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ABSTRACT: Solutions of some very-high-molecular-weight polymers exhibit a solutionlike-meltlike 
rheological transition-a crossover from a lower-concentration stretched-exponential regime (7 - exp- 
(ac”)) t o  a high-concentration power-law (7 - c‘) regime at large concentration c .  We report a detailed 
study of this transition for (hydroxypropyl)cellulose:water, with extensive sets of measurements in both 
concentration regimes and in the transition region. The transition between regimes is extremely sharp. 
Our experimental data are sufficiently he-grained as to  allow us to confirm the hitherto-untested result 
that is analytic (Le., the logarithmic derivative 8log(q)/8log(c) is continuous) through the transition. 

Introduction 
A current theme in polymer physical chemistry is the 

search for an adequate model of polymer dynamics in 
solution. A correct, complete model would yield trans- 
port coefficients as functions of polymer concentration 
c, polymer molecular weight M ,  and detailed chain 
properties, without requiring empirical prefactors, ad- 
justable parameters, or restrictions to asymptotic valid- 
ity. A wide variety of treatments of polymer dynamics, 
most incomplete or approximate, are found in the 
literature; Skolnick and Kolinskil provide an extensive 
review. 

Models of polymer solution dynamics have been 
extensively tested by examining how transport coef- 
ficients are affected by c ,  M ,  chain architecture, and 
solvent quality. A model-free reanalysis of the pub- 
lished literature2s3 shows that the polymer self-diffusion 
coefficient D and the shear viscosity 17 usually follow 
stretched-exponential forms 

D = Do exp(-ac”) (1) 

and 

for polymer concentrations ranging from the highly 
dilute to concentrations far above the nominal4 chain 
overlap concentration c* .  Here a is a scaling prefactor, 
v and y are scaling exponents, 170 is the solvent viscosity, 
and DO is approximately the diffusion coefficient of an 
isolated chain. 

A derivation of eq 1 from a semimicroscopic (Kirk- 
wood-Riseman5 level) model of polymer solutions, 
including quantitative estimates of the scaling expo- 
nents Y and y and scaling prefactor a, has been given 
previously.6 The calculated dependences of a and v on 
M are in good agreement with experiment. The deriva- 
tion makes clear that the stretched-exponential concen- 
tration dependence of D should not persist to arbitrarily 
low polymer concentrations; some experimental data7 
exhibit low-c behavior consistent with this theoretical 
prediction. 
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On the other hand, in polymer melts 17 scales with 
polymer molecular weight as4 

11 = VkfW (3) 

for y E (3.2, 3.6). An apparent paradox lurks between 
eqs 2 and 3. As M - -, a stretched exponential in M 
always grows more rapidly than a power law in M .  
Therefore, if eqs 2 and 3 remained valid out to suf- 
ficiently large M ,  one would find that the melt viscosity 
of a polymer was less than the viscosity of some of its 
solutions, contrary to reasonable expectations. 

Furthermore, the semimicroscopic derivation of eq 1 
involves polymer chains floating in a simple Newtonian 
fluid responsible for momentum transport. As the melt 
is approached, momentum transport is performed by the 
viscoelastic medium of the other polymer chains. With 
increasing chain concentration, the physical image 
underlying the derivation of eq 1 ceases to resemble 
reality. Consequently, it is reasonable t o  expect that 
with increasing chain concentration eqs 1 and 2 will be 
replaced with another behavior. 

One of us8 previously found that in some published 
datag the apparent paradox is potentially averted by a 
transition from low-concentration stretched-exponential 
behavior to high-concentration power-law 

11 = qc” (4) 
behavior a t  some transition concentration c+.  The 
transition usually occurs a t  very large 17 (typically ~$170 
> lo3) and M (typically M > 1 MDa). In some systems 
the transition is not seen. 

WesJo have previously described these small- and 
large-concentration behaviors as “solutionlike” and “melt- 
like”, respectively. We emphasize that these descriptors 
are names for regimes that are defined by eqs 2 and 4. 
Both regimes refer to polymers in solution; we do not 
claim that the meltlike regime is actually like a melt in 
any other sense. The solutionlike/meltlike descriptors 
were employed here (as opposed, e.g., t o  “semidilute” 
and “concentrated) in order that a reader can tag our 
phenomenological results without using terms already 
entangled in references to previously-proposed models. 

As defined here, a system is phenomenologically in a 
solutionlike or meltlike regime if 7 follows eq 2 or 4, 
respectively, over an extended range of concentrations. 
It is important to distinguish data that actually follow 
eq 4 over an extended range of c from data having 
power-law curves as tangents. One can draw power- 
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law tangents to solutionlike data, but these data are 
not in the meltlike regime. Most literature data on 7 
refer to c < c+; some exceptions are discussed below. 

