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Different molecular weight phenolphthalein poly(ether ketone) (PEK-C) and phe-
nolphthalein poly(ether sulfone) (PES-C) fractions in chloroform (CHCl;) were stud-
ied by static and dynamic laser light scattering (LLS). The dynamic LLS revealed
that both the PEK-C and PES-C samples contain some large polymer clusters
formed in the process of polymerization. These large clusters can be removed by fil-
tering the solution with a 0.1-pm filter. The positive second virial coefficient (A,)
shows that CHCI; is a good solvent for these polymers at room temperature. The
persistence length and the Flory characteristic ratio of these polymers in CHC1; at
25°C are ~2 nm and ~3, respectively, which indicate that these polymer chains are
flexible. A combination of static and dynamic LLS results, namely the weight-aver-
age molecular weight from static LLS and the line-width distribution from dynamic
LLS, lead to two calibrations between the translational diffusion coefficient (D) and
molecular weight (M): D = 2.20 X 1074 M~9-56 for PEK-C and D = 2.45 X 107 M0-58
for PES-C in CHC1;. Using these calibrations, we are able to estimate not only the
molecular weight distributions of these fractionated polymers, but also unfraction-

ated PEK-C and PES-C samples

INTRODUCTION

oth poly(ether ketones) and poly(ether sulfones)
are commercial high-performance polymers with
excellent heat resistance and high mechanical strength.
Two of the most prominent members, poly(ether ether
ketone) (PEEK) and poly{ether ketone) (PEK), are widely
used as an engineering thermoplastics or as matrix
resins in advanced composite materials (1, 2). How-
ever, these polymers are soluble only in strong acids
or solvents with a boiling point higher than their melt-
ing points, mainly due to their insoluble crystalline
structure. Therefore, the processing and application of
these thermoplastics have been greatly hindered by
their low solubility in common solvents. So far, few
studies on dilute solution properties of PEEK have
been conducted because PEEK can be sulfonated and
dissolved only in concentrated H,SO,, HSO;Cl and
CH4SO4H (3, 4). In the past, much effort has been
spent to develop a polymer with similar properties as
PEEK or PEK, but a better solubility in common sol-
vents.
Recently, two novel thermoplastics with an ameor-
phous structure, phenolphthalein poly(ether ketone)

*This paper was presented at the International Conference on Polymer
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(PEK-C) and phenolphthalein poly(ether sulfone)
(PES-C), have been successfully developed in the
Changchun Institute of Applied Chemistry, Academy
of Science, China (5). These polymers are not only
similar to PEEK or PEK with excellent physical and
mechanical properties, but also soluble in polar or-
ganic solvents, such as chloroform (CHC1y), N,N-di-
methyl formamide (DMF), N-methyl pyrrolidinone
(NMP) and chlorohydrocarbons, which render its solu-
tions castable. These polymers have been recom-
mended for high temperature and solvent resistant
membranes (6). Some dilute solution properties of
these polymers, such as the interaction with organic
solvents (7), the Mark-Houwink equations in CHCl,4
and DMF (8), and a 6-solvent composition (9), were
previously determined.

In this paper, we report the calibrations between
the translational diffusion coefficient (D) and molecu-
lar weight (M) together with their molecular weight
distributions (MWD) calculated from their correspond-
ing translational diffusion coefficient distribution G(D)
measured in dynamic laser light scattering (LLS).

EXPERIMENTAL

Preparation of PEK-C and PES-C. The PEK-C
and PES-C samples were synthesized by a nucle-
ophilic substitution polycondensation: first, equal
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molar phenolphthalein and dichlorodiphenyl ketone
or dichlorodiphenyl sulfone were dissolved in cyclo-
butane sulfone (TMSO,); then, an excess amount of
dehydrated K,CO; was added as a catalyst; finally,
the solution mixture was heated to 220°C and reac-
tion was carried out under N, for 8 hours. A 2% solu-
tion of the produced polymers in DMF was fractionally
precipitated with ethanol at room temperature. The
precipitates were washed with ethanol and then dried
in vacuo at 60°C for 48 hours. The details of the sample
preparation can be found elsewhere (5). Five fractions
were obtained for PEK-C and PES-C, respectively, and
denoted as PEK-C1 — PEK-C5 and PES-C1 — PES-C5
thereafter. As shown below, the structures of PEK-C
and PES-C are similar to PEEK.
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LLS Experiments. A commercial LLS spectrometer
(ALV/SP-150 equipped with an ALV-5000 multi-tau
digital time correlator) was used with a solid state
laser (ADLAS DPY425Il, output power is ~400 mw at
A = 532 nm) as the light source. The incident beam
was vertically polarized with respect to the scattering
plane. For static LLS, the instrument was calibrated
with toluene to make sure that there is no angular de-
pendence of the scattered light from toluene. The spa-
tial coherence constant B is ~0.9, somewhat large for
an LLS spectrometer capable of doing both static and
dynamic LLS simultaneously. Using this apparatus,
we can carry out static and dynamic LLS in the angu-
lar range of 6-154°. Details of LLS instrumentation
and theory can be found elsewhere (10, 11).

