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Abstract

Static light scattering behavior was examined for poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO) of small
weight-average molecular weight M,, (3 x 10°—2 x 10%), in methanol and water at 25.0 °C, the former polymer having
hydroxy groups at both ends and the latter having a methoxy group at one end and a hydroxy group at the other. It was found
that some aggregates of large size are formed in aqueous solutions of the PEO samples with M,, = 3.81 x 10* and 7.00 x
103, while all PEG and PEO samples are isolated in methanol solutions, and the PEG samples and the PEO sample of the
largest M,, (=1.60 x 10%) are also isolated even in the aqueous solutions. From the results of dynamic light scattering
measurements for the aqueous solution of the PEO sample with M, = 3.81 X 10% at 25.0 °C, there were detected two classes
of scatterers having different sizes, i.e., the isolated chains and aggregates, the apparent hydrodynamic radius of the latter

being ca. twenty times as large as that of the former.

Introduction

As is well known, polyoxyethylene (POE) is a typical
nonionic water-soluble polymer at room temperature.
Usually, POE having hydroxy groups at both chain ends is
called poly(ethylene glycol) (PEG) and that having a
methoxy group at one end and a hydroxy group at the other
is called poly(ethylene oxide) (PEO). The difference in the
one end group between PEG and PEO is immaterial for
their dilute aqueous solution behavior if their molecular
weight M is very large [1-3].

We have previously studied aqueous solution behavior of
linear and random-branched poly(N-isopropylacrylamide)
(PNIPA) having a hydrophobic diphenylmethyl group at
one chain end and an isobutyronitrile group at almost every
end, respectively [4]. Aqueous PNIPA solutions are
apparently transparent at room temperature and become
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turbid above the cloud point near human body temperature,
like as the lower-critical-solution-temperature miscibility
behavior, although it is highly doubtful that the cloud-point
curve in the aqueous PNIPA solutions directly corresponds
to the binodal [4]. It has been shown for both linear and
branched PNIPA of M ~10* that there exist some aggre-
gates of PNIPA in aqueous solutions even at temperatures
below the cloud point. Such aggregations may be regarded
as arising from the hydrophobic chain ends and therefore
are enhanced with decreasing M. It may be expected that
this is also the case with PEO with the hydrophobic meth-
oxy chain end in aqueous solution if its M becomes small.

In the present study, we therefore carry out static light
scattering (SLS) measurements for both PEG and PEO of
small M in water and also methanol at 25.0 °C. First, we
determine the weight-average molecular weight M, along
with the second virial coefficient A, of PEG and PEO
samples in methanol (good solvent). Then, the SLS beha-
vior for PEG and PEO in water is compared with that in
methanol. In anticipation of the results, it is found from the
comparison that aggregates of large size are formed only for
PEO with small M,, in water. Finally, dynamic light scat-
tering (DLS) measurements are carried out for the aqueous
PEO solution to examine the aggregation behavior, in some
detail.
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Experimental procedure
Materials

Two PEG and three PEO test samples were used in this
study. Each PEG test sample was the fraction separated by
fractional precipitation using benzene as a solvent and
isooctane as a precipitant from the commercial samples,
Poly(ethylene glycol) average Mn 3,350 powder supplied
by Sigma-Aldrich, Co. LLC (St. Louis, MO, USA) and
Polyethylene Glycol 20,000 supplied by Wako Pure Che-
mical Industries, Ltd. (Osaka, Japan), respectively, with
preliminary purification by reprecipitation from benzene
solutions into n-hexane. The two of the PEO test samples
were the fractions separated from the commercial samples
P4109-EGOCH3 and P6274-EGOCH3, respectively, sup-
plied by Polymer Source Inc. (Montreal, Quebec, Canada)
with the preliminary purification, in the same manner as in
the case of the PEG samples. The commercial PEO sample
P4358-EGOCH3 supplied by Polymer Source, Inc. with the
preliminary purification was adopted as the remaining PEO
test sample. All of the test samples were freeze-dried from
their benzene solutions after filtration through a Teflon
membrane (Sumitomo Electric Industries, Ltd., Osaka,
Japan) of pore size 1.0 pm. The samples were dried in a
vacuum at ca. 50 °C for 12 h just before use.

