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The dimensions of linear polymer chains are scaled to their molar mass (M) as R = kM® with « = 1/2 and
3/5 in a theta and an athermal solvent, respectively. In a good solvent, both k and « are a function of the
solvent quality and chain length range. A high-temperature laser light-scattering spectrometer was used
to measure the average radius of gyration ((Rg)) and hydrodynamic radius ((Ry)) of a set of narrowly
distributed linear polystyrene chains in decalin over a wide temperature range. k and « in the scaling

experimentally varying with T over a chain length range was analyzed. The results reveal that for (Rg),
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a=0.59 — 0.09exp(—7/0.066) and k= 0.60t>*", reasonably agreeing with the thermal blob theory. For
(Rn), @ =0.59 — 0.09exp(—1/0.106), but k deviates from the relationship of k « t2*~1, reflecting that the
hydrodynamic interaction and chain draining are not considered in the thermal blob theory.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

It has been well known that the root-mean-square end-to-end
distance (Rp) of linear flexible chains in dilute solutions can be
scaled to the number of thermal blobs (Np) as [1]:

Ro=&rNj (1)

where « is the scaling exponent and £t is the dimension of each
thermal blob. Both of them are constants for a certain polymer
solution at a given temperature. In the thermal blob theory [2], each
blob contains nx Kuhn segments and Nj = Ni/ng, where Ny is the
number of the Kuhn segments per chain. &t is proportional to the
Kuhn length (b) and inversely proportional to the reduced
temperature (t=(T-6)/T), using the Flory 6 temperature as
a reference point; namely,

fr~b/t (2)

On a scale shorter than &1, the sub-chain inside each blob follows
the random-walk statistics and the three-body interaction domi-
nates; namely, {1 = bnk/? or ng ~ 1/2. While on a scale longer than &7,
the two-body excluded volume effect becomes important. In the 6-
solvent, 7= 0 and « = 1/2, so that the entire chain has a random-coil
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conformation. In an athermal solvent, 7 — 1 (i.e.,, T — =), @ — 3/5,
so that the chain segments are fully excluded from each other in the
scale longer than b. In other words, the excluded volume interaction
is statistically assumed to be a step function. In reality, each coiled
linear chain undergoes a self-avoiding random-walk of thermal
blobs between these two limits. The two extreme regions are
distinguished by ny, a cut-off parameter. Therefore, R is related to b,
tand N as:

Ro = bN,/? for Ny < ny and Ry ~bt'/>N}/® for Ny, > ny, (3)

Experimentally, a change of the solution temperature can switch
a polymer solution between these two extreme states, resulting in
a variation of « between 1/2 and 3/5. Quantitatively, how «a and k
varying with 7 are still missing. Note that the hydrodynamic
interaction length is not considered in the blob theory. Actually,
both the solvent quality and chain length affect the hydrodynamic
draining. It might be difficult to solve these problems using the
current blob model, but we can try to experimentally establish
some empirical functional forms to elucidate the transition
between the two extreme states: the #- and athermal solvents.

However, such a powerful scaling analysis of linear polymer
chains in dilute solutions has been used to study a range of solution
properties, such as the average hydrodynamic radius ((Rp)) [3, 4],
the average radius of gyration ({Rg)) [5, 6], the second virial coef-
ficient (A2) [7] and the expansion factor (¢) [8]. In 1997, Colby [9] as
well as Rai and Rosen [10] studied the temperature dependent
scaling between the intrinsic viscosity and the chain length using
the thermal blob theory. Previously, a large number of
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experimentally measured values of (Rg) and (Ry) of different poly-
mers in various solvents have been accumulated over the past three
decades. Unfortunately, these existing data cannot be used to
elucidate how « and k depend on the solution temperature because
most of the data were collected in different solvents and either the
chain length or the temperature range is not sufficiently wide. For
example, 7 is typically smaller than 0.1.