The angular dependence of the excess absolute time-
averaged scattered intensity, known as the excess
Rayleigh ratio, R,,(0), was measured. For a dilute
polymer solution at a relatively low scattering angle
8, R,,(6) can be expressed as (12)

KC 1(

1
ST = - |1+ - <RZ> 2) + 2A,C 1
Roy(® ~ M, 249 Ay (1)

3

dn\? 4an 9
— 2.2 [ 4t 4 = Mt a2
where K = 47°n’ (dC) / (NA)\()) and g W sin (2)
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with Ny, dn/dC, n, and A, being the Avogadro’'s num-
ber, the specific refractive index increment, the sol-
vent refractive index, and the wavelength of light in
vacuo, respectively. M, is the weight average molecu-
lar weight; A, is the second virial coefficient; and
<Rg?>,!/2 (or written as <R,>) is the root-mean square
z-average radius of the polymer chain in solution and
C is the polymer concentration. After measuring R, (6)
for a set of C and 6, we can determine M, R, and 4,
from a Zimm plot, which incorporates the 6 and C ex-
trapolation on a single grid (12).

It is necessary in static light scattering to have a
precise value of the differential refractive index incre-
ment dn/dc because the measured M,, is proportional
to (dn/dC)2. A novel and high precision differential
refractometer was incorporated into the light scatter-
ing spectrometer (13), enabling us to measure dn/dC
and the scattered light intensity under identical ex-
perimental conditions, so that the wavelength correc-
tion was eliminated. The measured dn/dc values for
PEK-C and PES-C in CHC1; at T = 25°C and A, =
532 nm are (0.231 * 0.001) and (0.204 = 0.001)
mL/g, respectively. In this study, the differential
refractometer was used not only to measure the
refractive index increment, but also to determine the
polymer concentration after filtration.

In the dynamic LLS experiments, the intensity-in-
tensity time correlation function G@(t,6) in the self-
beating mode was measured. G?(t,0) is related to the
normalized first-order electric field time correlation
function, g(1,0) as (10, 11)

G(1,6) = <I(t.0)I(0,0)> = A1 + Blg¥ (£0)2] (2)

where A is a measured baseline, B as stated before, a
parameter depending on the coherence of the detection,
and t is the delay time. For a polydisperse sample,
g'V(t,0) is related to the line-width distribution G({I') by

g(t0) = <E(t8)E*0,8)> = [2G()e Tt dl. (3)

Using a Laplace inversion program CONTIN (14) sup-
plied with the correlator, we were able to calculate
G(I') form G'2(£,0). It is worth noting that the inversion
is not unique because of the data noise. This is why
we insisted that the measured and calculated base-
lines agree with each other within 0.1%.

In this study, analytical grade CHCl; was used as a
solvent without further purification. For each sample,
five concentrations ranged from 2 X 104 to 2.5 X 107
g/mL were prepared by dilution. In the first stage of
the LLS experiments, the solutions were clarified by
0.5 um or 0.22 pm Millipore filters, depending on the
molecular weight of the sample. Later, all samples
were clarified by 0.1 pm Whatman filters in order to
remove dust and very small amounts of larger poly-
mer clusters.

RESULTS AND DISCUSSION

Table 1 summarizes the static LLS results, such as
M, R, and A, for PEK-C in CHCl3, which were ob-
tained from the Zimm plot, that is, respectively from
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Table 1. Summary of Laser Light Scattering Resuits for Five
Samples of PEK-C Using 0.5 um Filters.

105M,, <Rg> 10 A, 108<D>
Samples {g/mol) (nm) {mol.ml/g?) (cm?/s)
PEK-C1 11.0 954 2.63 8.09
PEK-C2 6.56 71.86 3.1 10.8
PEK-C3 1.21 32.3 9.49 27.2
PEK-C4 0.53 17.7 15.1 48.0
PEK-C5 0.25 10.7 21.6 75.8

[KC/ Rw(a)]e_-x),c_x), [KC/ Rm;(e)}c—w VS. qz and [KC/ Rw(e)Je—;o
vs. C, where all solutions were clarified with a 0.5-pm
filter. The positive values of A, indicate that CHCl; is
a good solvent for these polymers at 25°C. It should
be noted that for the sample PEK-C4 and PEK-C5
there are large errors associated with the values of
<Ry>, which should be interpreted only as a refer-
ence, i.e., less than 10 nm. We also noted that for
PEK-C1 and PEK-C2 the values of M, are much high-
er than those (< 1 X 10° g/mol) normally observed for
polymers made by polycondensation. The persistence
length and the Flory characteristic ratio of these poly-
mers calculated from M, and <R,> are ~2 nm and
~3, respectively, which indicate that these polymer
chains are flexible in CHCI; at 25°C.

