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ABSTRACT: The concentration dependence of the re-
duced viscosity nsp/c and the translational diffusion coeffi-
cient D} as well as the radius of gyration R, of polystyrene in
toluene were studied by viscometry and laser light scattering
(LLS), respectively. The influence of the experimental error
on the determination of the ng,/c was investigated and a
quantitative relation was given out. Viscometric experiment
found that the n,,/c—c curve is clearly divided into two parts
by dynamic contact concentration c;, When ¢ > ¢, it shows
normal linearity as predicted by Huggins equation. But when
¢ < ¢, i.e., in the extremely dilute regime, the nsp/ c—c curve is
no longer linear and levels off considering the experimental
uncertainty. This new finding was confirmed by the follow-

ing LLS experiment, which indicates that the size of the
polymer chains no longer varies with concentration when
¢ < c5. As a result, we, for the first time, using the method of
combination of viscometry and LLS, prove an important
conclusion that in the extremely dilute concentration regime,
the reduced viscosity of polymer solution, at least for PS/
toluene, conforming to the Einstein viscosity equation is
just the intrinsic viscosity and independent of the con-
centration. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102:
4440-4446, 2006
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INTRODUCTION

As early as the 1950s, it was found that solution viscos-
ity of single polymer in extremely dilute concentration
region usually reveals some abnormalities, i.e., the
reduced viscosity-concentration (ng,/c—c) curves devi-
ate from linear relationship predicted by Huggins
equation and show either an upward or a downward
turn as concentration is very low."! Even for the identi-
cal PMMA /toluene solution, there are two contrary
results: one reported the curve bends upward,” while
the other found it downward.? To interpret this abnor-
mal phenomenon, many efforts have been made to
investigate it A1 Unfortunately, there are still contra-
dictions among several theories for that so far. Over the
last few decades, the hypothesis of adsorption®'*'*
and that of critical concentration”'%'® are relatively rep-
resentative ones. There is still another explanation'®
that the abnormality is perhaps related to the experi-
mental error. Furthermore, the experimental error
is related to the concentration, but the quantitatively
mathematical relationship between them was not
given.
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Recently, some advancement has been made about this
problem. Cheng and coworkers'*'7! investigated this
question systematically and proposed a quantitative ad-
sorption theory that could interpret many experimental
data: it’s obviously considerable progress in solving the
hard problem that has troubled people for half a century.
However, the conclusion'® that the abnormality of the re-
duced viscosity appearing in the extremely dilute concen-
tration region was solely due to the effect of adsorption of
polymer chains on the viscometer inner surface seems a
little absolute as several causes may exist simultaneously.

So what is the truth behind this abnormal phenom-
enon? It attracted us into further investigations. In this ar-
ticle, one polystyrene standard sample was studied with a
conventional glass capillary viscometer, and the experi-
mental result was new and corroborated by the dynamic
light scattering (DLS) experiment in terms of the confor-
mation of polymer chains. The result of this article, for the
first time, by the method of combination of viscometry
and DLS, provides authentic evidence for the prediction
suggested by Pan and Cheng? that in the extremely dilute
concentration regime, the reduced viscosity is the intrinsic
viscosity and independent of polymer concentration.

THERORETICAL BACKGROUND
Viscometry

The experimentally determined reduced viscosity
of a dilute polymer solution is usually a linear func-
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TABLE I
Summary of M,,, M,,/M,, and D, of Polystyrene Standard Sample in Toluene
My, (10* g/mol) M,/M, 1,/ T2 DY (1077 cm?/s)
Nominal Measured Nominal Measured Extrapolated Level off
34.1 33.2 1.07 0.078 2.44 2.49

tion of concentration expressed by Huggins equa- 1 © r
tion as ¢(g,7) = /0 G(T) e THdr )

nsp/c - [Tﬂ + kH[n]2C 1)

where ky; is termed the Huggins coefficient or slope con-
stant. The intercept [1] is defined as intrinsic viscosity:

] = lim(ngp/c) 2)

which is related to the size of an isolated polymer chain
in solution.”” The theory of intrinsic viscosity has been
firmly established in the past half-century and has
become a cornerstone of modern polymer science.*?