From previous work, the details of this transition 
remain unclear. Is the transition broad or narrow? Is 
the transition universal; for example, does it occur at a 
fxed 471, [VI being the intrinsic viscosity? While one 
expects 7 to be continuous near c+, i t  is theoretically 
interesting to ask if 17 is analytic through the transition. 
For example, one could inquire ifalog(l;l)/dog(c) or higher 
derivatives are continuous near c+. 

Here we report a study of the shear viscosity of 
(hydroxypropy1)cellulose (HPC):water. 7 of HPC solu- 
tions shows the transition at relatively small 7, simpli- 
fying the task of covering wide ranges of c in both 
regimes. Unlike many previous studies, near c+ our 
measurements are sufficiently densely spaced that we 
are able to examine the analytic structure-the continu- 
ity of alog(qYalog(c)-near the transition. The following 
sections describe our experimental methods, the data 
and its analysis, a comparison with the literature, and 
our conclusions. 

Experimental Section 

We studied solutions of (hydroxypropyl)cellulose, a chemi- 
cally-modified semirigid nonionic polymer remarkable for the 
unusually low viscosity (?l/r]o x lo2) at which the solutionlike- 
meltlike transition occurs. Polymer samples had nominal M 
of 3 x lo5, 1 x lo6, and 1.15 x lo6 Da. We have previously 
reportedla probe diffusion, spectral lineshape studies, and 
preliminary measurements of 77 against c and M for the 3 x 
lo5 and 1 x lo6 Da polymers. Interpolating our previous data 
to 25 "C, we find c* l/[77] = 2.4 and 1.4 g/L, respectively, for 
the 3 x lo5 and 1 x lo6 Da polymers. Measurements of 7 
reported here are much more closely spaced in c than were 
the previous measurements. In the previous paper, we were 
able to estimate c+ but not to discuss the behavior of 7 near 
the transition. 

Viscosities were obtained using Cannon-Fenske and Ost- 
wald capillary viscometers mounted in a stirred temperature 
bath (T = 25 f 0.1 "C). Flow times were sufficiently long to 
avoid kinetic energy corrections. We checked for shear rate 
effects by studying the same sample with several different 
sizes of viscometer. When flow times were varied by a factor 
of 5, 7 changed only slightly; shear-thinning effects were not 
important in the c-M-flow rate conditions that we studied. 

Viscosity Measurements 

This section presents our experimental data. Figures 
la-c show 7 as a function of c for each polymer that 

Table 1. Fitting Parameters for the Viscosity of 
(Hydroxypropy1)cellulose:Water at 25 "C Using q = q o  

exp(acu) for c < c+ and q = qc" for c > cfcr 
c < C+ c ' c+ 

M,(MDa) c+(glL) c,(glL) 70 a v %RMSE z %RMSE 
0.3 18 0.04 0.84 0.42 0.88 7.3 4.64 7.7 
1.0 6 0.02 0.85 0.97 0.93 2.4 4.33 10.3 
1.15 6 0.02 0.87 0.90 0.90 3.2 4.27 10.1 

" %  RMSE = root-mean-square fractional error in the fit, 
expressed as a percent. cm is the lowest concentration at which q 
was measured. 

we studied. Concentrations ranged from extreme dilu- 
tion to c/c* of 70 and 30, respectively, for the 3 x lo5 
and 1 x lo6 Da polymers. 7/70 ranged from 1.0 up to 2 
1 x lo5. Qualitatively, our measurements cover a 
regime where 7 is little different from the solvent 
viscosity, a regime where 81og(V)/alog(c) increases 
smoothly with increasing c, and a broad regime where 
(on a log(v)-log(c) plot) the data are close to a straight 
line. It might have been possible, a t  least approxi- 
mately, to superpose the three curves by choosing 
appropriate units for 7 and c. We elected not to do so 
because the number of data points for each polymer 
sample is already quite large (50-70 points). 

Solid lines in Figures la-c represent stretched- 
exponential and power-law functions. The parameters 
that yield these lines were obtained from nonlinear 
least-squares fits. Data with c < c+ were fit to eq 2, 
while data having c > c+ were fit to eq 4. Low- 
concentration measurements are fit well by stretched 
exponentials (smooth curves); high-concentration data 
follow power laws (straight lines) accurately. On the 
scale of the figure, the lines very nearly pass through 
the points to which they were fit. 

