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Two sets of soluble high performance polyimides synthesized from 2,2’-bis(3,4-
dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) and 2,2’-(trifluoromethyl)-
4,4’-diaminobiphenyl diamine (PFMB), and from 2,2’-bis(trifluoromethyl)-4,4',5,5’-
biphenyl-tetracarboxylic dianhydride (HFBPDA) and 2,2’-(trifluoromethyl)-4,4’-di-
aminobiphenyl diamine (PFMB) have been investigated by static and dynamic laser
light scattering (LLS) in tetrahydrofuran (THF)} at 30°C. The calibrations, for 6FDA-
PFMB: <R > (nm) = 3.87 X 102 <M, > 0388 <R,> (nm) = 2.38 X 102 <M, >0-560
and <D> (cm?/s) = 2.13 X 10™* <M, >0-580; for HFBPDA-PFMB: <R;> (nm) = 2.24
X 102 <M, >0626 <R > (nm) = 1.27 X 102 <M, >%621 and <D> (cm?2/s) = 3.99 X
107* <M, >"0621, have been established, where <M,,>, <R>, <R,> and <D> are
the weight-average molar mass, the root mean square z-average radius of gyration,
the z-average hydrodynamic radius and the z-average translational diffusion coeffi-
cient, respectively. A combination of <M, > and the translational diffusion coeffi-
cient distribution G{D) leads to the calibrations of D (cm?/s} = 2.41 X 104M0-564
and D (cm?/s) = 6.16 X 104M 0656 for 6FDA-PFMB and HFBPDA-PFMB, respec-
tively, where D and M correspond to monodisperse species. With these calibrations,
we can convert a translational diffusion coefficient distribution G(D) into a corre-
sponding molar mass distribution f (M). On the basis of the Kratky-Porod wormlike
chain model, the persistence lengths (g} were found to be ~ 3.3 nm and ~ 4.5 nm,
respectively, for 6FDA-PFMB and HFBPDA-PFMB, which indicates that both poly-
imide chains have an extended conformation. In addition, <Rp> /<Ry> ~ (1.7-1.9)
shows that they are in coil conformation. Therefore, we conclude that both poly-
imides have an extended coil conformation.

INTRODUCTION

Aromatic polyimides have been being widely used
in making films, coatings, fibers, and adhesives
because of their high thermal stability and excellent
mechanical properties (1, 2). Recently, polyimides
with low dielectric constant, low water adsorption,
and low thermal expansion have been applied to elec-
tronic devices (3). Therefore, investigating microscopic
parameters of polyimide chains is very important to
the development of more advanced polyimide related

materials.

However, it is hard to dissolve polyimides in com-
mon organic solvents because of their chain stiffness,
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which hinders the study of their solution properties.
In the past, the molecular parameters of insoluble
polyimides had to be estimated from their precursors,
i.e., from polyamic acid formed in the first stage of the
reaction between diamines and anhydrides. The esti-
mation involves problems, such as the polyelectrolytes
effect in the precursor solution and the structure dis-
crepancy between the precursor and final polymer (4, 5).

Recently, soluble high performance polyimides have
been developed (6, 7). The dissolution is achieved by
introducing some side groups, such as -CHj; and
~CFj3, in the polymer chain to twist the aromatic imide
rings and the phenyl groups in order to decrease the
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chain-to-chain interaction. In addition, some joints,
such as -O- and —-CH,~, are used to separate the aro-
matic imide rings and the phenyl rings so as to in-
crease the chain flexibility. Recent investigations have
shown that introducing the fluorinated groups, the re-
fractive index, water adsorption and dielectric con-
stant of polyimides are significantly reduced (8-10),
which is important to the development of electronic
devices.

In this study, two kinds of polyimides, 6FDA-PFMB
and HFBPDA-PFMB, were made individually by a one-
step polycondensation of 2,2’-bis(3,4-dicarboxy-
phenyl)hexafluoro-propane dianhydride (6FDA) and
2,2’-(trifluoromethyl)-4,4’-diaminobiphenyl diamine
(PFMB), and of 2,2’-bis(trifluoromethyl)-4,4’,5,5’-
biphenyltetracarboxylic dianhydride (HFBPDA) and
2,2’-(trifluoromethyl}-4,4’-diaminobipheny! diamine
(PFMB), respectively (11, 12). In comparison with the
conventional two-step reaction, higher molar mass
polyimides were obtained. The structure of 6FDA-
PFMB and HFBPDA-PFMB are as follows:

HFBPDA-FFMB

The backbone of these polyimides contain four trifluo-
romethyl groups, which enhances their solubility in
common organic solvents, such as tetrahydrofuran
(THF) and methyl ethyl ketone (MEK).

