mentioned above, where the shrinkage of aggregates near
versible change with temperature. That is, the structure of the cloud point was not observed.
aggregates once formed at higher temperatures is fairly It should be noted here again that the observed aggregates

Table 4

Numerical results of the light scattering measurements for the PDEA aqueous solutions prepared from the THF soli@on at 20
Sample code Concentration (g/g) Muapp Ryapp (NM) Rhapp (NM) Ryapd Ruapp wall?
f-PDEA 31x1073 19x10° 134 77 1.74 0.23
n-PDEA 32x10°3 32x10° 112 96 1.17 0.07
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- o B
80 o ° ® o 3.4. Structure of aggregates
o on 4 ggreg
. °©
£ P R ° -:oo & o‘f% Fig. 6 shows the observed particle scattering factors along
;§. 55 ° ﬁ‘.«} * with the theoretical ones for typical particle shapes. It is
¢ . &2 difficult, from this figure, to judge a likely particle shape
Coee since the experimental range Bf.,f is not wide enough
50 °Se ] and the possible presence of a particle size distribution. An
° example ofRy.,0-dependence of the diffusion coefficient,
" 1 . 1 . L . D, is shown in Fig. 7. Even in the range Bf,f < 1, D

increases slightly with increasirg reflecting the presence
20 22 24 26 28 30 32 34 36 of polydispersity of particle size. The anisotropy of the
Tempetarure /°C i
particle shape cannot be deduced from Byg,f-depen-
dence because of the limitée},,0 range and polydisper-

M sity. The polydispersity index,/I"? of dynamic scattering,
ol (c) ° 1 as listed in Table 2 for examples, ranges from 0.1 to 0.2,
o o° ° which is somewhat larger than those of the usual block-
l i&%%oo o e copoly_mer micelles formed ir_] a selective solvent. _
c . -o...:.g e In Fig. 8 are plotted the ratio ®RyapdRnapp another index
sg a8 | . AT for the parnclg shape, agalrMNapror the P_DEA agueous
& o solutions of different concentrations at different tempera-
a6 P ° ] tures. The index ranges from 1 to 1.5, and is almost a
oo constant value of about 1.2 at a largéy.ps. This value
a4 otqb% ° ] is larger than that for the solid sphere (0.774), comparable to
%%‘;59 that of the star-shaped polymer (1.1-1.5), and less than
32 T T T S those for a random-coil (1.5-1.8) and rod-like molecule

(5 at the thin and long limit) [23]. Considering that the
index is determined by the segment density distribution in
a particle, a likely structure of the aggregate is expected

Fig. 4. Changes of: (Ylapp (0) Ryaps and (C)RuappWith temperature forn- - from the index to be a sphere (or a slightly elongated one)
PDEA aqueous solutions of 0.3 wt% under repeated heating and cooling with a diffused surface boundary

processes() the first heating (run-1)®) cooling (run-2); ©) the second )
heating (run-3). Details of thermal history are described in the text.

20 22 24 26 28 30 32 34 36
Tempetarure /°C

To see the magnitude of segment density in the particle,
we evaluated the average segment density (or concentra-

are not the equilibrium ones, and the detailed behaviors of ion) ¢agyrin volume fraction by the following equation:
aggregates are not reproducible, but change from sample Muwapp

solution to sample solution, and depend on thermal histories Paggr = @n3)R, p)3N 5
of solution. Therefore, the above-mentioned behaviors are app’ VA polym

not observed always. Here, ppoym is the polymer density. The values ¢t
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Fig. 6. Particle scattering factors for n-PDEA aqueous solutions of different

concentrations as indicated, along with theoretical ones for some simple Fig- 8- Pl0ts 0fRgap/Ruapy againstMua, for n-PDEA aqueous solutions of
shapes. different concentrations at 20. Concentration: ¢), 0.07 wt%; @),

0.1 wt%; ©), 0.3 wt%.

thus calculated for aggregates formed under different condi-
tions are plotted againb,.,pin Fig. 9. The values are ofthe  the chain, but must be a specific pin-point interaction
order of 103, showing no systematic dependenceMip,, making segmental bondings acting as cross-linking points.
and being almost constant, about 0.002, at laldgg,s. The interaction possibly originates from an irregular micro-
These values are comparable to or a little smaller than structure of the polymer, such as stereo-regularity, which
those for the random-coil polymers in solution, for example, interplays with water and influences the solubility in
0.0041-0.014 for poly-isopropylacrylamide) with the  aqueous solution. Actually, it has been reported that the
molecular weight ranging from.33x 10° to 1.59x 1¢° solubility of N-substituted acrylamide polymers depends
[1,8]. on the stereo-regularity [19].

Summarizing the above discussion on the structure, we
can estimate the aggregate structure to be like a micro-gel
with low segment density, and the structures of larger aggre- 4. Conclusions
gates (at higheM,.,) are similar to each other, having
RyapdRnapp = 1.2 and ¢ragq, = 0.002

To form the aggregates with the above-estimated
structure before the cloud point shows up with increasing
attractive segment interactions, the interactions yielding the
associate should not be the ones uniformly distributed over

1. Poly(N,N-diethylacrylamide), irrespective of the
presence of diphenyl end groups, is not molecularly
dissolved in water, but forms aggregates in one-phase
aqueous solution below the cloud point.

0.01 LA B RS AL AL
10" .
[e]
- o ® g [}
Ng [ ] ° N o © o
(=] N AOAOOA °
(o)
o®
0001 | | 1 ! L
0 1x106 2x106 3x106 4x106 5x106 6x108
-12 1
10 o 1 Muapp
qu Fig. 9. The values o,y calculated by Eq. (5) plotted as a function of

Muapp fOr aggregates in n-PDEA aqueous solution atfrmed under
various conditions. Concentration), 0.07 wt%; (1), 0.1 wt%; ©),
0.3 wt%.

Fig. 7. Ryapf-dependency of diffusion coefficierd, for n-PDEA aqueous
solution of 0.3 wt% at 2@C.
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