Table 1 reports optimal fitting parameters and other 
data for each polymer. The transition concentrations 
are substantially larger than the nominal overlap 
concentration l/[71, so that c+[ql% 7 or 4, respectively, 
for the two lower-molecular-weight chains. The 
stretched-exponential parameter a increases markedly 
with increasing M ,  but Y is independent of M .  The 
power-law exponent x is in the range 4.3-4.6. RMS 
fractional errors are in the range 2-10%. 

The validity of our fitting procedure may be judged 
from Figure 1. At small c, the stretched exponential 
fits the data well. Above c+, the smooth curve repre- 
senting eq 2 soon deviates substantially from the 
measurements. Similarly, a t  large c log(7) is linear in 
log(c). The data deviate substantially from this linear 



162 

5 0  

3 0  

- 
Li 

1 0  

a 1 

Phillies and Quinlan Macromolecules, Vol. 28, No. 1, 1995 

~~ 1 

‘ O r  

1 

C 

30 c ( g / L )  2o 0 
-! 0 

3’) 
c (g /L)  2o 

0 20  40 60 80 0 10 
- 1  0 - I  0 

c (g/L) 

Figure 2. Local numerical derivatives KI = Wog(v)/i3log(c) based on Figure 1. Nominal polymer molecular weights are (a) 300 
kDa, (b) 1 MDa, and (c) 1.15 MDa. 

(i.e., power-law) behavior at concentrations even mod- 
erately below c+. 

The quality of the fits and the exact value obtained 
for each fitting parameter depend on the choice of the 
transition concentration c+. A good approximate choice 
can be obtained by inspection. To identify the optimal 
c+, we systematically varied c+ and computed the total 
RMS fractional error while fitting points with c < c+ to 
eq 2 and points with c > c+ to eq 4. The optimum c+ 
was chosen to minimize the error. A fit of either 
function to a range of c significantly wider than the 
range used here drastically increases the total RMS 
fractional error. 

At the transition concentration c+ the stretched- 
exponential and power-law curves are very nearly 
tangent, a small gap or bridge marginally being visible 
between the curves. The transition regime between 
solutionlike and meltlike behaviors is extremely narrow. 
If one identifies the transition regime with the visible 
gap between the two curves, the width 6c of the 
transition satisfies &Jc 5 0.05. 

Analytic Structure of q 
This section considers the analytic structure, i.e., the 

derivatives, of ~ ( c ) .  Our procedure is to obtain the 
derivative with respect to c numerically and examine 
its behavior. The behavior of the derivative argues for 
the reality of the apparent transition at  c+; it also 
constrains the mathematical form of any theory that 
purports to explain meltlike and solutionlike behavior 
simultaneously. 

Simple numerical derivatives of real data tend to be 
somewhat noisy. To reduce the noise, we took every set 
of seven adjoining data points (for N data points, there 
are N - 6 such sets), computed the average concentra- 
tion E of the points, and fit each set of data points via 
linear least squares to 

the Ki being the fitting parameters. K1 is the numerical 
first logarithmic derivative of 7 a t  E .  

For the fitting process, pairs of points at virtually the 
same concentration were smoothed into a single point. 
Fits were made with the three Ki as free parameters 
and with K2 = 0 forced, the former being used in the 
following discussion. Forcing KZ = 0 increased the 
scatter in the points but had no obvious qualitative 
effects. We also tried fitting eq 5 to groups of five 

instead of seven adjoining points; this change simply 
increased the scatter in the fits. 

K1 from seven-point fits with K2 a free parameter 
appears in Figures 2a-c. For c < c+, K1 increases 
sharply with c, rising linearly (in log(c)) from K1 % 0 a t  
c w 0 to K1 M 4 near c = c+. Above c+, K1 is 
approximately constant, as expected for data that follow 
eq 4. 

It is reasonable to ask if Figures la-c actually show 
evidence for a transition a t  c+ or if one could readily 
imagine a single function that would fit the entirety of 
the data. This question is implicitly answered by 
Figures 2a-c. From these figures, a210g(q)/i31og(c)~ is a 
positive constant for c < c+, is nearly zero for c > c+, 
and near c+ changes nearly impulsively from one value 
to the other. This sudden and dramatic change of slope 
is precisely the behavior seen in more familiar phase 
transitions (say, in c, a t  a second-order transition), 
where at the boundary there is a sudden change from 
one value of c, to another. 

From Figures 2a-c, l i b +  K1 has the same value 
for c < c+ and for c > c+. The slope @/& is therefore 
continuous across the solutionlike-meltlike transition. 