EXPERIMENTAL

Sample Preparation. The synthesis of 6FDA-PFMB
and HFBPDA-PFMB has been described (11,12).
6FDA and PFMB or HFBPDA and PFMB were dis-
solved in organic solvents such as m-cresol and poly-
condensed under reflux. Five 6FDA-PFMB and seven
HFBPDA-PFMB fractions were obtained using a
Waters Fraction Collector in conjunction with a
Waters 150 CV chromatography system consisted of a
series of four Waters Ultrastyragel columns in the
order of 105, 104, 103, and 102 nm, wherein analytical
reagent grade THF was used as the mobile phase and
the flow rate was 1.0 mL/min. The collected fractions
were transferred into flasks to evaporate the solvent
and were dried in vacuum for 24 hours at 125°C prior
to the experiments. According to the fractionation
order, they were termed as, for 6FDA-PFMB: 6FDA-1,
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6FDA-2, 6FDA-3, 6FDA-4 and 6FDA-5; for HFBPDA-
PFMB: HF-1, HF-2, HF-3, HF-4, HF-5, HF-6 and HF-7
hereafter. Analytical reagent grade THF as solvent was
dried by sodium and then distilled under nitrogen be-
fore use. All polymer solutions were filtered at room
temperature using 0.5-pm PTFE membrane.

Laser Light Scattering (LLS). A modified commer-
cial light-scattering spectrometer (ALV/SP-125)
equipped with an ALV-5000 multi-t digital time corre-
lator and a solid state laser (ADLAS DPY 425I1, output
power = 400 mW at A\, = 532 nm) as the light source
was used. The primary beam is vertically polarized
with respect to the scattering plane. In static LLS, the
instrument was calibrated with toluene to make sure
that the scattering intensity from toluene has no an-
gular dependence in the range of 15°~150°. The de-
tails of the LLS instrumentation and theory can be
found elsewhere (13, 14). All LLS measurements were
carried out at 30.0 + 0.1 °C. In static LLS, the angu-
lar dependence of the excess absolute time-averaged
scattered intensity, known as the excess Rayleigh
ratio, R,(q), was measured. For a dilute polymer solu-
tion measured at a low scattering angle, R (g} can be
related to the weight-average molar mass, <M, >, the
second virial coefficient, A,, and root mean square z-
average radius of gyration,<R?> /2 (or simply writ-
ten as <Rg>), as (15)

KC 1

RUU(q) <Mw>

(1 +%<R§>2q2) +2A,C (1)

where K = 4w?n2(dn/dC)2/(N,\%) and q =
{47n/\g)sin(6/2) with N, dn/dC, n and Ay being
Avogadro number, the specific refractive index incre-
ment, the solvent refractive index and the wavelength
of light in vacuum, respectively. Measuring R, (g) at a
set of C and g, we are able to determine <M, >, <R >,
and A, from a Zimm plot which incorporates the ex-
trapolations of g — 0 and C — 0 on a single grid. The
dn/dC was measured using a recently developed
novel refractometer (16).

In dynamic LLS, a precise intensity-intensity time
correlation function G@(t, g in the self-beating mode
was measured and G2 {t, g) is related to the normal-
ized first-order electric field time correlation function

gV (t g as (14)
G(t, ) = <[t, q)I0, q)> = A1 + BlgV (t, )] (2)

where A is a measured base line; B, a parameter de-
pending on the coherence of the detection; and ¢, the
delay time. It should be stated that in this study A is
not an adjustable parameter. Instead, we insisted on
the agreement between A and the caiculated baseline
within 0.1 % in all dynamic LLS experiments. This re-
quires a very careful solution preparation (i.e., dust
free).

RESULTS AND DISCUSSION

The refractive index increment (An) was found to de-
pend linearly on concentration (C) for 6FDA-PFMB
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and HFBPDA-PFMB in THF at 30°C. A least-square
fitting of the lines leads to a specific refractive index
increment (dn/dC) = 0.182 * 0.002 mL/g and 0.148
+ 0.002 mL/g for 6FDA-PFMB and HFBPDA-PFMB,
respectively, at T = 30.0°C and A, = 532 nm.
Equation 1 shows that both <M, > and A, depend on
the square of dn/dC, so that the accurate dn/dC
value has ensured a good characterization of <M, >
and A,.