In the first column of Table 1 are given the codes of all
the samples so prepared. The values of the ratio of My, to the
number-average molecular weight M, were determined
from analytical gel permeation chromatography with a
Shodex OHpak SB-804 HQ column (Showa Denko KK,
Tokyo, Japan) connected to a PU-980 solvent delivery
pump (JASCO Corporation, Tokyo, Japan) and a RI-8000
refractive index detector (Tosoh Corporation, Tokyo, Japan)
using 0.2 M aqueous NaNOj; solution as an eluent and
seven standard POE samples (M, =62—2.52 X 10°) as
reference standards. The M, /M, values so determined are
1.09, ].11, ].09, ].09, and ]35 for PEG3, PEGZ], PEO4,
PEQ7, and PEO16, respectively. We note that the chemical
structures of PEG3 and PEO4 were confirmed by 'H

Table 1 Results of LS measurements for poly(ethylene glycol) and
poly(ethylene oxide) in methanol and water at 25.0 °C

Sample In methanol at 25.0 °C In water at 25.0 °C

103 M,, 10°A, ()% (nm)

(cm® mol/gz)

1073 M, 10°4,
(em® mol/gz)

PEG3 346 1.9, 351 2.9
PEG21 21.2 1.25 216 1.6,
PEO4 381 1.9, 338 0.5 40.
PEO7  7.00 1.4 1.6 1.1, 17.4
PEO16 16.0 1.2, 168 1.6
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nuclear magnetic resonance measurements in CDCl; at
room temperature using an EX-400 spectrometer (JEOL,
Ltd., Tokyo, Japan) at 399.8 MHz (details are omitted for
simplicity).

Methanol for SLS measurements was purified by dis-
tillation after refluxing over calcium hydride for ca. 6 h.
Water used for SLS and DLS measurements was highly
purified through a Simpli Lab water purification system of
Merck Millipore, Co. (Billerica, MA, USA), its resistivity
being 18.2 MQ cm.

Static light scattering

SLS measurements were carried out for all PEG and PEO
samples in both methanol and water at 25.0 °C, and M,, and
A, were determined for each sample in both solvents. We
note that only for PEO4 and PEO7 in water, it was possible
to determine the mean-square radius of gyration <S2>
because of the existence of aggregates of large size, as
described later. A Fica 50 light-scattering photometer (Saint
Denis, France) was used for all the measurements with
vertically polarized incident light of wavelength 1o =436
nm. To calibrate the apparatus, the intensity of light scat-
tered from pure benzene was measured at 25.0°C at a
scattering angle of 90°, where the Rayleigh ratio Ry,(90°)
of pure benzene was taken as 46.5 x 10~ %cm™! [5]. The
depolarization ratio p, of pure benzene at 25.0 °C was
determined to be 0.41 +0.01. Scattered intensity was
measured at six different concentrations and at scattering
angles 6 ranging from 30 to 142.5°, and then was converted
to the excess unpolarized components ARy, of the reduced
scattered intensity by using the scattered intensity from the
solvents. The obtained data were treated by using the Berry
square-root plot [6]. For all samples, corrections for optical
anisotropy were unnecessary since the degree of depolar-
ization was negligibly small.

The most concentrated methanol and aqueous solutions
of each sample were prepared gravimetrically and made
homogeneous by continuous stirring at room temperature
for 2 days, with preliminary stirring at 50 °C for 1 h for the
methanol solutions. Almost all the methanol and aqueous
solutions were optically purified by filtration through two
layers of a Teflon membrane (Sumitomo Electric Industries,
Ltd.) of pore size 0.10 pm and those of a poly(vinylidene
difluoride) membrane (Merck Millipore, Co.) of pore size
0.10 pm, respectively, except for the methanol solutions of
PEG21 and PEO16 which were purified by filtration
through only the (single) Teflon membrane of pore size
0.10 pm. The solutions of lower concentrations were
obtained by successive dilution. The weight concentrations
of the test solutions were converted to the polymer mass
concentrations ¢ using the densities py of methanol and
water. For p, of methanol and water at 25.0 °C, we used the
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literature values 0.7866 g/cm3 [7] and 0.99704 g/c:m3 [8],
respectively.