Static light scattering

In static light scattering (SLS), the excess scattering
intensity, known as Rayleigh ratio R,,(0), is related
to weight-average molecular weight M,, mean-
square radius of gyration <R§>, the second virial coef-
ficient A,, and polymer concentration ¢ as**

Ke/Roo(0) = 1/My (1 +(1/3)¢? <R§>) + 24 (3)

where optical constant K = 4r*n®(dn/dc)*/ (N akob),
wavevector g = 4nnsin(0/2)/Ahy with n, dn/dc, Ao,
N4, and 0 being the refractive index of the solvent,
the specific refractive index increment, the wave-
length of light in vacuum, Avogadro’s number, and
scattering angle, respectively. The basic parameters
of My, <R§), and A; of a polymer can be obtained
simultaneously by Zimm plot in light of eq. (3).

Dynamic light scattering

In DLS, the measured intensity—intensity time correla-
tion function G(z)(q, 1) is related to the normalized first-
order electric-field correlation function 1¢"(g, t)| by
the relation®

GP(g,7) = A1+ BlgM (g, 1)) 4)

where A, 1, and g are the baseline, delay time, and scat-
tering wavevector, respectively. B, whose value is
between 0 and 1, is a spatial coherent factor depending
only upon the optical configuration, which reflects the
maximum ratio of the net signal (G(z)(q, 1) — A) to the
baseline A. For a polydisperse system, g")(g, t) can be
related to the line-width I" by

where G(I') is the line-width distribution function. Fur-
ther, I" can be related to the translational diffusion coef-
ficient D; by

T/q* =Di =D{(1+f(R3) ) 6)

where fis a dimensionless number in the range of 0.10—
0.33. Many factors, such as the chain structure, polydis-
persity, and solvent quality, might affect the value of f.
In the dilute solution, DY is normally expressed as a lin-
ear function of c by

DY = DY(1 + Kye) 7)

where superscript “0” and subscript “0” indicate that
g=0and c = 0, respectively. K; is the second virial coef-
ficient of translational diffusion, which includes both
the thermodynamic and hydrodynamic contributions.

EXPERIMENTAL

A narrowly distributed polystyene (PS) standard sam-
ple from Nanjing University (China) was used. Some
parameters including the polydispersity (M,,/M,) by
SEC and the value of poly (i,/I'?, the measure of dis-
tribution of z-average diffusion coefficient, measured
by DLS of the sample are listed in Table I. As we can
see, the agreement between the nominal weight-aver-
age molecular weight M,, and the measured one by
SLS is within the experimental error of =4%. The dis-
tribution of the hydrodynamic diameter of the sample
determined by DLS is shown in Figure 1, from which
and the value of p,/T'? we can see that the distribution
of the standard sample is fairly narrow.
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Figure 1 The distribution of hydrodynamic diameter of
the PS sample.



4442

Dust-free toluene of analytical purity was used as
solvent after being filtered by a 0.2 pm Millipore filter.

Solution preparation

To compare with the results of the viscosity and the
laser light scattering (LLS) measurements, the same
stock solutions of PS/toluene with an exactly known
concentration were prepared by weighing. Both the ex-
periments of viscosity and the LLS demand “absolute”
clean solutions—one or two little fibers or dust particles
will dominate the measured signal, especially in the
extremely dilute regime. So we took the following pre-
cautions in the preparation of solutions according to
the method given in the literature.” Briefly, the proce-
dure involves: (1) clean all needles, syringes, volume
flasks and prepare the stock solutions with dust-free
toluene, (2) dilute the stock solutions with dust-free tol-
uene to desired concentration, (3) before the LLS mea-
surement, clean carefully the final solutions once more
with the 0.2 pm Millipore filter until the scattering in-
tensity fluctuation at 15° is less than *3 (by examined
200 points with the program of BI9000AT v6.4 pro-
vided by Brookhaven Company at the same conditions
as solution measuring.