Figure 1 shows a typical plot of the measured inten-
sity-intensity time correlation function of PES-C3 in
CHCl, at 6 = 20° and T = 25°C. The Laplace inversion
of the measured time correlation function can lead to
the line-width distribution G(I') on the basis of Egs 2
and 3. The line width I" usually depends on both C
and gq. This dependency can be expressed as (15, 16)

q

where D is the translational diffusion coefficient at
C — 0, and g — 0; k, is diffusion second virial coeffi-
cient and f is a dimensionless number depending on
the chain structure, polydispersity, and solvent quality.
<D>, fand k, can be calculated from (I'/q?) . 040,

D(1+ kgC) (1+ f<RZ>, Q%) 4)
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Fig. 1. Typical measured intensity-intensity time correlation
Junction of PES-C3 in CHCl,; at 8 = 20° and T = 25°C.
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Fig. 2. Typical line-width distribution G{I') of PEK-C3 in CHCl;
at 25°C, where the solution was clarified with a 0.5-um filter.
Peak 1 represents individual PEK-C molecules, while peak 2
is related to some larger species produced during polymeriza-
tion.

T/ P)eso vs. ¢ and (T/gPy 0 vs. C. respectively. In
this study, we found that k, is very small. With a pair
of values of k; and f, G(I') can be converted into G(D).

Figure 2 shows a typical line-width distribution G{I')
of PEK-C in CHCl, at 25°C after the solution was clar-
ified with a 0.5-pm filter. The fast relaxation (peak 1}
can be attributed to correspondences to individual
PEK-C chains, and the slow relaxation (peak 2} in the
bimodal distribution indicates that there exist some
large species in the sample. It should be emphasized
that these large species cannot be attributed to dust
since they consistently appear at the same position of
the line-width distribution. The broad distribution of
PEK-C is also inconsistent with the prediction of M,/
M, = 2 for a polycondensation reaction. Later, we found
that the peak related to larger species could be re-
moved by filters with a smaller pore size, which indi-
rectly shows that these larger species are not due to
either association or aggregation.

Figures 3 and 4 show translational diffusion coeffi-
cient distributions G({D) of PES-C and PEK-C samples
in CHCl; at T = 25°C, C — 0, and g — 0O, respectively,
where all solutions were clarified with a 0.1-pm filter.
It clearly shows that the peak related to the larger
species was removed. From G{D), we can calculate the
z-average translational diffusion coefficient <D> [= %
G(D)DdD]. The values of <D> and static LLS results
M, A,, and Ry for PEK-C and PES-C in CHC]; at
25°C are, respectively, listed in Tables 2 and 3. It can
be seen that after using a 0.1-um filter the values of
M, are more reasonable and within the right range for
polymers made by polycondensation.

Fitting the results with <D> = <lp>M, <%, we
have <kp> = (2.26 * 0.02) X 10 and <ap> = (0.54
* 0.01) for PES-C; and <ky> = (2.37 * 0.02) X 10*
and <ap> = (0.55 * 0.01) for PEK-C in CHCI; at
25°C, where <> means the values of <kp> and <ap>
were obtained from <D> and M,, rather than Dand M
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Table 2. Summary of Static and Dynamic Laser Light Scattering Results for Five PES-C Samples.

104 M, <Fc92>,”2 10? A} 108<D> 104 (M, caica (My/Mp)catcd
Samples (g/mol) {nm) (mol.cm3/g?) (cm?/s) {g/mol)
PES-C1 8.52 13 3.9 53.9 8.48 1.33
PES-C2 6.15 ~10 4.5 65.0 6.04 1.32
PES-C3 5.01 ~10 8.6 70.0 5.24 1.21
PES-C4 4.15 <9 — 82.0 411 117
PES-C5 2.50 <9 — 103 248 1.17

Table 3. Summary of Laser Light Scattering Results for Five Samples of PEK-C Using 0.1 pm Filters
105M,, <Rg> 10%<D> 1075 (M) caica (M, /M) caica

Samples (g/mol) (nm) (cm?/s) (g/mol)
PEK-C1 1.30 19.9 28.6 1.25 1.96
PEK-C2 0.92 16.4 35.0 0.92 1.57
PEK-C3 0.51 121 50.3 0.54 1.50
PEK-C4 0.39 ~10 57.9 0.37 1.55
PEK-C5 0.22 ~8 78.0 0.25 1.49

for monodisperse species. In principle, we can use the
scaling relationship between D and M to transfer G(D)
into a molecular weight distribution (MWD) by using
the following procedure. From dynamic LLS, by the
definition of g''Y(), when t—0,

