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SYNOPSIS

Two unfractionated samples of phenolphthalein poly( aryl ether sulfone) (PES-C) were
characterized in CHCl3 at 25°C by applying a recently developed laser light-scattering
(LLS) procedure. The Laplace inversion of precisely measured intensity-intensity time
correlation function lead us first to an estimate of the characteristic line-width distribu-
tion G(r) and then to the translational diffusion coefficient distribution G(D). Acombi-
nation of static and dynamic LLS results enabled us to determine D = (2.69
x 10-4)M-o.S53, which agrees with the calibration ofD = (2.45 x 10-4)M-o.sspreviously

.established by a set of narrowly distributed PES-C samples. Using this newly obtained
scaling between D and M, we were able to convert G(D) into a differential weight
distribution fu,(M) for the two PES-C samples. The weight-average molecular weights
calculated from fu,(M) are comparable to that obtained directly from static LLS. Our
results showed that using two broadly distributed samples instead of a set of narrowly
distributed samples have provided not only similar final results, but also a more practi-
cal method for the PES-C characterization. @ 1997 John Wiley & Sons, Inc.

.Keywords: light scattering. phenolphthalein poly(aryl ether sulfone) .molecular
weight distribution. translational diffusion coefficient. calibration between D and M

INTRODUCTION groups are normally added as a side groups or
directly onto the polymer backbone to reduce or

Poly(aryl ether ketones) (PEKs) as a new class suppress the crystalline structure. However, a
of high-performance polymers were currently gain in solubility is frequently accompanied by a
used in aerospace and electronic applications be- loss in thermal stability.4 Recently, a new type of
cause of their high strength, toughness, good elec- linear aromatic polymer, phenolphthalein poly-
trical properties, thermooxidative stability, and (aryl ether sulfone) (PES-C) whose structure is
solvent resistance. Poly ( aryl ether ether ketone) as follows(PEEK) as one typical example has gained a sig- '

nificance commercial success because it can to be
fabricated by conventional extrusion and molding ~
techniques.1 However, the lack of solubility for O-@--c.-.@-O-@-W
PEEK in common solvent has limited its many d Try 0
other applications.2,s So far few studies on dilute 'c~
solution properties of PEEK has been conducted, II
mainly because it is only soluble in concentrated 0 .

H2SO4, HSOsCl, and CHsSOsH.5.7
To solve this solubility problem, functional was developed in the Polymer Physics Laboratory,

Changchun Institute of Applied Chemistry, Aca-
* T h d h ld b dd d demia of Sinica, China, PES-C is not only similar0 w om correspon ence s ou e a resse.

Journal ofPol.vmer Science: Part B: Polymer Physics, Vol. S5, 85-90 (1997) as PEEK and PEK in its physical and mechanical
(') 1997 John Wiley & Sons, Inc. CCC 0887-6266/97/010085-06 properties, but also soluble in polar organic sol-
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vents, such as CHC13, N,N-dimethyl formamide laser light Scattering (llS)
(DMF), dimethyl acetamide (DMAc) and N- A d "fi d .all " ht tt " t" ."mo 1 e commerCI Ig -sca enng spec rom-
me~hyl pyrrohdmone (NMP). Some solution pr.op- eter (ALV ISP-125 equipped with an ALV-5000
erties of PES-C, such as the Mark-HouWInk It ' d.. t 1 t. 1 t ) d "

th..8 mu 1-7 IgI a Ime corre a or was use WI a
equatIons m several solvents and Flory charac- l "d- t t 1 (ADLAS DPY 42511 t tt . t " "9 h b . 1 d t . d so 1 s a e aser , ou puens IC ratio, ave een preVIous y e ermIne . 400 W t \ 532 ) th 1. ht.10 power ~ m a /I. = nm as e Ig

In our preVIOUS study, we showed that PES- """"C t . 94 wt m f " di .d al h . d 6 wt m source. The pnmary beam IS vertIcally polanzed
con ams -/00 m VI u c alns an -/0 ...