In a recent new book, Rubinstein and Colby [11] used static
light-scattering data of different polymer solutions over a wide
temperature range collected by Berry more than 40 years ago [12].
However, a systematic variation of the temperature for each poly-
mer solution is still missing. Namely, there are no (Rg) values of a set
of polymer chains with different lengths over a set of given solution
temperatures. This leads us to revisit this old problem; namely, the
temperature dependence of (Rg) and (Rp) of a set of narrowly
distributed linear chains with different lengths over a wide
temperature range. Our sole objective is to find how « and k are
related to t and hope to find some general relationship so that we
are able to predict the chain dimension of a given linear polymer in
dilute solutions from its length and the reduced temperature,
independent of the nature of monomer and solvent. In the current
study, the selection of decalin as a solvent for polystyrene is due to
its extraordinarily wide temperature range (4-140°C) that is
reachable in our current high-temperature laser light-scattering
spectrometer.

2. Experimental section
2.1. Materials

Five narrowly distributed polystyrene (PS) samples
(Mw =4.95 x 10° — 1.19 x 107 g/mol) were prepared by the high-
vacuum anionic living polymerization. Their molecular character-
ization results are listed in Table 1. The reagent-grade decalin from
Aladdin was dried and further purified by fractional distillation
[13]. For each PS sample, at least four solutions with different
concentrations were prepared by diluting a stock solution. Each
stock solution was stored at the room temperature for at least one
week to ensure a complete dissolution, especially for those high
molar mass samples. The concentration ranged from 2.0 x 107> to
2.0 x 103 g/L depending on the molecular weight of the sample.
The solvent viscosity at different temperature was measured by
Ubbelohde viscometer. Each solution was clarified with a 0.45-pm
Millipore Millex-LCR filter to remove dust particles prior to the
light-scattering experiments.

2.2. Laser light-scattering

A commercial high-temperature LLS spectrometer (ALV/DLS/
SLS-5022F) equipped with a multi-t digital time correlation
(ALV5000) and a cylindrical 22 mW UNIPHASE He-Ne laser
(A0=632.8nm) as the light source was used. Its operative
temperature range is 4-140 °C. The details of LLS instrumentation
and theory can be found elsewhere [14, 15]. In static LLS, the
weight-average molar mass (M) and the z-average root-mean-

Table 1

Molecular parameters of the polystyrene samples.
Sample Np M,, (g/mol) Mw/Mp N' =Np/an
PS1 482 x 10° 5.01 x 10° 1.06 1.20 x 103
PS2 9.00 x 10° 9.36 x 10° 1.08 2.25x%10°
PS3 2.13 x 10* 2.21 x 10°® 1.08 5.31 x 10°
PS4 3.60 x 10* 3.74 x 10° 1.08 9.00 x 10°
PS5 1.14 x 10° 1.19 x 107 1.09 2.86 x 10*

square radius of gyration ((R%)!/? or written as (Rg)) of linear poly-
mer chains in a dilute solution can be determined from the angular
dependence of the excess absolute time-averaged scattering
intensity, known as the Rayleigh radio Ryy(q), on the basis of:

KC _ 1 (1. 1/pe\ g2
RorlD) =V (1 +3<Rg>q ) +2A,C (4)

where K = 47*n?(dn/dC)?/(NaA8) and q = (4wn/Ao) sin(4/2) with n,
dn/dC, Na, Ao, and 6, the solvent refractive index, the specific
refractive index increment, the Avogadro’s number, the wave-
length of light in vacuum, and the scattering angle, respectively.
The extrapolations of both C — 0 and g — 0 lead to M,,. The plots
of [KC/Rww(q)]c— 0o Vs g? and [KC/Rw(q)]q— o vs Clead to (Ré) and A,,
respectively. In an extremely dilute solution, the term of 2A,C can
be ignored. For relatively small scattering objects, the Zimm plot
on the basis of eq. (3) incorporates the extrapolations of C — 0 and
g — 0 in a single grid. For long polymer chains, i.e.,, g(Rg) > 1, the
Berry plot is often used to obtain (Rg). In SLS, the measurement
was done from 15 to 140° at each angle for three times, the
average time is 30 s. The error was set under +1%.