The refractive index increment on/Oc was measured at
the wavelength of 436 nm using a differential refractometer
DR-1 (Shimadzu, Co., Kyoto, Japan). The values of on/0c
in methanol at 25.0 °C were determined to be 0.148, 0.150,
0.152, 0.151, and 0.151 cm*g for the samples PEG3,
PEG21, PEO4, PEO7, and PEOL16, respectively, and those
in water at 25.0 °C were 0.138, 0.139, 0.139, 0.139, and
0.140 cm*/g for the respective samples in the same order.

For the refractive index n, of methanol and water at 25.0
°C and at the wavelength of 436 nm, we used the literature
values 1.3337 and 1.3390, respectively [7].

Dynamic light scattering

DLS measurements were carried out for the aqueous solu-
tion of the sample PEO4 at 25.0 °C, which was found in the
SLS measurements described above to form aggregates. For
the DLS measurements, a BI-200SM light scattering goni-
ometer (Brookhaven Instruments, Co., New York, USA)
was used with vertically polarized incident light of 1y =
532 nm from a Millenia Pro 2s Nd:YVO, laser (Spectra-
Physics, Inc., Santa Clara, CA, USA). The photomultiplier
tube used was a 9893B/350 model (EMI Group, Ltd.,
London, UK), whose output was processed by a BI-9000AT
Digital Correlator (Brookhaven Instruments, Co.). An
electric shutter was attached to the original detector align-
ment to automatically monitor the dark count. The nor-
malized autocorrelation function g®(¢) of the scattered light
intensity /() at time ¢ along with the time-averaged intensity
I were measured for the aqueous solution at € ranging from
20 to 120°. To calibrate the apparatus, which is necessary
for an evaluation of ARy, from I for each aqueous solution,
T was also measured for pure toluene at 25.0 °C and at 6 =
90°, where Ryy(90°) of pure toluene was taken as
274 x 10 %cm™! [9].

The aqueous solutions of ¢=1.01x10"% and
1.92 x 1072 g/cm® were prepared in the same manner as in
the case of the SLS measurements. The value of n of water
at Ap=1532nm and at 25.0 °C was estimated to be 1.3345
by a linear interpolation of the plot of n( against A 2 with
the literature values [7] 1.3390 and 1.3340 of ny of water at
25.0 °C and at Ay =436 and 546 nm, respectively. We used
the value 0.890 cP of the viscosity coefficient 7, of water at
25.0°C [10]. For later use, the viscosity coefficient  was
determined for the aqueous solutions of the sample PEO4 at
c=1.01x10"2 and 1.92 x 10~ 2g/cm® and at 25.0 °C by
the use of a capillary viscometer with the use of the above-
mentioned value of #y of water at the temperature. The
values of 7 so determined are 1.01 and 1.13cP for the
solutions with ¢=1.01 x 107 and 1.92 x 1072 g/cm®,
respectively.
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Fig. 1 Plots of (ZKC/ARUV)k o (pip up) and (2Kc/ARUV) "o (pip
down) against ¢ and K, respectively, for the PEG samples PEG3 and
PEG21 in water (©) and methanol (®) at 25.0 °C

Results and discussion
Static light scattering

The data of ARy, so obtained for each solution were treated
by using the Berry square-root plot [6] in the form of (2Kc¢/
ARy,)'”, where K is the optical constant defined by

277 nt (on
AN, X (86) m
0iYA

with N, the Avogadro constant. The plots of (2Kc/ARy,)'"?
against ¢ and the square of the magnitude k of the scattering
vector, defined by k = (4zng/ly) sin(6/2), for each solution
followed by the corresponding straight lines, and then, may
be extrapolated to k=0 and ¢ = 0, respectively, to evaluate
the corresponding limiting values (2Kc/ARyy), 12 o as a
function of ¢ and (2Kc/ ARUV)C/ , as a function of k (or k%).

