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ABSTRACT: The intrinsic viscosity of five well-characterized polystyrene-block-polyisoprene nanofiber
fractions in THF was determined using viscometers of different shear rates. The values increased
pronouncedly with decreasing shear rates, suggesting the ready alignment of the nanofibers along the
shearing direction. The intrinsic viscosity data of the longer fractions were treated by the Yamakawa—
Fujii—Yoshizaki (YFY) theory for wormlike chains to yield reasonable persistence length and hydrodynamic
diameter. The validity of the YFY theory should allow the use of intrinsic viscosity in the future for
evaluating the molar mass of block copolymer nanofibers.

I. Introduction

In the previous paper in this series,! we described the
preparation of nanofibers from polystyrene-block-poly-
isoprene or PS-b-Pl:
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where PI formed cylindrical domains dispersed in the
PS matrix. Nanofibers were obtained by stirring the
S,Cly cross-linked PS-b-Pl films in tetrahydrofuran
(THF) to separate the cross-linked PI cylindrical do-
mains. We also described the preparation of PS-b-PI
nanofiber fractions with different lengths by the com-
bined use of ultracentrifugation and ultrasonication.
Transmission electron microscopy (TEM) and static light
scattering (SLS) were used to obtain the length distri-
bution N(L;), the weight-average molar mass My,, and
the z-average radius of gyration Rg for each fraction.
Combining the N(L;) and Rg data, we also evaluated
the persistence length Ip for each fraction. The nanofi-
bers on the length scale of micrometers were shown to
be semirigid or wormlike. In this paper, we report on
the viscosity properties of the nanofiber fractions in
THF.

Aside from a preliminary report from our group on
the intrinsic viscosity of polystyrene-block-poly(2-cin-
namoyloxyethyl methacrylate)-block-poly(tert-butyl acry-
late) nanofiber fractions,? we are unaware of other
similar studies. Won et al. reported on the shear rate
dependence of the viscosity of polybutadiene-block-poly-
(ethylene oxide) nanofibers in water but did not report
any intrinsic viscosity data. Further, the fibers they
used were not fractionated. Other more remotely related
systems would be the cylindrical or wormlike micelles
of block copolymers*~8 or low molar mass surfactants.®
The interpretation of the viscosity data of such systems
has been a long-standing issue!® mainly because of their
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structural instability. Alternatively, the nanofibers may
be viewed as the macroscopic counterparts of polymer
chains or suprapolymer chains. There are numerous
examples in the literature of viscosity studies on worm-
like polymer chains such as poly(n-hexyl isocyanate)'112
and Schizophyllan'® etc. The data presented in these
studies have been well interpreted by the Yamakawa—
Fijii—Yoshizaki (YFY)%15 theory as reviewed by
Bohdanecky6

I1. Experimental Section

Materials. The solvent THF was distilled over potassium
before use. The PS-b-PI nanofiber fractions were prepared and
characterized as described before.! Figure 1 shows a TEM
image of fraction 1 or F1. Measuring lengths of over 500
nanofibers from such TEM images at higher magnifications
yielded the population density N(L;) at length L; for each
fraction. The results for F3—F5 are shown in Figure 2. The
N(L;) data were then used to calculate the number-average
and weight-average lengths with results shown in Table 1.
Table 1 also shows the weight-average molar masses M,, and
radii of gyration Rg determined by static light scattering for
the nanofibers in THF.

The radii of gyration Rg were previously related to the
persistence lengths s wrongfully using?
ZN(Li)LiZRG(LiIIP)

Rg(lp) = — )
YN

The correct relation is

ZN(Li)LiZRGZ(Li'IP) ”

Rolls) = @
S NLL?

where Rg(lp) equals Rg determined from light scattering.
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Figure 1. TEM images of PS-b-PIl nanofiber fraction 1 at
different magnifications. The sample was aspirated from THF
and stained with OsO,.
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Figure 2. Length distribution functions for nanofiber frac-
tions 3 (W), 4 (@), and 5 (O), respectively.