Measurements of viscosity

Two conventional dilution-type Ubbelohde viscome-
ters with capillary length of 110.0 mm and diameters
of 0.30 and 0.40 mm respectively were used. A stop-
watch with an accuracy of 0.01 s was used manually to
measure the flow times. All measurements were per-
formed in a water bath of (30 = 0.01)°C. The flow time
of pure solvent, named ¢, was firstly measured by
using a thoroughly cleaned viscometer, then pouring
out the solvent and drying the viscometer. For mea-
suring the flow times of polymer solutions, named ¢,
of different concentrations, the concentrated PS solu-
tion with known mass and exact concentration was
first measured. Afterward, weighed solvents were
added to the viscometer successively for decreasing
the solution concentration. The weight concentration
was converted to a weight-volume one (in g/mL) by
applying the density correction. For the purpose of
accuracy, we do at least five parallel determinations
for each concentration and the maximum difference
among the flow times is required to be no larger than
0.2 s, which is in accordance with conventional prac-
tice. For each sample, we do several repeated experi-
ments, observe and compare the data carefully to find
the law of the variation of the ng,/c—c curves.

Measurements of LLS

All the LLS measurements of PS/toluene solutions
were carried out at the same temperature of (30
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+ 0.1)°C by using a BI-200SM light scattering spec-
trometer with a BI-9000AT correlator (Brookhaven
Instruments Corp.), the light source being an argon-
ion laser (Coherent INNOVA 300, A 514.5 nm, sin-
gle-line power 1 w, with power-track). The incident
light beam was vertically polarized with respect to
the scattering plane. To obtain the precise values of
the hydrodynamic radius R and the radius of gyra-
tion R, by the method of angular extrapolation for
each concentration, we selected 7 angles from a wide
angular range of 15-120° in DLS measurements and
22 angles from a range of 30-135° with a small step
increment of 5° in SLS measurements, respectively.

RESULTS AND DISCUSSION

Finding of viscometry and discussion
of the experimental error

The concentration dependence of the reduced viscos-
ity of the PS sample in toluene with three repeated
measurements strictly on the same conditions are
shown in Figure 2. The semilogarithmic plot is drawn
to scatter the data points in the extremely dilute con-
centration regime.

From Figure 2, we can see that, although the devia-
tion of flow times for each concentration is < 0.2 s, the
repeatability of the data grows worse rapidly along
with the decrease of the concentration. Especially in
the extremely dilute regime, it is hard to find the varia-
tion law of ng,/c—c. Why is there such a great experi-
mental error for the measurement of reduced viscosity
although the repeatability of the flow times is satisfac-
tory considering the manual operation? It is analyzed
as follows. In our experimental condition, dilute and
extremely dilute polymer solutions are operated, so
the density correction should be ignored. Furthermore,
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Figure 2 The relationship of ng,/c—c for the PS sample
with three repeated measurements.
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the flow times of both the solvent and the solution are
much longer than 100 s and a sufficiently high length/
diameter ratio is reached, so the kinetic energy correc-
tions and end-effects should also be negligible. Hence,
the relative viscosity can be calculated as

n, = t/to (8)

where t and t, are, respectively, the flow time of the so-
lution and the solvent.
The reduced viscosity ns,/c can be calculated as

Tlsp/C: (nr_l)/c (9)
and combining egs. (8) and (9), we have
nsp/c = (t —to)/(toc) (10)

Provided the deviation of flow time of the solution
is denoted as At (At =t — t, t is the mean value of
flow times) as well as Aty of the solvent, the devia-
tion of the reduced viscosity, A(nsp/c), could thence,
by use of total differential, be

[A(Nep/€)| = |At]/(toc) + t|Ato|/ (to”c) (11)