Figure 1 shows a Zimm plot for HF-5 in THF at
30°C. From each Zimm plot, we were able to deter-
mine the values of <M,>, <R,> and A, respectively
from the extrapolations of [KC/R,,(g)l.,0.650
[KC/R,(g))._,, versus ¢ and {KC/R,(g),_,, versus C.
The static LLS results are summarized in Table 1. The
positive A, values indicate that THF is a good solvent
for the both polyimides at 30°C. The 6FDA-1, 6FDA-2,
HF-1, HF-2 and HF-3 chains are so short that R,(6)
practically shows no angular dependence and their
<R > values cannot be accurately determined. The
calibrations, for 6FDA-PFMB: <R;> (nm} = 3.87 X
102<M_>9568 and for HFBPDA-PFMB: <R,> (nm) =
2.24 X 102<M,>0626 were established where the
<Rg> values of 6FDA-1, 6FDA-2, HF-1, HF-2 and HF-
3 are estimated from their corresponding <R,> values
and their corresponding average value of the ratio
<Ry>/<Ry>.

Figure 2 shows a measured intensity-intensity time
correlation function for 6FDA-3 in THF at 6 = 30° and
T = 30°C. It is known that for a polydisperse sample
g, g) is related to the line-width distribution G(T') by
(14)

¢t 9) = <B. QE¥0. 9)> = [ G @)
o]

The Laplace inversion program CONTIN equipped
with the correlator was used in this work to convert
G@(t, g) to G(I') on the basis of Egs 2 and 3. The left
insert in Fig. 2 shows a typical G{I'). In the case of
<R,*>,q2<<1, the line width I' usually depends on
both Cand qas (17, 18),

T/q = D(1 + koC) (1 + f <RZ> ,q%) 4

where D is the translational diffusion coefficient at
C — 0 and g — 0; k,, the diffusion second virial co-
efficient; and f, a dimensionless parameter depend-
ing on the chain structure, polydispersity, and sol-
vent quality. k, reflects both the thermodynamic and
hydrodynamic interactions, i.e., kp = 24,<M,,> -
CpN4R3 /<M,,>, where Cp, is a constant and R, is the
hydrodynamic radius. The values of D, f, and k,
respectively obtained from the plots (I'/q?).,0 0.
(T/q?)._o versus ¢ and ([/q¥),_, versus C are also
listed in Table 1. No angular dependence of (I'/¢?) is
observed in some low molecular weight fractions, im-
plying that the values of f<R?2>,q? are very small.
This is understandable because the size of polymers is
so small that the contribution of internal motions to
the relaxation is insignificant (13, 19). In a good sol-
vent (A, > 0), I'/q? is less dependent on C than R,,(6)
because of a partial cancellation of the thermody-
namic term 2A,<M,> by the hydrodynamic inter-
action (CpN,R2/<M,>). In the case of C ~ 10™* and
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Fig. 1. A Zimm-plot of HF-5 in THF at T = 30°C, where the concentration of the polymer solution ranges from 0.4 X 103 g/ml to 2 X

108 g/mlL
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6 < 30° (1 + kO)(1 + f<R?>,d%) ~ 1,sothat /¢ = D
and G{I') can be directly transformed into a transla-
tional diffusion coefficient distribution G(D) or a hy-
drodynamic radius distribution f{R;) using the Stokes-
Einstein equation: D = kgT/(6mmR,;), where kg, T, and
1, are the Boltzmann constant, the absolute tempera-
ture, and solvent viscosity, respectively.

The right insert in Fig. 2 shows the corresponding
translational diffusion coefficient distributions G{D) of
the polyimides in THF at T = 30°C. From each G(D),
we were able to calculate a z-average translational dif-
fusion coefficient <D> = fg’ G(D)D dD, where G(D) is z-
average, and an z-average hydrodynamic radius <R;>
after replacing D in the Stokes-Einstein equation with
<D>. The values of <D>, <Ry>, and <R,>/<Ry;> of
all fractions of both polyimides are also summarized
in Table 1. The ratio of <R>/<Rp> are in the range
of ~ 1.7 - 1.9, higher than ~ 1.5 predicted for mono-
disperse random coil chains (17, 20, 21}, but close to
~1.84 predicted for rendom coil chains with a poly-
dispersity index (<M, > /<M, >) of ~ 2.