." ..WIth respect to the scattenng plane (the optIcalof hIgh molecular weIght clusters; we mvestigated t bl ~ . th O ) Th d t "I f th LLSh th fi t. d fi .b.l.t f th PES a e SUr-lace m IS case" e e aloeow e con orma Ion an eX! 1 1 Y 0 e -..
C h .. CHCl h .th th 1 1 InstrumentatIon and theory can be found else-c aln m 3 c anges WI e po ymer mo ec- 13 14All h "

d1 "

ht d 1 t bl " h d l . b t .where.' t e measurements were came out

u ar weig ; an we a so es a IS e a ca 1 ra Ion t 25 + 0 1°C
between the translational diffusion coefficient (D) a_. .
fr d . 1 1. ht tt . (LLS ) d th The angular dependence of the excess absoluteom ynamic aser Ig sca enng an e .". ". ht 1 1 . ht (M ) fr time-averaged scattered mtensIty, known as the
weig -average mo ecu ar weig w om ...t t. LLS b . t f 1 d. t .b t d excess RayleIgh ratIo, Rvv (q), of a dIlute polymer
s a IC y USIng a se 0 narrow y IS n u e. "

1 11C .d " th t th fr t " t " f solution was measured for dIfferent concentra-samp es. onSI enng a e ac Iona Ion 0PES C .
t ." .tions C (g/mL) and scattenng angles 8. Rvv(q) IS

-IS a very Ime-consummg process, we m- ..te d . this t d to d t te th t" . tw .related to the weIght average molecular weIght
n m s u y emons ra a usmg 0 M 15

broadly distribution samples, we are also able to w as

characterize the. mol.ecular w~ight distribu~ion of KC 1 1
PES-C by a combmation of static and dynamIC LLS" ~ - (1 + -(R;)q 2) + 2A2C ( 1)

Rvv(q) Mw 3

EXPERIMENTAL where K = 47r2n 2(dnldc)2/(NAAt) and q = (47rnl
Ao)sin(812) withNA, dnldC, n and Ao being Avo-

S I P to gadro number, the specific refractive index incre-
amp e repara Ion ..

ment, the solvent refractIve mdex, and the wave-
The PES-C samples were synthesized by a nucleo- length of the light in vacuo, respectively; A2 is the
philic substitution polycondensation. The outline second virial coefficient; and (R;) ;/2 (or written
of the synthesis is as follows: (1) equimolar phe- as (RIl») is the root-mean square z-average radius
nolphthalein and 4,4'-dichlorodiphenyl sulfone of gyration of the polymer chain in solution. After
were dissolved in cyclobutane sulfone (TMSO2); measuring Rvv(q) at a set ofC and 8, we are able
(2) excess amount of dehydrated K2CO3 was to determine Mw, Rg, and A2 from a Zimm plot,
added as a catalyst; and (3) the solution mixture which incorporate q and C extrapolation on a sin-
was heated to 220°C and reaction was carried un- gle grid.
der N2 for 8 h. The final PES-C products were A novel and high precision differential refrac-
dried in vacum at 60°C for 48 h. Two unfraction- tometer16 was used to determine the differential
ated PES-C with different weight-average molec- refractive index increment dnldC (=0.204 mLi
ular weights were used in this study and they g) for PES-C in CHC13 at T = 25°C and A = 532
were labeled as UPES-C-1 and UPES-C-2 hereaf- nm. In this study, the differential refractometer
ter. The detail of sample preparation can be found was also used for determining the polymer con-
elsewhere. 12 centration after the filtration.

In dynamic LLS, a precise intensity-intensity
time correlation function G(2)(t, q) in the self-

Solution Preparation beating mode was measured" G (2) (t, q) is related

to the normalized first-order electric field time
Chloroform (CHC13) as a good solvent (Merck, an- correlation function 1 gll )(t q) 12 as 13,14
alytical grade) was used without further purifi- '

cation. Five concentrations ranged from 1"2 G(2)(t) = (l(t )1(0 »
X 10-3 to 5.12 X 10-3 g/mL were prepared by ,q ,q, q

dilution. All polymer solutions were clarified by = All + fJlg(I)(t, q)j2], (2)
using a 0.1 .um Whatman filter in order to remove
dust and multichain aggregates. where A is a measured base line; fJ a parameter

,

2
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Figure 1. Typical static Zimm-plot for an unfraction- Figure 2. Typical measured intensity-intensity time
ated PES-C sample (UPES-C-l) in CHCl3 at T = 25°C, correlation function G'2)(t, q) for an unfractionated
where C ranged from 1.2 x 10 -3 to 5.12 X 10-:1 g/mL PES-C sample (UPES-C-1) in CHCl3 at () = 20° and T
and all solutions were clarified with a 0.1 J.tm filter. = 25°C.

depending-on the coherence of the detection; t, The computer program CONTIN 17 was used in
the delay time. this work to calculate G(r) from G(21(t, 0). In

dynamic light-scattering field, it is known that
when the molecular weight distribution of a given