Figure 1 shows plots of (2Kc¢/ARuy) L 12 (pip up) and
(2Kc/ ARUV)L o (pip down) against ¢ and k2 respectively,
for PEG3 and PEG21 in water (unfilled circle) and metha-
nol (filled circle) at 25.0 °C. For each sample in both sol-
vents, the two kinds of plots follow the corresponding
straight lines in the ranges of ¢ and k* examined and may be
extrapolated to obtain the common intercept. The weight-
average molecular weight M,, and second virial coefficient
A, may then be determined from the common intercept and

SPRINGERNATURE
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the slope of the line for the plots of (2Kc/ARyy) ,](/: 20 against
¢, respectively. The values of M,, and A, so determined are
given in the second and third columns, respectively, of
Table 1 for the methanol solutions and in the fourth and fifth
columns, respectively, of the table for the aqueous solu-
tions. We note that the mean-square radius of gyration <SZ>
could not be precisely determined since there is no appre-
ciable dependence of (2Kc/ ARUV)iL 20 on k.

The value of A, for each sample in water is definitely
larger than that in methanol, indicating that water may be
regarded as a better solvent than methanol for the PEG
samples. For each sample, both the M,, values in water and
methanol agree well with each other within experimental
errors. This fact along with the weak dependence of
(2Kc/ARy,)2 on k indicates that PEG3 and PEG21 are
isolated in both water and methanol at 25.0 °C, similar to
the case of PEG and/or PEO with large M, as mentioned in
Introduction [1-3].

Figure 2 shows similar plots for PEO4, PEO7, and
PEO16 in water (unfilled circle) and methanol (filled circle)
at 25.0 °C. The behavior of the plots for all of the samples in
methanol and PEO16 in water is essentially same as that for
the PEG samples. For PEO4 and PEO7, however, the
common intercept for the aqueous solutions is appreciably
smaller than that for the methanol solutions and the data of

(2KC/ARUV)iL 20 follow the straight line of definitely
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Fig. 2 Plots of (2Kc/ARuy);% (pip up) and (2Kc/ARy,)'% (pip
down) against ¢ and K, respectively, for the PEO samples PEO4,
PEO7, and PEO16 in water (©) and methanol (®) at 25.0 °C
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positive slope. The values of M, and A, determined in the
same manner as in the case of the PEG samples are given in
the second and third columns, respectively, of Table 1 for
the methanol solutions and in the fourth and fifth columns,
respectively, of the table for the aqueous solutions. In the
sixth column of the table, there are also given the values of
<SZ>I/ ® estimated from the slope of the plots of
(2Kc/ ARUV)LL.L 20 against k* for PEO4 and PEO7 in water.

The values of M, for PEO4 and PEO7 in water are much
larger than those in methanol, while the values of M, for
PEO16 in water and methanol agree fairly with each other.
[Strictly, the value in water is slightly (5%) larger than that
in methanol.] This fact along with the dependence of
(2Kc/ ARUV)iL 20 on k clearly indicates that there exist some
aggregates of large size, in addition to isolated PEO chains,
in the aqueous solutions of PEO4 and PEO7 at 25.0 °C.

Dynamic light scattering

In the last section, it was shown that some aggregates of
large size are formed in the aqueous solutions of the sam-
ples PEO4 and PEO7 at 25.0 °C, while all PEG and PEO
samples are isolated in methanol, and the PEG samples and
the PEO sample of the largest M,, (PEO16) are also isolated
even in water. We then pursue further the aggregation
behavior of PEO in water on the basis of the results of DLS
measurements for the aqueous solution of the sample PEO4,
which exhibits the most remarkable aggregation behavior as
seen in the SLS results (Fig. 2).

Figure 3, as a typical example, shows plots of
[g®(1) — 11'"% against the logarithm of ¢ at @ =20° and ¢ =
1.92 x 102 g/cm® for the sample PEO4 in water at 25.0 °C.
The unfilled circles represent the experimental data, and the

0.9 T T T T T T 0.06

g%mn-1"
AT, k)

0.02

log (1 / sec), log (7/ sec)