In dynamic LLS [16], the cumulant analysis of each measured
intensity—intensity time correlation function G(t) of narrowly
distributed chains in a dilute solution is sufficient for an accurate
determination of the average line width ((I')). For a diffusive relax-
ation, (I') can be further related to the average translational diffusion
coefficient ({D)) using ((D))= (T )/qz)qao‘ c—o or the average
hydrodynamic radius ((Rn)) using (Ry) = kgT/(67n(D)) with kg, 1, and
T, the Boltzmann constant, the solvent viscosity, and the absolute
solution temperature, respectively. The hydrodynamic radius
distribution f{Ry) can also be calculated for the Laplace inversion of
GA(t). In the current study, the solution temperature was varied in
the range 15-140 °C. The long-term temperature fluctuation inside
the scattering cell is within +£0.1 °C even at 140 °C.

3. Results and discussion
3.1. The theoretic background

As stated before, in the thermal blob theory [17-19], the
universality is derived on the basis of the number of thermal blobs
(Np = Ng/ng), where Ny and ny are numbers of Kuhn segments per
chain and per thermal blob, respectively. ng is a temperature
dependent cut-off parameter, roughly distinguishing the Gaussian
and excluded volume regimes. Akcasu and Han [19] showed:

N, = k= 2l (%)

ny an

where N, is the degree of polymerization, n is the number of
monomer per Kuhn segment and a is a constant, insensitive to
types of monomer and solvent. For polystyrene, after matching
experimental and theoretical results, they determined the values of
an = 4 in the range n ~ 15-20. Thus, they obtained a = 0.2 when
they chose n = 20. Note that ny only depends on 7, not on the total
chain length.

3.2. Temperature (T) and molecular weight (M) dependences of (Rg)

Using static LLS, we measured the temperature dependent
average radius of gyration ((Rg)) of polystyrene samples with
different chain lengths in decalin over a wide temperature range
15-140°C. In the current study, the molar mass range
4.91 x 10° < My < 1.19 x 107 corresponds to 1 x 10> <N’ < 3 x 104,
where Np/(an) is defined as N'. Since (Rg) ~ Ro, eq. (1) can be
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Fig. 1. Chain length dependence of average radius of gyration ((Rg)) of polystyrene
samples at different temperatures in decalin, where 6 =15.4°C.

rewritten as (Rg) = kN'® for each given 7. Note that both k and « vary
with 7. For each given 7, we can obtain a set of k and «. Therefore,
Fig. 1 leads to the reduced temperature (7) dependence of kg(7) and
og(7), where the subscript “g” denotes that both k and « are from
(Rg) versus N'. Fig. 1 shows double logarithmical plots of (Rg) versus
N’ from different 7 values, where we used polystyrene in toluene at
the room temperature as a good solvent reference. A typical Zimm
plot was shown in Fig. 2. From the plots of [KC/Ryw(q)]c—0 Vs g%, we
obtained the average radius of gyration ((Rg)) of each sample at
different temperature. It should be noted that according to the blob
model, the scaling exponent « should not be a constant when the
solvent quality is between the two limits; namely, « depends on the
chain length range used. In this study, we have purposely chosen
a molar mass range that is experimentally more relevant because
for short chains LLS is not accurate to measure the radius of gyra-
tion. Here our main purpose is to experimentally elucidate how
a and k vary with the solvent quality for a meaningful chain length
range that is more important in our daily experiments.

