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ABSTRACT: A new method for the determination of polymer viscosity-average molecu-
lar weights was developed with flow piezoelectric quartz crystal (PQC) viscosity sens-
ing. The experimental setup with a 9 MHz AT-cut quartz crystal and a flow detection
cell was constructed and shown to be able to give highly reproducible data under the
temperature of 25 = 0.1°C and the fluid flow rate of 1.3-1.6 mL/min. A response model
for PQC in contact with dilute polymer solutions (concentration <0.01 g/mL) was
proposed in which the frequency change from the pure solvent, Af,, follows Af
= —kgm,'? + k., where 7, is the absolute viscosity of dilute polymer solution and & and
k., are the proportionality constants. This model was examined with poly(ethylene
glycol) samples (PEG-20000 and PEG-10000) under the aforementioned experimental
conditions using water as solvent. The result was Af, = —1587n,"/% + 1443. Based on
this model, the method for the determination of polymer viscosity-average molecular
weights, M., by flow PQC viscosity sensing was described and examined with an
unknown poly(vinyl alcohol) (PVAL) sample. The new method proved to be an attractive
and promising alternative for the determination of polymer molecular weights based
on the good agreement between the molecular weight determined by the new method
(M, = 58600) for the unknown PVAL sample with that determined by the conventional
capillary viscosity method. The new method has some advantages over the conventional
viscosity method; for examples, operation is simpler and more rapid; the instruments
required are cheaper and portable; the needed sample quantity is smaller; and the
experimental setup constructed can be used in continuous measurement. © 2001 John
Wiley & Sons, Inc. J Appl Polym Sci 82: 63-69, 2001
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INTRODUCTION

The determination of polymer molecular weights
is of great importance in polymer science and
engineering. There are various techniques for
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measuring polymer molecular weights, including
end group analysis, membrane osmometry, light
scattering, ultracentrifugation, gel permeation
chromatography, viscometry, etc.,! and new
methods are still being developed. For instance,
Oh et al.? recently proposed to determine molec-
ular weight and distribution of rigid-rod polymers
by the phase-modulated flow birefringence. How-
ever, most of those methods require expensive
equipment. In practical applications, the viscosity
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method is one of the most commonly used, but it is
only a relative method and has some serious
shortcomings. The determination of molecular
weight by the viscosity method involves measure-
ment of the viscosity of dilute polymer solutions.
Although some automatic viscometers are avail-
able, such as the Schott AVS system and Differ-
ential Viscometer from Viscotek,® conventional
capillary viscometers (Ubbelohde or Ostwald) are
often used because the automatic viscometers are
more complex and more expensive than ordinary
glass viscometers. However, it is well known that
such capillary viscometers cannot be used for con-
tinuous viscosity measurement and their cleaning
is a very tedious task; therefore, the capillary
viscosity method is time consuming and very in-
convenient. Furthermore, and more importantly,
the accuracy of the method depends on the work-
er’s proficiency in operation. These shortcomings
in currently available methods indicate that it is
necessary to develop a rapid, convenient, and low
cost instrumental method for the determination
of polymer viscosity-average molecular weights.

Extensive attention has been paid to piezoelec-
tric quartz crystal (PQC) liquid sensing, since AT-
cut quartz crystals achieved stable oscillation in
solution.* Furthermore, there is increasing inter-
est in utilization of PQC because of its easy use,
low detection limit, and continuous operation.®~®
However, to our knowledge, application of PQC in
polymer analysis and characterization has not
been reported.

Several groups provided detailed theoretical
explanations for the behavior of PQC in contact
with liquids. Kanazawa and Gordon® developed a
simple physical model in which the coupling of
the shear wave in the quartz to a damped shear
wave in the fluid was considered, assuming neg-
ligible fluid elasticity. This model allowed the fol-
lowing relationship to be derived, relating the
change in oscillation frequency of the crystal to
the material parameters describing the liquid and
the quartz:

Af = — 2 (mupi(mp ) (1)

where Af is the frequency change oscillating in
the liquid relative to that in air, f;, is the basic
oscillation frequency of the dry crystal, n; and p;
are the absolute viscosity and density of the lig-
uid, respectively, and p, and p, are the elastic
modulus and the density of the quartz, respec-
tively. Bruckenstein and Shay'® derived a simi-

lar, though not identical, expression based on an
analogy between the oscillating boundary layer
adjacent to each crystal face and the thickness of
an alternating current (ac) polarographic diffu-
sion layer. Hager!! developed a slightly different
equation by considering the viscous energy losses
and fluid velocity at the crystal surface:

Af = _kl(n1p1)1/2 + kogy (2)

where %, and &, are proportionality constants and
€1 1s the dielectric constant of the liquid. Taking a
more empirical approach, Nomura and Oku-
hara'? suggested that the following relationship
most appropriately described the frequency
change:

AF = —kapl® = un® + ks 3)

where k3, k,, and k5 are empirical proportionality
constants. Yao and Zhou* observed a relationship
resembling eq.3, with the exception that two ad-
ditional terms were included to take into account
dielectric and conductance effects. Later work®
identified that not only did the viscosity, density,
conductivity, and permittivity of the liquid influ-
ence the frequency, but also other factors associ-
ated with the physical and chemical nature of the
interfacial environment. For examples, the fre-
quency response was mediated by interfacial in-
teractions, such as the structure of solid—solution
interface with respect to surface roughness and
surface stress, interfacial viscosity, surface free
energy, as well as the extent of crystal contact
with the solution phase. To date, no unifying
equation has been developed to describe the pi-
ezoelectric crystal response in liquid. Generally,
the predictions of Kanazawa et al.® and Brucken-
stein et al.'® could be in good agreement with
experiments except for the high viscosity solu-
tions, salt solutions, and polymer solutions.®' To
apply PQC sensing in polymer analysis and char-
acterization, investigation of the response behav-
ior of PQC in polymer solutions is needed.

In this paper, a response model for PQC in
contact with dilute polymer solutions and a novel
method for the determination of polymer viscosi-
ty-average molecular weights are proposed. The
corresponding experimental setup is constructed,
and the model and the new method are experi-
mentally examined. The results are satisfactory.

THEORY

In the derivation process of eq.1, Kanazawa and
Gordon® used the Newtonian viscosity fluid law to
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describe the stress relation for the fluid. Other
authors'* also utilized this law in their works.
Use of this law means that the solution used
should be a Newtonian viscous fluid. However,
most of polymer solutions, especially the concen-
trated ones, are not Newtonian fluids. Thus, the
relationship between the frequency change and
the viscosity and density for concentrated poly-
mer solutions cannot be expressed as eq.1 or other
similar equations. However, for dilute polymer
solutions, the relation between Af and (m;p) "2 will
be linear because the Newton law holds in that
case.

If the detection cell is so designed that only one
side of the quartz crystal is in contact with liquid,
the conductivity and permittivity of the liquid will
have little effect on the frequency change because
there exists no liquid return circuit between the
two metal electrodes deposited on the crystal in
such a situation. Moreover, if the flow detection
cell is used, the properties of solid—solution inter-
face, such as interfacial structure, and their effect
on frequency change will remain constant. Under
these conditions, the relation between Af and the
properties of dilute polymer solutions can be de-
scribed as follows

Af = _ki(”fhpl)m + kj 4)

where k] and &/, are proportionality constants.

The oscillation frequency is quite sensitive to
stresses caused by mounting and to changes in
the hydrostatic pressure of the solution. Conse-
quently, we use the frequency change relative to
pure solvent rather than to air or vacuum as the
response signal of piezoelectric crystals. When
pure solvent passes through the detection cell,
according to eq.4, the frequency change, Af,, will
be

Afy = —ki(mopo)* + k5 (5)

where n, and p, are the viscosity and density,
respectively, of the solvent used, and p; = p, can
be assumed because the liquid is a dilute polymer
solution (generally, its concentration is <0.01g/
mL). Let Af, = Af — Af;, then