Fig. 3 Plots of [g®(f) — 1] against the logarithm of ¢ and those of A
(7, k) against the logarithm of 7 at @ =20° and ¢ = 1.92 x 1072 g/cm®
for the sample PEO4 in water at 25.0°C. The unfilled circles
represent the experimental values and the solid curves connect
smoothly the data points. The dotted and dashed curves represent the
values of the contributions of the fast and slow modes, respectively, to
[g®() — 11" (see text)
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solid curve connects the data smoothly. The data do not 18 L@ ' ; .
seem to follow a single exponential decay. This is also the 1:6 B . I
case with the data in the whole range of @ examined for both 1.4 FoP00o— d
c=1.01 x 1072 and 1.92 x 1072 g/em®. 12k
As in a previous study [4], by the use of the FORTRAN =410
program package CONTIN [11], we decomposed Y . o 1 8
[g®(r) — 11'% at a given k into a series of exponential-decay 2 * e * 90 z
functions as follows, Ng | ;L §,
" : : =
) V2N —i/7 EREIC) :
g2 —1] =Y Al ke, @ 2 |
i=1 % 1~4 [oooo © o . ° %
where 7; (i=1, 2, ..., ny is the ith relaxation time and A(z;, L2 110
k) is the amplitude of the ith component ¢~*/%, the latter 1
quantity as a function of the relaxation time 7 having the  eeter o . 16
meaning of the distribution of 7. In practice, we adopted ny * . ° 14
=150 and distributed z; at regular intervals in the loga- 42
rithmic scale over the range from 1 ps to Is. 0 0 '25 0'5 075
In Fig. 3, the data of A(z, k) so obtained, corresponding ' 107152 (™) ' '

to the data of [g®(r) — 1]"? described above, are also
plotted against the logarithm of 7z, represented by the
unfilled circles with the solid curve connecting them
smoothly. The quantity A(z, k) as a function of 7 is clearly
bimodal, indicating that there are two classes of scatterers
with different sizes. The class with larger = (:10*3 -1072 S)
may be considered to be large aggregates, and the other
class (r= 10741073 s) seems to correspond to isolated
PEO chains. Such behavior of A(z, k) was observed over the
whole range of @ examined for both ¢ =1.01 x 107> and
1.92 x 1072 g/em®. It is seen that there exists a threshold
value of = which divides the distribution of A(z,k) into two
modes: one is called the fast mode, which is a set of
relaxation times (z;) smaller than the threshold value, and
the other is called the slow mode otherwise. We may then
calculate [g? (1) — 1];/2 for the @ modes (a = fast, slow)
using 7; and A(z;, k) belonging to the @ mode as follows,

1/2

520 -1] "=

a

Z A(zi, k)e "% (a = fast, slow).

T;€amode

(3)
In Fig. 3, the values of [g?(r) — IL{a/i and [g?(r) — 1]:1{)2w
are also plotted against the logarithm of ¢, represented by the
dotted and dashed curves, respectively. The decay of [g(r)
— 11" itself seems to be well reproduced by the summation
of [¢(1) — 1]/ and [¢®)(r) ~ 1]

Now, assuming that the solution includes only a small
amount of aggregates, interactions between them may be
neglected, and the lifetime of each aggregate is much longer
than its translational relaxation time, the mutual diffusion
coefficient Dy, of the isolated chains and z-average trans-
lational diffusion coefficient Dy, of the aggregates may be

Fig. 4 Plots of [',/k* against k° for the sample PEO4 in water at 25.0 °C
with ¢ =1.01 x 1072 (a) and 1.92 x 1072 g/cm3 (b). The unfilled and
filled circles represent the experimental values of I“fast/k2 and Fslowlkz,
respectively. The solid horizontal line segments represent the corre-
sponding mean of the T'/k> values in the range of 6 from 20° to 40°

given by [9]

D, = /PE(I) I, /k* (a = fast, slow) (4)
with
Ta= Y 7 'A(ti,k)/ > Az k)(a = fast, slow).
7;€amode 7;€amode
(5)

Figure 4 shows plots of the values of I',/k> against k° for the
sample PEO4 in water at 25.0 °C with ¢ =1.01 X 1072 (a)
and 1.92 x 102 g/cm® (b). The unfilled and filled circles
represent the values of Ths/k* and Tgou/k®, respectively.
The mean of T a/kz in the range of € from 20° to 40°,
indicated by the solid horizontal line segment, was adopted
as the limiting value of I,/k* in the limit of k > 0 or D, for
each case, although the data points of Cyow/k> for ¢=
1.01 x 1072 g/cm® are somewhat scattered. The values of
Dr, S0 evaluated are 1.47 x 107% and 1.4¢ x 107 cm?s for
c=1.01 x 1072 and 1.92 x 1072 g/em®, respectively, and
also, those of Dy, are estimated to be 7.3g x 1078 and
5.5, x 107 cm?s for c=1.01 x 107 and 1.92 x 1072 g/
cm®, respectively.