Generally, |Atl and |Atyl are required to be <0.1 s.
Assuming there is hardly systematic error—and so

is it in fact—the measurement error of the reduced

viscosity may be expressed approximately as

E = [A(ngp/0)]/(nsp/€) = (tlA] + tolAt)/ (Bng)  (12)
According to Huggins equation, we have

N = M) ¢+ kun]*c? (13)

Then inserting eq. (13) into eq. (12), the quantitative
relationship of E and ¢ will be obtained as

E= ‘A(nsp/c)v(nsp/c)
= (t1Ato] + tolAt])/ (to*(Inle + ku[nPe?))  (14)

In the dilute and extremely dilute concentration re-
gion, ¢® in eq. (14) can be neglected, so eq. (14) can
be simplified as

E = [A(ng,/0)|/(Np/€) = (t|Ako| + toAH[)/(£5[n]c) (15)
For limit values to egs. (14) and (15) we have

limE = oo (16)

c—0

At the condition tested, for a given sample, [n], At,
Aty, and t; are constants, t > f;, so E is in inverse

proportion to c. As the solution dilutes, the mea-
suring error of the reduced viscosity will increa-
singly go up till infinity. Thus it is predictable that
the fluctuation of the ng,/c—c curve will be more and
more evident with the decrease of the concentration,
especially in the extremely dilute regime, just as
shown in Figures 2 and 3. The error bars in Figure 3
intuitively demonstrate the deviation of ng,/c with
the concentration as |Atl and |Atyl are equal to 0.1 s.
So the fluctuation of the data is inevitable under con-
ventional experimental conditions even for reliable
experimental data. It should be emphasized that
if the experimental conditions, especially the time-
measuring precision, would be improved, the repeat-
ability of the curves could be improved correspond-
ingly. In other words, the time-measuring precision
determines the extent of the fluctuation of data.

As data in Figure 2 are so scattered and there
seems to be no obvious variation law in the
extremely dilute regime, we computed the mean val-
ues of ng,/c and the average ny,/c—c curve is shown
in Figure 3 (the error bars are also given out). From
which we find that the curve can be clearly divided
into two parts by a critical concentration ¢;, which is
about 4 x 10°* g/mL. Experimentally, ¢, might
be addressed as the “’dynamic contact concentration”
presented by Qian®** rather than the “overlap con-
centration” ¢* presented by de Genes®® in light of its
order of magnitude. Qian has suggested that there
exists a dynamic contact concentration ¢, at which
the chain segments of polymer coil start to feel the
repulsive interaction between segments of neighbor-
ing coils, and the coils start to shrink in dimension
when the solution concentration ¢ > ¢, From the

135}
§ 120} [
E
O 105F 4
Q.
(2
o

90} c

S
75}
TS
c (g/ml)

Figure 3 The concentration dependence of the reduced
viscosity of the PS/toluene solution. The error bars are cal-
culated from eq. (11) with [Atl and 1Aty as 0.1 s.
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definition of ¢;, we can see that it is similar to the
critical concentration ¢**, presented by Dondos, who
believes that in that concentration, entanglements
emerge between the macromolecular chains, but the
value of ¢; we detected is lower than the ¢** deter-
mined by Dondos with viscometry.” The existence
of ¢, has been confirmed later by precise SEC* and
DLS® studies. Moreover, Wu® has suggested the
variation of ¢; as a function of M. From Figure 3,
we can see that when ¢ > ¢;, namely, in the dilute
concentration regime, the Nsp /c—c curve shows a nor-
mal good linearity as predicted by Huggins equa-
tion; but when ¢ < ¢, namely, in the extremely dilute
concentration regime, it is no longer linear and ap-
pears to level off in the range of error considering
the comparatively large experimental uncertainty of
conventional Ubbelohde viscometry as analyzed
above.