[0 Ol 0 = <EOE*©)>o = [ GO) = <I> ©
0

while from static LLS, when C — 0, and g — 0, the net
scattering intensity is given by

<I> j f. (M)M dM ©)
0
A comparison of Egs 5 and 6 leads to
[y« [ f,onmam « [coyap
0 0 0

This equation can be written as

4.00
© PES-C1
© PES-C2
3.00 + > PES-C3
o PES-C4
° PES-C5

G(D)

D/ (cm2/ S)

Fig. 3. Translational diffusion coefficient distributions of five
PES-C samples in CHCl; at T = 25°C, where the solutions
were clarified with a 0.1-um filters.
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EG(D)Dd(lnD)“wa(M)Wd(lnM) 8

where d(inD) « d(InM) since D = kpM™». Equation 8
leads to

D)D 2
Ju(M) = —G(Mz) x G(D)D' &, 9
From f, (M), we can calculate M,, by its definition,

[ fumomam e[ Gy
(Mw)oalod = om =T . (10]
[ Jurpam | GODHeoap

Our previous studies (17-19) have shown that using
<kp> and <ap> instead of kj and ap, can introduce a
large error in the final MWD. Therefore, we have to
use the measured M,, from static LLS as constraints

G(D)

D / (cm’/s)

Fig. 4. Translational diffusion coefficient distributions of five
PEK-C samples in CHC1; at T = 25°C, where the solutions
were clarified with a 0.1-pm filters.
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Fig. 5. Differential molecular weight distributions of five
PES-C samples. The calculated weight average molecular
weight and polydispersity index are listed in Table 2.

to find kp, and ap from G(D) on the basis of Egs 9 and
10. The detail of this method is reported in our previ-
ous studies (17-19). Here, we determined that ap
0.55 and kp = 2.45 X 10 for PES-C; and o = 0.56
and kp = 2.20 X 10 for PEK-C in CHCl; at 25°C,
respectively. Each pair of k and ap values defines a
calibration between D and M, which enables us to
convert each G(D) to a corresponding MWD, It should
be noted that these MWDs are estimated values,
which are less accurate than those from GPC.

Figures 5 and 6 show differential molecular weight
distributions f,, (M) of the PES-C and PEK-C samples.
From each f, (M), we were able to calculate the weight
average molecular weight (M) ,;.s and polydispersity
index (M,,/M,)..cq- Which are also listed in Tables 2
and 3. The values M, /M, show that the distribution
of the PES-C samples after clarifying with a 0.1 um
filter are fairly narrow. It should be noted that these
calibrations between D and M have already been used
to measure the molecular weight distributions of un-
fractionated PES-C and PEK-C samples in practice.

CONCLUSION

A combination of static and dynamic laser light-scat-
tering studies of phenolphthalein poly(ether sulfone)
(PES-C) and phenolphthalein poly{ether ketone) (PEK-
C) in chloroform {CHCIly) at 25°C leads to calibrations
between the translational diffusion coefficient (D) and
molecular weight (M), namely, D = 2.45 X 10~* M0%5
for PES-C and D = 2.20 X 10# M58 for PEK-C, re-
spectively. Using these calibrations, we have deter-
mined not only the weight-average molecular weights
of PES-C and PEK-C samples, but also their molecular
weight distributions. The established calibration be-
tween D and M together with the values of A, will en-
able us to characterize PES-C with only one concentra-
tion in the future. Our results also showed that both
the PES-C and PEK-C chains are flexible in CHCl; at
25°C, and CHCI; is a good solvent for these polymers.
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Fig. 6. Differential molecular weight distributions of five
PEK-C samples. The calculated weight average molecular
weight and polydispersity index are listed in Table 3.
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NOMENCLATURE
C: polymer concentration
D: translational diffusion coefficient
<D>: average translational diffusion coefficient
dn/dC: specific refractive index increment
A1  wavelength
ks diffusion second virial coefficient
ky:  prefactor in the calibration between
Dand M
I':  line width
G{I"): line-width distribution
G(D): translational diffusion coefficient
distribution
GP(8: intensity-intensity time correlation function
LLS: laser light scattering
rn:  refractive index
M:  molecular weight
M. weight-average molecular weight
M, /M, polydispersity index
MWD: molecular weight distribution
PEK-C: phenoiphthalein poly(ether ketone)
PES-C: phenolphthalein poly(ether sulfone}
<Ry>: z-average radius of gyration
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