Figure 3 shows log(<D>) is a linear function of
log(<M,,>) of 6FDA-PFMB and HFBPDA-PFMB re-
spectively. The solid lines represent a least-square fit-
ting of <D> = <kp> M,, ~<°0” with, for 6FDA-PFMB:
<kp> = 2.13 X 10 and <ap> = 0.560, and for HF-
BPDA-PFMB: <kp> = 3.99 X 107 and <ap>
0.621, where < > means that the values of <kp> and
<ap> were obtained from <D> and <M,> rather
than from D and M for monodisperse species. The
value of <a,> of HFBPDA-PFMB is greater than that
of 6FDA-PFMB which means that the HFBPDA-PFMB

chains in THF at T = 30°C has a more extended con-
formation.

Knowing kj and «p we can transfer each G(D) into
a molar mass distribution using {17, 20, 21)

D)D
sam 200 o G(pypresen ®)
M
According to the definition of <M,> [= [§ f (MMdM/

1% f.,(MdM] and Eq 5, we have

k}*p j G(D)YdD
( < My > eated = o (6)

[ G(D)D"*pdD
0

If approximating kp, and oy with <kp> and <ap>, we
found that the calculated values of <M, > of both
polyimides fractions are much smaller than the values
of <M,> directly measured in static LLS. This dis-
agreement is understandable because <k,> # kp and
<ap> # ap for the moderately distributed 6FDA-
PFMB and HFBPDA-PFMB fractions.

Our previous studies have shown a method of com-
bining static and dynamic LLS results to obtain kj
and o, from the measured values of <M, > and G(D)
(17,21-24). Using this combination method, we found
that, for 6FDA-PFMB: k, = 2.41 X 10 and op
0.564, and for HFBPDA-PFMB: k, = 6.16 X 10~ and
ap = 0.656. These pairs of kj, and «, define the cali-
brations between D and M for monodisperse 6FDA-
PFMB and HFBPDA-PFMB in THF at T = 30°C, shown
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Fig. 2. A measured intensity-intensity time correlation function for 6FDA-3 in THF at ® = 30° and T = 30°C. The left insert shows a
corresponding line-width distribution G(T') calculated from G(t,g). The right insert shows a corresponding translational diffusion co-

efficient distribution G(D) calculated from G(I').
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Fig. 3. Two double logarithmic plots of <D> vs <M,>. For 6FDA-PFMB, the solid line represents the least-square fitting of <D>
fem?/s) = 2,13 X 104<M,>0-560; and the dotted line, D (cm?/s) = 2.41 X 107*M°55¢ for monodisperse species. For HFBPDA-
PFMB, the solid line represents the least-square fitting of <D> (cm?/s) = 3.99 X 104<M,>9621; and the dotted line, D (cm?/s) =
6.16 X 10#M-0656 for monodisperse species.
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Fig. 4. Molar mass distributions of five 6FDA-PFMB fractions.
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Fig. 5. Molar mass distributions of seven HFBPDA-PFMB fractions.

Table 1. Summary of Static and Dynamic Laser Light-Scattering Results of Fractions of both Polyimides.

104 <M,> <Rg> 10%A, 108<D>

f <Rp> <Ry >I<Rp> 1074<M,>)egea MJM,, M/M,

Sample (g/mol) {nm) (mol-cm®g?) (cm?/s) ml/g (nm) (g/mol)

6FDA-1 0.69 — 53.4 149 ~Q ~0 3.38 - 0.68 24 2.0

6FDA-2 1.54 — 23.0 94.8 ~0 5.35 — 1.64 17 1.6

6FDA-3 5.99 17.4 28.2 48.2 ~0 10.5 1.66 537 1.8 1.6

6FDA-4 134 32.4 11.2 28.1 ~1 18.0 1.80 139 1.9 1.7

6FDA-5 20.3 41.9 10.3 22.4 ~1 22.6 1.85 20.0 2.2 1.9
HF-1 2.69 -— 22.1 72.6 ~0 6.99 — 2.63 1.9 1.7
HF-2 3.30 — 14.2 61.7 ~0 8.23 — 3.33 2.1 1.8
HF-3 4.14 — 27.6 52.6 ~0 9.63 —_ 4.24 2.0 1.8
HF-4 5.35 20.7 13.9 44.8 -26 ~0 11.3 1.83 5.60 1.7 1.6
HF-5 5.92 20.8 23.9 45.0 ~0 11.3 1.84 5.44 19 1.7
HF-6 6.41 233 20.4 40.7 ~0 12.4 1.88 6.53 1.6 1.5
HF-7 6.93 24.0 17.5 40.0 ~0 12.7 1.89 6.84 1.4 14