Our viscometric result is novel and different from
the earlier reports by Ohrn'*'>—Most of his findings
bend upward in the extremely dilute concentration
regime, which is usually explained by the polymer
adsorption in the inner wall of the viscometer. But
in our study, there is no obvious evidence to confirm
the existence of the adsorption. The reason for this
difference about adsorption is perhaps due to the
difference of the surface property of the inner wall
of the capillary made by different kinds of glass. Pan
and Cheng®? have predicted that in the extremely
dilute concentration regime where polymer chains
are isolated and do not suffer interchain interaction,
the reduced viscosity will be equal to the intrinsic
viscosity and independent of polymer concentration,
that is,

|nsp/C‘C<C5 = [n] 17)

In other words, it conforms to the Einstein viscosity
equation®! after ¢ < ¢y

n,=1+ne (18)

This prediction is in accordance with the experimen-
tal findings reported by Haney’> who has used a
bridge-type differential capillary viscometer rather
than a conventional Ubbolohde viscometer. Our ex-
perimental results above too appear to prove this
prediction.

However, because of the significant effect of the
error in the measurement of the viscosity, it seems a
little difficult to make an accurate judgment only by
means of viscometry. Now that the intrinsic viscosity
is a measure of the shape and size of the isolated
macromolecule,® and the laser light scattering (LLS)
happened to be a very suitable tool to measure the
dimension of the polymer, it is a good choice to ver-
ify the results of viscometry by LLS experiments.

DU ET AL.

The confirmation of the DLS

In terms of the experimental procedure of DLS
described in the “Experimental” section, the line-
width distribution [G(I')] and the average values of
the line width (I') were obtained using a Laplace
inversion program (CONTIN), and then D; can be
obtained by eq. (6). The hydrodynamic radius of the
polymer can then be determined from Stokes-
Einstein equation

Rth = kBT/6TCT] (19)

where kg, T, and n are the Boltzmann constant, the
absolute temperature, and the solvent viscosity,
respectively. So R, is in inverse proportion to D,
under given experimental conditions. Figure 4 shows
typical plots of D, versus ¢* for eight concentrations
of the PS/toluene solution at 30°C. In the ideal case,
D, does not depend on the square of the scattering
vector g, but in fact, due to the influence of the fac-
tors such as polydispersity and nonsphere, the D;
~ ¢* curves usually show negative or positive slope
as in Figure 4 according to eq. (6). The lines in Fig-
ure 4 represent the least-square fitting and D? can be
obtained from the intercept of the fitting lines on
the basis of eq. (6). So the DY ~ ¢ curve of the PS/
toluene solution can be obtained in Figure 5 with
error bars of £5% experimental error.

Comparing Figures 3 and 5, we can find that the
lines are quite alike. Figure 5 also clearly shows two
regimes, and the boundary concentration is also ¢,
the value of which is about 3.5 x 107* g/mL, a little
lower than the value in Figure 3. This result is con-
sistent with the conclusion made by Dondos and
coworkers,” who found that the critical concentra-
tion is lower when determined by UV measurements
in the static state compared with that determined in
the dynamic state using viscometry. In Figure 5,
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Figure 4 Plots of D; versus g> for eight concentrations of
PS sample in toluene at 30°C.
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when ¢ > ¢, namely, in the dilute regime, DY is a
linear function of c as predicted by eq. (7); but when
¢ < ¢s namely, in the extremely dilute regime, D?
levels off considering *5% experimental error. It
might be right to consider that this level-off behavior
of D? in the extremely dilute regime is an essential
feature of polymer solution as predicted by the con-
cept of the screening length.”> The result of DY, ex-
trapolated linearly from the D} ~ ¢ curve and the
level-off value are summarized in Table I. From Fig-
ure 5 and eq. (19), we know that the hydrodynamic
radius gradually increases as the concentration
decreases at first; when ¢ = ¢, DY (R)) reaches the
minimum (maximum) value and levels off after ¢ <
¢s. This variation can be simply explained as follows:
along with the decrease of the concentration, the dis-
tance among polymer molecules will increase, and
the volume of the molecules will expand continu-
ously. Till ¢ = ¢, the volume is up to the maximum
value and hardly varies with diluting any longer.
That is to say, in the extremely dilute concentration
regime, polymer chains are isolated and almost do
not suffer interchain interaction. Additionally, the
intrinsic viscosity is dependent upon the volume occu-
pied by the polymer chains,* so the reduced viscosity,
i.e., the intrinsic viscosity as c < ¢,, tends to be invaria-
ble. So far we have interpreted satisfactorily the viscos-
ity abnormality of PS/toluene solution in extremely
dilute concentration regime and adequately supported
the prediction mentioned above.