Af, = _kﬁ(”fh)l/z + ks (6)

where Af; is the frequency change relative to sol-
vent, and k4 and %, are the proportionality con-
stants that are related to the properties of the

crystal and solvent, the conditions of solid/solu-
tion interface, the mounting of experimental
setup, etc. Equation 6 is the response model pro-
posed here for PQC in contact with dilute polymer
solutions.
From eq.6, we can obtain 1, as follows:
n1 = (k7 — Af)/kg)? (7)
Thus we can predict the viscosity of dilute poly-
mer solutions by Af,. In the study of polymer
solution, what we are interested in is the change
of liquid viscosity caused when polymers enter
the solution. The viscosity change can be evalu-
ated in several parameters, such as relative vis-
cosity increment (7,) and intrinsic viscosity ([n]).
The term m, can be expressed as follows:

Nep = (k7 — A/ (Rgmo) — 1 (8)
Thus, ng, also can be predlcted by Af,. From the
Schulz—Blaschke equation,’

nsp/C = [”’7] + kS[n]nsp (9)

where C is the concentration of dilute polymer
solution and kg is a constant not related to the
concentrations, [n] can be defined as follows:

[n] = {[(k7 — Af)*(kgno) — 1)/C},qp0  (10)
According to eq.10, after Af, values are measured
for a variety of different concentrations of dilute
polymer solutions, the values of [(k; — Af)*/(k2n,)
— 1]/C can be calculated and plotted against the
corresponding values of 1, or [(k; — Af, Y/(k21,)
— 1]. Then [7n] can be determined by extrapolation
to my,—0. The value of intrinsic viscosity only
depends on polymer molecular weights when the
polymer, solvent, and temperature are assigned.
The relation between [n] and the polymer viscos-
ity-average molecular weight, M, could be ex-
pressed by the famous Mark—Houwink equation

[n] = KM, (11)

where K and « are constants in a given range of
molecular weights. Therefore,

- ({[(k7 Afs 2/(k T’O) 1]/C}nsp—>0/ Ve

(12)
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Figure 1 Schematic diagram of experimental setup.

and M, can be determined by PQC viscosity sens-
ing as long as K and « are known.

EXPERIMENTAL

Apparatus and Materials

The experimental setup is schematically shown in
Figure 1. A 9 MHz AT-cut quartz crystal wafer
(12.5 mm in diameter) with silver electrodes (6
mm in diameter) on each side was used. The
crystal was placed inside a flow detection cell
made of cast polymethylmethacrylate (“Perspex”).
Only one side of the crystal was exposed to the
liquid (50 wpL). The crystal holder was directly
connected to a laboratory-made IC-TTL oscillat-
ing circuit. A direct current (dc) voltage regulator
(Model JWY-30B, China) supplied the circuit, and
the working voltage was set at 5 V. A universal
frequency counter (Model SC-7201, Iwatsu, Ja-
pan) was employed to record the oscillating fre-
quency. Test solutions were applied in a flow de-
tection cell, propelled by an electronic peristaltic
pump (Model LDB-M, Zhejiang, China). The flow
rate was controlled at 1.3-1.6 mL/min; in this
range, no dependence of the frequency change on
the flow rate was found. The crystal, the crystal
holder, and the detection cell were placed in a
thermostatic water bath (25 = 0.1 °C). The entire
apparatus just described was accommodated in a
chamber in which temperature was kept at 25 +1
°C. A computer was used for data analysis.
Poly(ethylene glycol) 20000 (PEG-20000) and
poly(ethylene glycol) 10000 (PEG-10000) used in
this work was obtained from commercial sources.
Poly(vinyl alcohol) (PVAL), the average molecular
weight of which is unknown, was from Guang-
zhou Chemicals Company, China. All test poly-
mer solutions were prepared from double-distilled
deionized water, which was used throughout.

Procedure

Before the experiment, 30 min were required to
allow the oscillator to stabilize. Water was first
applied because, as described in eq. 6, the refer-
ence state was oscillation in pure solvent. After
stabilization of the frequency with water, test so-
lutions were used. The concentrations of the test
solutions were increased in a stepwise manner. At
the end of each experimental run, water was ap-
plied to check the reversibility of the frequency.
The viscosity of PEG solutions was determined
with an Ubbelohde viscometer at the 25 * 0.1 °C.