In each system, there is some structure in &(c) near 
c+, corresponding to a narrow transition between solu- 
tionlike and meltlike behavior. The transition region 
is about twice as wide as the resolution (in c) of the 
numerical derivative procedure. Above c+, K1 is not 
quite constant. Above c+, in all three systems K1 first 
slightly overshoots the best-fit power-law slope x of 
Table 1 and then decreases slightly with increasing c. 
At the largest concentrations studied, K1 is falling slowly 
with increasing c.  

Discussion 
Some previous studies of zero-shear viscosity observed 

phenomena similar to  those that we have studied. In 
chronological order, Utracki and Simhall studied poly- 
(dimethylsiloxane):penta(dimethylsiloxane) and poly- 
isobutene:2,2,4-trimethylpentane, Lin and Phillies12 
studied non-neutralized poly(acry1ic acid):water, Taka- 
hashi et al. studied poly(~-methylstyrenes)~~ and linear 
polystyrenes14 in good, 0, and poor solvents, Nemoto 
et al.16J6 studied polystyrenes in dibutyl phthalate, and 
welo reported low-resolution (in c) measurements on 
HPC:water. 

Utracki and Simhall observed two po1ymer:solvent 
systems over a wide range of molecular weights (up to 
2.5 x lo6 for the polyisobutenes) for volume fractions 4 
E 0-1.00. In the siloxane system, plots of log(q) = log- 
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(rs&[rl) against a reduced concentration log(E) compress 
data over a range of M and c to nearly a single line. 
Utracki and Simha do not present a mathematical form 
for their data, but by inspection they obtain a smooth 
curve for E < 60 and a straight line (power-law behavior) 
for Z. =- 60. In contrast, in polyisobutene solutions 
Utracki and Simhall found that their f j  and E variables 
do not reduce r to a single master curve. Furthermore, 
11 for each polyisobutene lies on a smooth curve. Utracki 
and Simha present a straight line (on a log-log plot) 
that is tangent to parts of the log(ij)-log(E) curves of 
the polyisobutenes that they examined. 

Lin and Phillies’ work on poly(acry1ic acid):water12 
anticipated results here and in Phillies et al.1° in 
identifying a stretched exponential-power law transi- 
tion between lower and higher concentrations. Their 
data are consistent with findings here in that (to within 
the resolution of their data) both 17 and @laC are 
continuous through their transition concentration. How- 
ever, non-neutralized, salt-free poly(weak acids) are 
reasonably expected to show odd behavior, so the 
significance of their observation was not recognized at  
the time of publication. 

Takahashi et al.13J4 report very extensive results on 
17 of polystyrene and derivatives under a variety of 
solvent conditions. Peczak and Phillies3 show that 
almost all of the findings of ref 13 on poly(a-methylsty- 
rene) are in the solutionlike regime, with a few data 
points having 7 L lo5 CP showing meltlike behavior. 
Reference 13 did test their data against power-law 
forms. Their log(rR)-log(c/c*) plots for good, 0, and 
poor conditions show that their data have local tangents 
of slopes matching particular models. However, from 
Takahashi et al.’s13 Figures 1-3, a plot of log(7) against 
log(c) for poly(a-methylstyrenes) yields smooth curves, 
not (except for a few points at  very large r )  the straight 
lines seen in the true meltlike regime. Takahashi et 
al.’s datal3 are therefore almost entirely in the solu- 
tionlike regime. In contrast, Takahashi, Noda, and 
Nagasawa’s14 data on linear polystyrenes do show a 
clear transition to a meltlike regime at  large c and M ,  
with 7 ^v Cr over a 10-fold range in concentration and 
3000-fold range of r. 

Nemoto et al.15J6 report 7 as a function of M at two 
polymer concentrations. Upon reanalysis, their data are 
found to follow8 a stretched exponential in M at low M 
and a power law in M at larger M .  Nemoto et a1.k 
measurements do not test the concentration dependence 
of r ,  but their results are important for unifying 
different parts of the literature. Namely, it is often 
though not always found that i j  is a universal function 
of c[rl; plotting q (in appropriate units) against c[r]  
reduces data on multiple molecular weights of the same 
polymer to a single curve. As is well known [VI - MY. 
If r is a universal function of c[vl- cMY and if 7 follows 
eq 2 below c+ and eq 4 above c+, then below c+ 7 must 
follow a stretched exponential in M ,  while above c+ 7 
must follow a power law in M .  These required depend- 
ences on M are previously the results found experimen- 
tally by Nemoto et al.*J5J6 Nemoto et al.’s results on 
the M-dependence of r show how one can simulta- 
neously have c[rl as a frequent universal variable and 
also have a solutionlike-meltlike transition in the 
functional dependence of 77 on c. 