Young et al.>* have reported that for nonaggregat-
ing polymers in dilute solution, z-average diffusion
coefficient is concentration-independent; if a polymer
is aggregating, then it varies with concentration.
From Figure 5 we can see that, in the dilute concen-
tration regime, D? varies with ¢, but the variation
range is relatively narrower, so we may conclude

N
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Figure 5 Plots of DY versus c for the PS/toluene solution.
The error bars denote *5% experimental uncertainty of
the method.
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Figure 6 Plots of R, versus c for the PS/toluene solution.
The error bars denote *5% experimental uncertainty of
the method.

that PS molecules have slight aggregation in this re-
gime. However, in the extremely dilute regime, D?
has no concentration-dependence, so there is no ag-
gregation among PS molecules.

In addition, from Figure 5, it seems reasonable to
suggest, like the viscosity, that in the extremely dilute
concentration regime, there exists:

|Dt0|c<c5 :Dgo (20)

In fact, from Table I, we can see that the extrapo-
lated value of DY, is very close to the level-off one.

The confirmation of the SLS

In terms of the experimental procedure of SLS
described in the experimental part, the R, ~ ¢ curve
for the PS sample was obtained as shown in Figure 6
considering *5% experimental error. Comparing
Figure 6 with Figure 5, the conclusion is made that
the variation laws of R, and R, (inverse proportional
to DY) are completely consistent. So the research
results of the LLS are in accordance with those of
the viscometry satisfactorily.

CONCLUSIONS

In summary, the variation of reduced viscosity (nsp/c)
with concentration has been studied with polystyrene
sample in toluene. It is found that the system has no
obvious adsorption and there is a larger experimental
error caused by the manual time-measuring. Through
mathematical analysis, a quantitative relation about
the error is given. By the method of computing mean
values from several repeated measurements, the vari-
ation law of ns,/c—c curve can be found preliminarily.
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There exists a dynamic contact concentration c¢; which
separates a dilute regime (c > ¢, ) into an extremely
dilute regime (c < c;). When ¢ > ¢, the ng,/c—c curve
shows a good linearity as predicted by Huggins equa-
tion; but when ¢ < ¢, it is interesting that the ny,/c—
curve bends neither upward nor downward but levels
off. This finding is interesting; nevertheless, consider-
ing the relatively larger experimental uncertainty, the
laser light scattering investigation is performed to
confirm it once more. The results of LLS show that the
D? ~ cand R, ~ c curves, resembling the ng,/c-c curve,
are also divided into two parts by ¢;. When ¢ > ¢, the
curves are normal and linear. When ¢ < c;, they level
off in the range of experimental error. That means D
(R}) and R, are invariable and independent of poly-
mer concentration in the extremely dilute concentra-
tion regime. That is to say, the polymer chains are iso-
lated and unfold completely to be random coils, so
their hydrodynamic volumes are not changeable any
more, and thus the ng,/c—c curve would level off.
Therefore, the LLS experiments corroborate the visco-
metric result in terms of the conformation of polymer
chains. Furthermore, this article, for the first time,
through a method of combination of conventional
Ubbolohde viscometry with LLS, proves an important
conclusion unambiguously, once predicted by Pan
and Cheng,** that the reduced viscosity is the intrinsic
viscosity and independent of polymer concentration
in the extremely dilute concentration regime. It is true
at least for PS/toluene solution and it will be still true,
we believe, for nonpolyelectrolyte solution.
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