From the values of D, so obtained, we define the
apparent hydrodynamic radius Ry, (at finite concentra-
tion) as follows,

Ry apa = kT /671,D, (a = fast, slow), (6)

SPRINGERNATURE
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Table 2 Values of Ry, (@ = fast, slow), <S2>:1/ zslow, and pyp giow at

finite mass concentration ¢ for the sample PEO4 1n water at 25.0 °C

1/2
102 c RH,ap,fasl RH,ap,slow <S2>ag,slow (nm) Pap,slow
(g/em?) (nm) (nm)
1.01 1.6; 295 29.¢ 1.0,
1.92 1.65 34 29, 0.83,

where 7, and 74, are the viscosity coefficients of fluids
around the isolated chains and aggregates. The coefficients
Nast and 7g0w may be set equal to the solvent viscosity
coefficient 5, and solution viscosity coefficient #, respec-
tively [9]. In the second and third column of Table 2 are
given the values of Ry ap fast a0 Ry ap s1ow» TESPECtively, at ¢
=1.01 x 1072 and 1.92 x 102 g/em® calculated from Eq.
(6) with the above-mentioned values of D, and #,,. The radii
Ruap,fast @nd Ry apsiow are almost independent of c. The
value of Ry gp 10w at €ach c is ca. twenty times as large as
the corresponding value of Ry, It may then be con-
cluded that the slow mode reflects the translational motion
of the aggregates of large size.

To clarify what the @ mode (a = fast, slow) reflects, the
data of the contribution ARy, 4(k) from the @ mode com-
ponent to ARy,(k) determined from the time-averaged
scattering intensity I(k) were analyzed. The contribution
ARyy (k) may be given by [9]

ARuya(k) = ARyy(k) >

7;€amode

A(Ti,k)/ZA(Ti,k)~ (7)

For each c, [2Kc/ARUV’fasl(k)]”2, calculated from Eq. (7)
(using the on/Oc value at Ao =436 nm, for convenience),
was found to be almost independent of k, and then the
limiting value [ZI(C/ARUVJ-&S[(O)]”2 was determined as the
mean of [2Kc/ARyy (k)] at each . The values of [2Kc/
ARy, 125(0)]"? 50 determined are 1.85 x 1072 and 2.04 x
1072 mol?/g'"* for ¢ = 1.01 x 1072 and 1.92 x 1072 g/em’®,
respectively. Although only the two data points were
obtained, the weight-average molecular weight M\, p, of the
fast mode component was roughly estimated by extrapola-
tion of [ZKC/ARUVVfaSt(O)]I/Z to ¢ =0 on the assumption that
the weight fraction of the fast mode component in the total
solute polymer is unity [9]. The M, ¢, value so estimated is
(4.0 +0.9) x 10°, which agrees fairly with M, of the
PEO4 sample determined in methanol at 25.0 °C (see
Table 1). We may then conclude that the fast mode reflects
the translational motion of the isolated chains.

For each ¢, we also estimated the apparent mean-square
radius of gyration <S2>ap_’slow of the aggregates (at finite ¢)
from [9]

1
[ARUVsSIUW(0)/ARUv,slow(k):| 1/2: 14— <Sz>apﬁslowk2 + -

6
(8)
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c=1.01 ><10’2g/cm3

1.92x 107 g/cm’
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Fig. 5 Plots of [ARUV,Sl(,w(O)/ARUV_slow(k)]”2 against K* for the sample
PEO4 in water at 25.0 °C with ¢ = 1.01 x 102 and 1.92 x 1072 g/em®.
The unfilled circles represent the experimental values of [ARyy s1ow(0)/
ARUV,Sk,\,,(k)]”2 with the corresponding best-fit straight lines. The data
points and line for ¢ = 1.01 x 1072 g/cm® are shifted upward by 0.2

Figure 5 shows plots of [ARyysow(0)/ARyysiow(k)]"?
against k> for PEO4 in water at 25.0°C with c¢=
1.01 x 1072 and 1.92 x 1072 g/cm®. The unfilled circles
represent the experimental values of [ARyy gow(0)/ARyy siow
(k)]"2, the data points for ¢=1.01 x 1072 g/cm’ being
shifted upward by 0.2. Although the data points are some-
what scattered in the range of small k (k2 <0.12 x 10" m’z)
for each c, the values of <Sz>

slope of the corresponding best-fit straight lines following
Eq. (8). The values of (S?) /2

1
ap,slo

the fourth column of Table 2. The radius <S2>1/ 2

ap,slow

were evaluated from the
ap,slow

., S0 evaluated are given in
is ca.