The relative errors: <M,>, & 5%; <R >, = 10-15%, A,, * 15%; <D>, * 3%.

in Fig. 3 by the dotted line. With this pair of kj and
ap, we converted each (D) to a corresponding f, (M)}.
Figures 4 and 5 show molar mass distributions
Ju{M) of five 6FDA-PFMB and seven HFBPDA-PFMB
fractions. From each f (M), we calculated a corre-
sponding weight-average molar mass (<M,,>)_,q and
polydispersity index <M, >/<M_ > and <M,>/<M, >,
which are also listed in Table 1. The calculated values
of (<M,,>) .ica agree well with the measured values of
<M,,> from static LLS. The values of <M, >/<M,>
=< 2 are expected since both polyimides were made by
polycondensation followed by fractionation. For 6FDA-
1, the measured G(D) may contain some experimental
noise which make the width of G(D) larger, hence the
abnormal larger PI value is obtained. We can estimate
the persistence length (g) on the basis of Kratky-Porod

wormlike chain model (25),

w=a(3(c)-1+(7)- (5 -ewl))

)
where L (= n{,) is the contour length with ¢, being the
projected length of the monomer unit and n (=
<M, >/M,) being the average number of the
monomers unit of polymer chain. In this case, ¢, and
M, are, for 6FDA-PFMB: ~ 2.18 nm and 728 g/mol
respectively, and for HFBPDA-PFMB: ~ 2.08 nm and
714 g/mol respectively. Strictly speaking, we should
use n = (<M,>/<M_ >)(<M,>/<M,>) since <Rg>
measured in static LLS is a z-averaged parameter. The
values of q estimated from the values of <R??> and
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<M,,> of 6FDA-PFMB and HFBPDA-PFMB are ~ 3.3
nm and ~ 4.5 nm respectively. In comparison with
the value of g ~ 1 nm for typical flexible polymers,
such as polystyrene and polymethyl methacrylate in
good solvent, both polyimides chains have a more ex-
tended conformation in THF at 30°C. The extended
conformation can be attributed to the rigid segments
in the backbone. It is also possible that the extended
conformation is related to the excluded volume effect
(26). Equation 7 shows that when L/q — 0, <R?>> -
I2/12 and the polymer becomes a rigid rod; on the
other hand, when L/q >> 1, the polymer chain be-
comes a coil and <R?> = <h?>/6, where <h> (=
2g¢lL) is the mean square end-to-end distance of the
polymer chain. Assuming both polyimides chains
have a coil conformation, the estimate of g from
<R/?> through <h?> are ~ 3.3 nm and ~ 4.5 nm for
6FDA-PFMB and HFBPDA-PFMB, respectively, which
are very close to the results calculated on the basis of
Eq 7, implying that the both polyimides chains have
an extended coil conformation.

The chain flexibility can be attributed to the rotating
joints, such as -O-, -S-, -CH,-, and a single bond be-
tween the rigid-rod segments (26, 27). Since the chain
flexibility contributed by -CH,- joint is normally
greater than that by a single bond, the coil conforma-
tion of the HFBPDA-PFMB chain is more extended
than that of 6FDA-PFMB, which is supported by the
higher persistence length and the greater values of the
exponents of the calibrations of HFBDPA-PFMB.

The chain dimensions of 6FDA-PFMB and HFBPDA-
PFMB were compared with polystyrene in a good sol-
vent. The comparisons were calculated by the calibra-
tions <R> ~ Nand <R,> ~ N of the polymers where
N is the average number of C-C bonds of the polymer
chain. The average number of C-C bonds per
monomer unit are 2, 14.2 (2.18 nm + 0.154 nm) and
13.5 (2.08 nm + 0.154 nm) for polystyrene, 6FDA-
PFMB and HFBPDA-PFMB, respectively where the av-
erage C-C bond length is 0.154 nm. The calibrations
are, for polystyrene (28), R, (nm) = 1.13 X 10-1]N0-620
and R, (nm) = 9.77 X 1072N°577; for 6FDA-PFMB:
(nm) = 3.62 X 10-1N0-568 and Ry (nm) = 2.17 X
10-1NO0-560. for the HFBPDA-PFMB: nm) = 2.69 X
10"1N0626 and R;, (nm) = 1.51 X 1071N%620, The values
of R, and R, of the two polyimides are generally two
times higher than that of polystyrene at the same
value of N {(when N >> 1). This indicates that the coil
conformation of both polyimides is more expanded
than that of polystyrene. This expansion is attributed
to the excluded volume effect and the chain stiffness.