RESULTS AND DISCUSSION

Data Reproducibility

The viscosity and density of a liquid are sensitive
to the system temperature. Thus, the frequency
change is also sensitive to the temperature. On
the other hand, the flow rate of the fluid has an
effect on the properties of the crystal-solution
interface, and the latter affects the frequency.
Accordingly, it is necessary to maintain the tem-
perature and the flow rate of the fluid constant as
far as possible to achieve high reproducibility in
the experiment. Good reproducibility was ob-
tained at temperatures <25 + 0.1 °C and solution
flow rates of 1.3—1.6mL/min, as described next.

A typical recording of frequency change by ap-
plication of various concentrations of a polymer is
shown in Figure 2. The oscillating frequency in
water was taken as a reference value, as de-
scribed in eq. 6. After application of a solution
with a different concentration of the polymer, the
oscillating frequency stabilized within a few min-
utes. Finally, water was applied, and the applica-
tion reversed the oscillating frequency to the orig-
inal level. Values of Af, caused by varying the
concentrations of polymer were very reproducible:
the coefficients of variation (five independent ex-
periments) were 3.5% for 0.001g/mL, 3.0% for
0.002g/mL, 2.7% for 0.003g/mL, 1.9% for 0.004g/
mL, and 1.1% for 0.006g/mL PEG-20000 solu-
tions.

Dependence of Frequency Decrease on 1,'?

Equation 6 implies that the frequency change
is proportional to m2. This relationship was
checked using PEG-20000 and PEG-10000 sam-
ples. We prepared PEG-20000 aqueous solutions
of five different concentrations and PEG-10000
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Figure 2 Typical responses of the frequency for di-
lute polymer solutions. Arrows show the times when
test solutions were replaced. Concentrations of PEG-
20000: (a) 0.001; (b) 0.002; (c) 0.003; (d) 0.004; (e) 0.006;
(f) 0.0 g/mL.

solutions of six different concentrations. The pi-
ezoelectric responses, Af., of these high polymer
solutions were measured with our experimental
setup under the aforementioned conditions. The
results are listed in Table I. We also detected the
viscosity of these high polymer solutions with an
Ubbelohde viscometer, and the viscosity values
also are in Table I. A plot of the frequency change
versus 1,2 using PEG-20000 and PEG-10000 so-
lutions is shown in Figure 3. It is clear that the
expected linear relationship of eq. 6 holds for the
PEG-20000 and PEG-10000 samples.

Table I Values of Af, for Dilute Polymer
Aqueous Solutions

Sample C (g/mL) —Af, (Hz) 1, (cp)
PEG-20000 0.001 50 0.8888
0.002 82 0.9224

0.003 116 0.9624

0.004 147 1.0018

0.006 203 1.0796

PEG-10000 0.001 38 0.8722
0.002 54 0.8893

0.003 76 0.9150

0.004 96 0.9407

0.006 131 0.9834

0.008 185 1.0518
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Figure 3 Plot of Af, versus 12 for PEG-20000 (@)
and PEG-10000 (m) aqueous solutions.

Kurosawa et al.'® examined the relationship

between the piezoelectric responses and the prod-
ucts of viscosity and density for a series of aque-
ous solutions of several polymers. Their results
showed that no linear relationship existed be-
tween Af and (mp)Y? for the solutions of high
molecular weight polymers. They ascribed this
phenomenon to the difference between static vis-
cosity and viscosity at high frequency. However,
the result in the present work does not support
their view. Both PEG-20000 and PEG-10000 are
high molecular weight polymers. In our opinion,
the difference between our experiments and
theirs lies mainly in the polymer solution concen-
tration range used. In the present work, dilute
polymer solutions were applied, whereas Kuro-
sawa et al.’® used more concentrated solutions. It
is known that the concentration has an important
effect on the properties of polymer solutions. In
the concentrated solutions, not only is there an
interaction between polymer and solvent mole-
cules but also a stronger interaction between
polymer molecules. Therefore, the concentrated
polymer solutions are highly viscous and not ideal
solutions where the Newtonian viscosity fluid law
does not hold. So, in the concentrated polymer
solutions, there is no linear relation between Af
and (mp)Y? because such a relation is based on
the Newton law. On the other hand, the interac-
tion between polymer molecules can be negligible
in dilute polymer solutions. Generally, the dilute
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Table I Predicted Values of n, and 7, for
Dilute PVA Solutions