RESULTS AND DISCUSSION polymer sample is relatively low, such as M",IMn

< 2, and the distribution has only one peak, the
Figure 1 shows a typical static Zimm plot for Laplace inversion of the time correlation function
UPES-C-1 in CHCl:l at 25°~. On the basis of eq. by using CONTIN method is quite reliable as long
( 1 ), we were able to determine the values of M"" as the measured time correlation function does
R"" and A2, from the extrapolation of "[KGI not contain too much noise. In this study we have
R"u(q)]q-o.c-O'""[KGIRuu(q)]c-o vs. q2"and "[KG I enforced that the difference between the mea-
Ruu(q)]q-O vs. G," respectively. The results are sured and calculated baselines is less than 0.1%
summarized in Table I. The positive values of A2 to insure that no serious noise was introduced in
shows that CHCl:l is a good solvent for PES-C at the measured time correlation function. The line
room temperature. width r usually depends on both G and q. This

Figure 2 shows a typical plot of the measured dependency can be expressed as, 18.19
intensity-'-intensity time correlation function for
UPES-C-1 in CHCl3 at (} = 200 and T = 25°C. For r
a polydisperse sample,' IgC1)(t, (})I is related to 2 = D(l. + kdG)(l + ((R;)~2) (4)
the line width distribution G(r) by q

I. (1)(t (J)I = (E(t (})E*(O (J» where D is the translati?na~ di~usion coeffic.i~nt
g, " at G -+ 0, and q -+ 0; kd IS dIffusIon second VInal

= f ~ G(r)e-rt dr (3) coefficient; and {is dimentionless number. On the

0 basis of eq. (4), D, {and kd can be calculated from

Table I. Summary of Static and Dynamic Laser Light-Scattering Results for Two Unfractionated PES-C
Samples in CHCl3 at 25°C

10-4 Mw (Rg) 104 A2 108 (D) (Rh)
Samples (gimol) (nm) (mol.cm3/g2) (cm2/s) (nm) (Rg)/(Rh) J.t2/(D)2 (Mw/Mn )calcd

UPES-C-1 11.7 14 2.2 39.5 10 1.40 0.20 1.75
UPES-C-2 4.65 11 3.6 72.9 6.0 1.83 0.17 1.74

The relative errors: Mw. :::5%; (RIf)' :::10%; A2. :::15%; (D), =.1%.
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2.40 normally observed for a flexible polymer chain in
a good solvent.l9 There are two ways to convert

ooCco G(D) into a molecular weight distribution. One1.80 oOooCb 0 way is to use a set of narrowly distributed samples

--° 0°0 0 wherein their corresponding (D) and Mw are mea-
e 1.20 ° 0 ° 0 sured and used to establish the calibration D
0 ° 0 = KDM-aD; and the other is to use two or more0° 0 ° broadly distributed samples according to the fol-

0.60 ° 0 ° 0 lowing principles. In dynamic LLS,
° 0

° 0 ° 0
0.00 [g(l)(t)]t-o = (E(t)E*(O»t-o

108 10' 10-6 ~

D / (cm2/s) = fo G(r) dr cx: (6)

Figure 3. Translational diffusion coefficient distribu- On the other hand in static LLS when C -0
tions of two unfractionated PES-C samples in CHCl3 at d 0 ' , ,

an q-T = 25°C, where 0 UPES-C-l, and 0 UPES-C-2. '

f ~

2 2 2 2 Rvv(q -0) cx I cx Mw = fw(M)M dM (7)
(r/q )c-O,II-o, (r/q )c-o vs. q and (r/q )11-0 vs. C, 0

respectively. The value of f depends on the chain
structure, polydispersity, and solvent quality. For A comparison of eqs. (6) and (7) leads to
a flexible polymer chain in a good solvent, f is in
the range ofO.l-0.2.l8.l9 Therefore, in comparison f ~ G(r) dr cx f : I; (M)M dM .(8)

with KC/Rvv(q) in eq. (1), r/q2 is less dependant 0 0 w

on the scattering angle. Our results showed that
f -0.1 and kd -20 for PES-C in CHCla at 25°C. where G(r) cx G(D) since r cx D. eq. (8) can be
The small value of kd is due to the cancellation rewritten as
between the thermodynamic (2A2/Mu') and hy-
drodynamic (CDNAR~/Mu,) interactions when A2 f ~ f ~ 2
> 0 namely G(D)Dd(ln D) cx fw(M)M d(ln M) (9), 0 0

kd = 2A2Mw -CDNAR~/Mw (5) where d(ln D) cx d(ln M) since D = kDM-aD.

Therefore,where CD is a positive constant. Therefore, r/q2
is less dependant on C in comparison with KC/ G(D)D
Rvv(q) in eq. (1). With the values ofkd and f, we fw(M) cx M2 cx G(D)Dl+(2IaD) (10)
were able to convert G(r) measured at a finite C
and q to G(D).