There exists an extremely wide variety of theoretical 
models for treating r in polymer solutions. Some 
treatments4 interpret polymer dynamics in terms of a 
low-concentration dilute regime and an intermediate- 

concentration semidilute regime, with fundamentally 
different physics dominating chain motion in the two 
regimes. The transition described here does show 
different physical behavior in the solutionlike and 
meltlike regimes, so c+ in our data could reflect the onset 
of some type of overlapping chain behavior, either 
reptative (as in de Gennes’s4 treatment) or nonreptative 
(as in Skolnick et a1.l’). 

The formation of a transient gel lattice, as hypoth- 
esized by some models, is a percolation transition. 
Percolation transitions are intrinsically sharp, so the 
sharp transition we find experimentally is consistent 
with the onset of transient lattice formation. The OR- 
heard assertion that rheological transitions must be 
extremely broad does not appear to be accompanied by 
rigorous supporting theoretical arguments. 

It is noteworthy that we observe c+ at a concentration 
c+[rl of 4-7. Takahashi et al.’s14 data imply c+[rl = 
10. From Utracki and Simha’sll data one infers a 
transition for polysiloxanes a t  E 60. In terms of c [ r ] ,  
the solutionlike-meltlike transition does not occur a t  
a universal concentration in all solutions. 

Several authors have proposed to interpret 17 of 
polymer solutions by means of renormalization group 
and related techniques.18-21 These calculations all yield 
r in terms of a novel concentration variable related to 
c by an unknown constant. While details differ from 
calculation to calculation, in each case a plot of log(rR) 
against log(c) reveals a smooth curve at  all c. Power- 
law behavior is not obtained, except as an asymptote. 
It is possible that renormalization group calculations 
are limited to  c < c+, in which case numerical adjust- 
ment might bring renormalization results into phenom- 
enological agreement with our data. 

Shiwa et a1.18 explain very clearly why the renormal- 
ization approach cannot remain valid as the melt is 
approached, so the differences between our large-c data 
and renormalization group results are not necessarily 
a refutation of that approach to calculating r. However, 
even if one obtained fair quantitative agreement be- 
tween renormalization calculations and our  data above 
c+, at the qualitative level of observing transitions in 
the functional dependence of 11 upon c the solutionlike- 
meltlike transition is apparently not being captured by 
calculations of this style. These calculations involve a 
variety of approximations; we do not claim that calcula- 
tions using this approach are intrinsically incapable of 
yielding the experimental power-law concentration de- 
pendence. Shiwa et a1.18 did obtain the power-law 
asymptotes to their expression for r ,  but it is apparent 
from their calculation that these are true asymptotes, 
not a functional form to be found for c above some 
bounding value. 

In the meltlike regime, we obtain slightly different 
values for x for the 300 kDa HPC than for the 1(+) MDa 
HPCs. It might appear that this difference could 
plausibly be explained by the wider concentration range 
studied with the 300 kDa polymer, a t  least if one 
expected the local value of x to increase with increasing 
c in the meltlike regime. However, K1 of Figure 2 is 
the same variable as x .  From Figures 2a-c, at  large c 
the best-fit local K1 declines with increasing c, so 
increasing the uppermost concentration at  which x is 
determined will have the general effect of forcing down, 
not up, the x determined by fitting to  the entire meltlike 
regime. 
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Conclusions 
In conclusion, we made a high-resolution (in c )  study 

of the rheological properties of HPC:water. Our mea- 
surements span 3 orders of magnitude in c and more 
than 5 orders of magnitude in 7. The data show a region 
in which 7 unambiguously has stretched-exponential 
(solutionlike) behavior and a separate region in which 
q has power-law (meltlike) behavior. 

At the transition concentration, both 7 and its first 
derivative alog(l;l)/alog(c) are continuous. The mecha- 
nism responsible for the solutionlike-meltlike rheologi- 
cal transition preserves the analytic structure of ~ ( c ) .  
Any model that seeks to explain the observed transition 
must therefore predict, at  least to first approximation, 
not only that 7 is a continuous function of c but also 
that a/& is continuous. This requirement that 7 shows 
analytic behavior at  the transition is a substantial 
constraint on allowable models. 

The transition between concentration regimes is 
extremely narrow. The sharpness of the transition seen 
in Figure 1 contrasts with any assumption that rheo- 
logical transitions between different concentration re- 
gimes should be broad. 
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