C (g/mL) —Af, (Hz) 1, (cp) Nep
0.001 110 0.9576 0.0755
0.002 166 1.0279 0.1544
0.003 226 1.1060 0.2421
0.004 288 1.1897 0.3361
0.006 418 1.3751 0.5444

polymer solutions can be thought as ideal solution
and there viscously flow behavior can be de-
scribed by the Newton law; therefore we can ex-
pect a linear relation between Af, and "2 in
dilute polymer solutions. From Figure 3, we can

obtain the following regression equation:
Af, = —1587n}"* + 1443 (13)

Comparing eq.13 with eq. 6, it is obvious that k4
= 1587 Hz/(cp) V2 and %, = 1443 Hz.

The obtained single composite linear line,
shown in Figure 3, indicates that k4 and %, are
independent of the polymer, which is in agree-
ment with the explanation for them in the Theory
section. Therefore, we can predict the viscosity of
other dilute solutions of polymers with the model.
The prediction of viscosity of dilute polymer solu-
tions will find applications in polymer analysis
and characterization, such as in the determina-
tion of polymer viscosity-average molecular
weights.

Determination of PVAL Viscosity-Average
Molecular Weights

To determine the viscosity-average molecular
weight of unknown PVAL sample, we prepared
PVAL aqueous solutions of five different concen-
trations and measured the corresponding fre-
quency changes. The results are shown in Table
II. Using eqs.13, 7, and 8, m; and m, of these
solutions were predicted, and are listed in Table
IL. The values of n; and 7, of PVAL dilute solu-
tions increased monotonously with their concen-
tration increasing, which was in agreement with
general observations.
Let

P(Af,, ©) = [(ky — Af)*(Rgmo) — 11/c (14)

The linear plot of P(Af,C) versus n, is shown in
Figure 4. According to eq.10, the intrinsic vis-
cosity of PVAL solution can be obtained by ex-
trapolation to my,—0, and here the value ob-
tained was [n] = 72.62 mL/g. Furthermore, the
viscosity-average molecular weight can be calcu-
lated from eq. 12. The result was M, =58600 for
the unknown PVAL sample where K = 3.0x10*
mL/g and « = 0.5 at 25 °C (from Brandrup and
Immergut).'®

We also measured the viscosity-average molec-
ular weight of the same unknown PVAL sample
by conventional capillary viscometry and the re-
sult obtained was Mn = 58500. It is evident that
the result by the new method is in good agree-
ment with that of the conventional method.
Therefore, the new method can be used to deter-
mine the viscosity-average molecular weights of a
polymer.

The new method proposed here has some ad-
vantages over the conventional viscosity method.
For examples, the operation is simpler and more
rapid, especially there is no need for tedious
cleaning process; the instruments required are
cheaper and portable, which is more attractive
than the Schott AVS system and Differential Vis-
cometer from Viscotek;® the needed sample quan-
tity is smaller; and, in particular, the experimen-
tal setup constructed can be used in continuous
measurement.

92

90

88 -

86 |

84 |

82

80 -

P(Afg,c)/ml/g

78 A

76 -

74 -

72 4

70 T T T T T T,

Nsp

Figure 4 P(Af,, c) plotted against 1, for dilute PVAL
solutions.
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CONCLUSIONS

The response model proposed for PQC in contact
with dilute polymer solutions was shown to be
valid. Af; in dilute polymer solutions was a linear
function of m;2. The method described here for
the determination of polymer viscosity-average
molecular weights by PQC viscosity sensing was
preliminarily shown to be an attractive and prom-
ising alternative for the determination of polymer
molecular weights. We are interested in applica-
tion of this method in more polymer systems. In
addition, the experimental setup constructed
seems to be able to provide highly reproducible
data.

This work was supported by the National Natural Sci-
ence Foundation of China.
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