CONCLUSIONS

A combination of static and dynamic laser light
scattering (LLS) studies of 6FDA-PFMB and HFBPDA-
PFMB in THF at 30°C shows that:

i) The persistence lengths (q) of 6FDA-PFMB and
HFBPDA-PFMB are ~ 3.3 nm and ~ 4.5 nm, re-

592

spectively, and the ratios of <R,>/<R;> are in
the range of 1.7-1.9;

i) <R,>, <R,> and D are scaled to the molar mass as
for 6FDA-PFMB: <R,> (nm) = 3.87 X
102<M,>0568 <R,> (nm) = 2.38 X 102<M,>0560
and D (cm?2/s) = 2.41 X 10*M0564 for HFBPDA-
PFMB: < (nm) = 2.24 X 102<M,>06%6 <R,>
(nm) = 1.27 X 102<M,>%621 and D (cm?/sec) =
6.16 X 10 X M0, respectively;

iiij both 6FDA-PFMB and HFBPDA-PFMB chains
have an expanded coil conformation; and iv) It
was found that the HFBPDA-PFMB chains are
more extended than the 6FDA-PFMB chains be-
cause HFBPDA-PFMB chains contain a less flexi-
ble single bond joint instead of the -CH,- joint in
6FDA-PFMB chains.

v) Using the calibration between D and M, we have
successfully converted each translational diffu-
sion coefficient distribution into a corresponding
molar mass distribution, which demonstrates
that the molar mass distribution of 6FDA-PFMB
and HFBPDA-PFMB can be easily characterized
by LLS using only one dilute solution measured
at one scattering angle.
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NOMENCLATURE

6FDA-PFMB = Polyimide synthesized from 2,2’-
bis(3,4-dicarboxyphenyl}hexafluoro-
propane dianhydride {6FDA) and
2,2’-(trifluoromethyl)-4,4’'diamino-
biphenyl diamine (PFMB).

= The measured baseline.

Second virial coefficient.

Concentration of polymer solutions.

Translational diffusion coefficient.

<D> = z-average translational diffusion

i

gad >
i

I

coefficient.
dn/dC = The specific refractive index incre-
ment.
E(t.,g = Scattered electric field.

J(M) = Molar mass distribution.
f = A dimensionless number depending
the angular dependence of <D>.
G{I') = Normalized linewidth distribution.
GY(t,9 = Intensity-intensity time correlation

function.
g¥(t,g) = Normalized first-order electric field
time correlation function.
G{D) = Translational diffusion coefficient
distribution.
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<h?> = Mean square end-to-end distance.
HFBPDA-PFMB = Polyimide synthesized from 2,2’-bis
(trifluoro-methyl)-4,4’,5,5-biphenyl-
tetracarboxylic dianhydride (HFBP-
DA) and 2,2'-(triftuoromethyl}-4,4’-
diaminobiphenyl diamine (PFMB).
Iit.q) = Scattered intensity.
k,; = The diffusion second virial coefficient.
kg = The Boltzmann constant.
L = Contour length.
¢, = Projection length of monomer unit.
LLS = Laser light scattering.
<M,> = Weight-average molar mass.
MEK = Methyl ethyl ketone.
M = Molar mass for monodisperse com-
pounds.
M, = Monomer mass.
(<M >)eaica = The calculated weight-average
molar mass.
= Avogadro’s number.
Solvent refractive index.
= Number of carbon-carbon bonds in
the polymer chain.
<R,> = z-average hydrodynamic radius.
<R;> = Root mean square z-average radius
of gyration.
R,{q = The excess Rayleigh ratio.
q = Persistence length.
q = Scattering vector.
THF = Tetrahydrofuran.
T = Absolute temperature.
A, = Wavelength of light in vacuum.
I' = Linewidth.
f = The parameter depending on the
coherence of the detection.
An = Refractive index increment.
n = Solvent viscosity.

2::»2
I
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