Figure 3 shows two typical translational diffu- where all.proportional con~tants.are.omi.tted since
sion coefficient distributions G(D) for two unfrac- they are Irrelevant to a gIven dlstnbutlon. From
tionated PES-C samples in CHCla at C -0 and fw(M), Mw can be calculated by its definition;
q -{). From G(D), we can calculate the z-average ~ ~
translational diffusion coefficient (D) (= J: G(D) f fu,(M)M dM kifaD f G(D) dD
DdD), the relative distribution width (J12/(D)2 ( M ) = 0 = -0

r~ 2 2 w calcd f ~ f ~= [Jo G(D)(D-(D») dD]/(D) ) and the average 1;,(M)dM G(D)Dl/aDdD
hydrodynamic radius (Rh) by replacing D in the 0 u 0

Stokes-Einstein equation with (D), i.e., (Rh) kl/aD
[=kBT/(67r17(D»], where kB, T, and 17 are the Bol- = --f ~ D (11)

tzmann constant, the absolute temperature, and G(D)Dl/aD dD

solvent viscosity, respectively. The values of (D), 0
J12/(D)2, (Rh), and (Rg)/(Rh) of two unfraction- ~
ated PES-C samples are also listed in Table I. because Jo G(D) dD = 1. For two samples 1 and
The ratio (Rg)/(Rh) is in the range of(1.4-1.8), 2, we have

,
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(Mw)calcd.l 1.40

(Mw)calcd.2 ccc 00

[fo~ G1(D) dD] [foX G2(D)D1/(fD dD] ,-.. 1.05 CC ::C 000

= (12) 6 0.70 DOC 0

[ f~ G1(D)D1/"D dD ] [ f~ G2(D) dD ] ...J' DODD 0
0 0 0.35 D 00

D 0 D 0
For a given polymer, (Mw)calcd should be equal to D 0
Mw if aD and kD are properly chosen, and we can 0.00
find a minimum difference between [(Mw.I)1 103 10 10 10
(!tfw.2) Jcalcd an~ (MW:I )/(Mw.2) J.taticLLS. O~ t~e ba- M / (g/mol)
SIS of above dIScussIon, the error functIon IS de-
fined as Figure 5. Differential weight distributions of two un-

fractionated PES-C samples, where 0 UPES-C-1, and
ERROR(kD) = [ (Mw.l) -(MW.I)caICd]2 .0 UPES-C-2.

Mw.I

. [ (M ) -(M ) ] 2 and eq. (10), we transformed D to M and G(D)
+ w.2 M w.2 calcd (13) into fw(M). It should be noted that in the above

w.2 calculation we always use the integration values

ofG(D) instead of individual values ofG(D).
By iterating of aD, we can first find a proper Figure 5 shows differeptial weight distribu-

aD to minimize the difference between the left tions fw(M) for two unfractionated PES-C sam-
hand side and right hand side of eq. (12), and pIes. From eachfw(M), we were able to calculate
then calculate kD from eq. (11). Figure 4 shows polydispersity index (MwIMn)calcd, which is also
typical plots of ERROR(kD) vs. kD for different listed in Table I. It is known that MwlMn can be
values of aD. It can be seen that there exist overall estimated to the relative width by MwlMn -1 + 4
a minimum error ERROR(kD) at aD = 0.553 and jJ'2/(D)2. The data in Table I has confirmed this
kD = 2.69 X 10-4. The final result is D (cm2/s) estimation. It is known that for a polycondensa-
= (2.69 x 10-4)M-o.553, which reasonably agree tion MwlMn S 2, so that the MwlMn -1.7-1.8 is
well with D (cm2/ses) = (2.45 X 10-4)M-o.55 pre- quite reasonable.
viously determined from a set of fractionated In summary, the unfractionated PES-C sam-
PES-C samples. Using D = 2.69 x 10 -4 M-O.553 pIes can be characterized in CHCl3 at room tem-

perature by a combination of static and dynamic
laser light scattering (LLS). The calibration es-

4.00 tablished in this study can be used in the future
""0 : ; i 1 characterization of PES-C as long as CHCl3 is
-! i \ i used as a solvent and temperature is 25°C. On-300 :: , :
,-..' i i ! i the other hand, the relatively small angular and
~ \ I I ! concentration dependence of the translational dif-
~ 2.00!i \ I fusion coefficient measured in dynamic LLS en-
0 ! I \ 1 able us to characterize PES-C from only one dy-
~ \i \ I ~ _0 58 namic LLS measurement at a finite concentration~ 100 'i :' ~D- .
~. ~ ,,~0.53 V and small scattering angle.

"D=0.553
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