3.3. Scaling about temperature dependence of (Rg)

Fig. 3 shows how qg increases with the reduced temperature (7).
At the § temperature (15.4 °C, 1= 0) [20], ag = 0.500 + 0.005; while
at T=139.2°C, ag=0.587 £0.005, fairly close to 0.585 =+ 0.005 in
toluene. Note that as 1 — 0.3, ag — 0.588, a theoretical limit in an
athermal solution after the renormalization consideration [11, 21].
Ackasu and Han [19] estimated that for polystyrene in toluene,
6 ~ —41 °C; namely, 7 only reaches 0.2 at the room temperature. The
data in Fig. 3 can be represented by ag = A — Bexp(—1/T¢). It has been
known that at 1 =0 and 1, ag = 0.5 and 0.588. Therefore, we can fix
A=0.59 and B=0.09 and the fitting becomes a more reliable single
parameter one. Our result shows that Tc = (6.6 & 0.3) x 1072, where
we only choose two significant digitals because of some
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Fig. 2. Zimm plot of polystyrene with molecular weight of 9.36 x 10° g/mol at 54.5 °C
in decalin.
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Fig. 3. Reduced temperature (r) dependence of scaling exponent (1) and prefactor kg(t)
where the lines represent the least-square fitting of ag(7) = 0.59 — 0.09exp(—1/0.066) and
ko(t) = 0.607%* ", respectively.

experimental uncertainties. On the other hand, using eq. (5) we can
combine the two equations in eq. (3) into a general form as:

0%
Ro=¢r (ﬁ) — b2 INe (6)
Ny

Therefore, we finally have k = k't>*~!, where k' is a proportional
constant since (Rg) « Ro. The least-square fitting of “kg(t) versus t”
in Fig. 3 results in k' = (6.0 = 0.6) x 10~". To our knowledge, this is
the first observed upturn of k as the solvent quality becomes better
and better. Since ny is insensitive to the types of monomer and
solvent, ky(1) and ag(7) obtained here would be applicable to other
linear polymer chains in dilute solutions. Namely, we should be
able to estimate (Ry) of a linear polymer at any given temperature as
long as 6 is known. Note that the unperturbed dimension also has
temperature dependence. As we know, the radius of gyration ((Rg))
can be written as:

(Rg) = (Rg)o(as(t) = (Rg)(0)Fo(t)as(t) (7)

where (Rg)o and (Rg)(6) are the unperturbed dimension and the
dimension at the § temperature, respectively. Fy(t) represents the
temperature dependence of the unperturbed dimension, and as(7)
is the expansion factor. Thus, both as(t) and (Rg)o have tempera-
ture dependence. Actually, Osa et al. [22] reported that the
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Fig. 4. Intensity-intensity time correlation functions of polystyrene with molecular
weight of 9.36 x 10° g/mol at 54.5 °C in decalin. The inset is the angular dependence of
the Rayleigh ratio [KC/Ry(q)].
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Fig. 5. Chain length dependence of average hydrodynamic radius ((Ry)) of polystyrene
samples at different temperatures in decalin, where § =15.4 °C.

unperturbed dimension of polystyrene in a good solvent (toluene)
or athermal solution drops as temperature increases. Here,
because of the variation of Fy(t) cannot be estimated from the
present experimental data, we cannot give the temperature
dependence of (Rg)o.

Fig. 3 also shows ag(7) increases with temperature, and it is less
than 3/5 at high-temperature. Note that we did not observe
a crossover here, which is predicted by the blob theory. Curro and
Schaefer [23, 24] have studied the temperature dependence of
chain statistics by using small angle X-scattering and simulation,
and they also did not observe such a crossover. It was attributed to
the internal segment expansion effect, which was not considered in
the blob theory. Actually, the crossover is observable only when the
chain length becomes infinite and T — 1. In real experiments, one
never reaches such pre-conditions, especially for T — 1. Therefore,
the predicted crossover remains a challenge.