30 nm irrespective of c. [Note that <S2>:1£2

is smaller than
slow

the <S2>1/ 2 value at infinite dilution, as determined for the
aqueous solution of PEO4 by SLS measurements (see

Table 1).] In the fifth column of Table 2 are also given the
1/2

values of the ratio pup 0w Of <S2>ap dow

t0 Rpapsiow- Lhe
Papslow Values are larger than the value 0.775 of the ratio p

of <Sz>l/ ? to the hydrodynamic radius (at infinite dilution)
for rigid spheres with uniform density and smaller than the
value 1.2—-1.5 of p for random coils [12]. This indicates that
the aggregates of PEO4 in water at finite ¢ are looser than
rigid spheres with uniform density and denser than random
coils.

Finally, we make some comments on the shape and
structure of the aggregates formed in the aqueous PEO
solutions. In a series of systematic and comprehensive
experimental studies by Einaga et al. [13, 14] of the shape
and structure of wormlike micelles of nonionic surfactants,
polyoxyethylene alkyl ethers H(CH,);(OCH,CH,);OH
(CEE, i =10-18, j =5-8), formed in aqueous solutions, it
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has been shown that with decreasing i, the contour length of
the wormlike micelles decreases without appreciable
change in the diameter of the cross section of the micelles.
This indicates that for much smaller i, spherical micelles of
a core—shell structure may be formed. Considering the fact
that PEO corresponds to C,E; along with the values of p,,
slow» it may be concluded that the aggregates of PEO in
aqueous solutions of finite ¢ are also spherical and have a
core—shell structure.

Concluding remarks

SLS measurements were carried out in water and methanol
at 25.0 °C for two kinds of POE samples of low M,, (3 X
10°-2 x 10%): PEG having hydroxy groups at both ends and
PEO having a methoxy group at one end and a hydroxy
group at the other. All the PEG and PEO samples were
shown to be isolated in methanol solutions. In water, on the
other hand, it was found that the PEO samples with M, =
3.81 x 10 and 7.00 x 10 form aggregates of large size,
while all the PEG samples and the PEO sample of the lar-
gest M, (=1.60 x 104) were isolated as in the cases of their
methanol solutions.

DLS measurements were also carried out in water at
25.0 °C for the PEO sample with M,, = 3.81 x 10°. It was
found that there exist two classes of scatterers of different
sizes in aqueous solution: one corresponds to isolated PEO
chains, and the other to aggregates. The apparent hydro-
dynamic radius of the aggregates was shown to be ca.
twenty times as large as that for the isolated chains. Con-
sidering the indication that spherical micelles of a
core—shell structure may be formed in aqueous solutions of
polyoxyethylene alkyl ethers with small alkyl chain length,
the aggregates of PEO in aqueous solution also seem to be
spherical and have a core—shell structure.

It is pertinent to make some comments on the formation
of polymer aggregates in good solvents. Although POE has
been usually considered to be dissolved or isolated in water,
the present results indicate that POE having hydrophobic
chain ends with small M may form aggregates of large size
even in water because of the so-called hydrophobic inter-
actions between the hydrophobic parts as in the cases of
PNIPA [4] and amphiphilic copolymers (including amphi-
philic polyelectrolytes) [15] in aqueous solutions. Similar
situations have been recognized also for good-solvent sys-
tems composed of hydrophobic polymers and solvents of
low polarity, such as polystyrene in tetrahydrofuran [9, 16]
and poly(n-hexyl isocyanate) in n-hexane [9, 17]. For the

precise characterization of polymers in solutions, we should
always pay attention to the formation of aggregates.
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