3.4. Temperature (T) and molecular weight (M,,) dependences of (Rp)

On the other hand, using dynamic LLS, we measured the cor-
responding temperature dependent average hydrodynamic radius
((Rp)) at different angles over a wide temperature range. Fig. 4
shows a typical correlation function of PS2, the polydispersity
index (PDI) obtained from the second order cumulant fitting is 0.02.
The inset shows a typical angular dependence of the Rayleigh ratio
[KC/Ryv(q)] at 54.5 °C. The dynamic Zimm plot for each polystyrene

0.60

t

00 02 04 06 08 1.0
T

Fig. 6. Reduced temperature (1) dependence of scaling exponent a(7) and prefactor kp(7),
where the lines represent the least-square fitting of an(t) = 0.59 — 0.09exp(—1/0.106) and
kn(1) = 04272, respectively.
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Fig. 7. Parametric plot of k(t)/k(6) as a function of scaling exponent &, where subscripts
“g” and “h” denoted that they were obtained from (Rg) and (Rp), respectively; and the
solid line represents t>*~, while the dash line is just plotted to guide eyes.

sample and temperature leads to one average hydrodynamic radius
(Rn) at C — 0 and q — 0. Fig. 5 shows double logarithmical plots of
(Rp) against N’ for five different PS samples in decalin at different
solution temperatures. The least-square fitting of each set of data at
a given temperature also leads to a pair of ky(7) and ap(t) on the
basis of eq. (1), where the subscript “h” denotes that they are
obtained from the average hydrodynamic radius. The fitting of an(7)
versus 7 leads to Tc = (1.06 & 0.05) x 1077, but the fitting of “kp(7)
versus 1" in Fig. 6 using k = k't2%~1 s fairly poor. Unlike in the case
of Rg, kn(t) decrease as the solution temperature increases up to
140 °C and no upturn is observed. This is understandable because
(Rn) is of a hydrodynamic property and kp(t) contains additional
hydrodynamic interaction. As stated by Akcasu and Han [19], (Ry) is
not simply represented by the scaling of (Ry) ~ N'“ and the fitting of
“(Rp) versus N’ " into a power law results in a value of ap(t) lower
than the predicted one. Such an obtained value of ay,(7) depends on
the range of chain length used. Our current result confirms it.

3.5. Relation between k(t)/k(f) and «

Fig. 7 shows a parametric plot of k(t)/k(f) versus a. Eq. (3)
indicates that in both the limits of the # and the athermal states
(«=0.50 and 0.59), k(t)/k(0) should approach unity. Therefore,
there must be a minimum between these two limits. Note that the
function of t2*~! has a minimum near 7 ~ 0.15, corresponding to
a ~ 0.58 as predicted. In the range 0 < 1< 0.1, k(1) decreases as t
increases. Note that in most of previous experimental results,
7 < 0.1 so that k(t) decreases as the solvent quality becomes better.
To our knowledge, this might be the first experimental observation
of the k(t) upturn at higher reduced temperatures. The gradual
deviation of kp(t)/kn(#) from the predicted line might reflect that
the chain becomes more draining because it swells at higher 7.
Finally, we emphasize that according to the blob model, both o and
k are functions of the chain length range and solvent quality.

4. Conclusion

By measuring the average radius of gyration ((Rg)) and hydro-
dynamic radius ((Rp)) of five narrowly distributed polystyrene
samples with different lengths in decalin over a wide temperature
range (15 < T < 140 °C), we have obtained two empirical scalings for
linear polymer chains in dilute solutions, covering the entire good
solvent range from the ¢ state to the athermal state over a more
practical molar mass range. Namely, (Rg) (nm) = 0.607% IN'® with
a=0.59 — 0.09exp(—1/6.6 x 1072) and (Ry,) (nm) = 0.427>*'N'* with
a=0.59 — 0.09exp(—1/1.06 x 1071), where N' = Np/an with Ny and n,
the degrees of polymerization per chain and per Kuhn segment,
respectively; and a is a constant, insensitive to types of chain and
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solvent. For polystyrene, in good solvents, an = 4. It is expected that
such obtained scalings are applicable for other linear polymer chains
in dilute solutions as long as the Flory # temperature is known
because other parameters can be experimentally determined from
a one-point measurement.
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