Rg(Li,lp) in eq 2 was approximated by’

Re(L.Ip) = |,,J L/3l, — 1+ 2I/L)[1 — (/L)1 — e~ "))
®3)

which is valid for infinitely thin chains. Figure 3 plots the
Rg(lp) function given by eq 2. Checking the experimental Rg
values against Ip in Figure 3 yielded for the fractions the Ip
values shown in Table 1.
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Figure 3. From top to bottom, plot of Rg calculated from eq
2 as a function of persistence length Ip for fractions 1-5,
respectively.

Table 1. Characteristics of the PS-b-PI Nanofiber

Fractions
TEM TEM Mw Re Ip
sample Lw (nm) Ln (nm) (g/mol) (nm) (nm)
F1 3110 1970 8.5 x 108 427 145
F2 1760 1210 4.9 x 108 347 205
F3 1190 840 3.7 x 108 280 242
F4 600 430 2.2 x 108 171 245
F5 340 250 1.2 x 108 117 390

Table 2. Characteristics of the Ubbelohde Capillary
viscometers

viscometer viscometer viscometer

property 1 2 3
capillary length (cm) 8.4 35.9 112.3
bulb vol (mL) 1.50 1.21 0.71

THF flow time (s) 267.50 241.47 336.46
THF flow rate Q (mL/s) 5.61 x 1073 5.01 x 1073 2.11 x 103
capillary radius R (mm) 0.155 0.185 0.185
shear rate (s71) 1920 1010 420

We have also performed the linear regression analysis of
the My, vs L, data,* which yielded the unit-length molar mass
of 2.7 x 102 g/(mol-cm) for the nanofibers. Analysis of a
transmission electron microscopy (TEM) image of a PS-b-Pl
thin section yielded the diameter of 12.1 nm for the PI
cylinders dispersed in the PS matrix.

Ubbelohde Capillary Viscometers. Three Ubbelohde
capillary viscometers were used in this study. Table 2 sum-
marizes the characteristics of the viscometers. To determine
the bulb volume, a concentrated polystyrene (PS) solution, e.g.,
at ~20 wt %, in THF was added into the viscometer reservoir.
The solution was pressured into the capillary and methanol
was dispensed from the top of the capillary, which induced
PS chain aggregation at the THF/methanol interface and
capillary blockage. The bulb was then filled with methanol for
volume determination. The volume was used to calculate the
flow rate Q from diving it by the THF flow time. The shear
rate at the capillary wall was calculated using?®

=49 4

‘L’ =
aR3

where R is the capillary radius. The shear rates of the three
viscometers are 1920, 1010, and 420 s 1, respectively, for THF
flow at 25.0 + 0.1 °C.

Rotational Cylinder Viscometer. A low-shear-rate rota-
tional cylinder viscometer was built based on a design by Zimm
and Crothers.’® The stationary part or the stator of the
viscometer consists of a jacketed one-end-sealed glass cylinder
with an inner diameter, d,, of 1.24 cm. Water was allowed to
circulate in the jacketed layer for temperature control. The
moving part or the rotor of the viscometer is a 8.4 cm-long
one-end-sealed cylinder with an outer diameter, di,, of 1.00
cm. Glued to bottom of the rotor is a steel pellet. The inner
cylinder floats in the stator by its buoyancy and its height
is adjusted by the amount of Pb3O, fixed in it by epoxy resin.
The rotor is held in the center of the stator by the surface
forces exerted by the testing liquid. The inner cylinder rotates
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Table 3. Viscosity Results of the Nanofiber Fractions in THF, where the Intrinsic Viscosity Data Are in mL/g

shear rate shear rate shear rate shear rate shear rate shear rate
=1920s7?! =1130st =420s71 =0.47s7t =0.16s71 =0.082s71 I
sample [ kn [n] kn ] kn ] kn 7] kn [7]o kn (nm)
F1 101 0.58 127 0.37 379 1.26 627 0.42 648 0.45 720
F2 56.5 0.65 64.5 0.57 77.5 0.47 192 0.81 321 0.41 570
F3 42.9 0.36 52.7 0.56 65.2 0.26 138 1.44 246 0.54 900
F4 27.5 0.80 35.2 0.44 42.1 0.64 83 1.71 140 0.47 a
F5 17.3 3.3 24.2 2.57 29.3 1.21 56 1.87 98 0.78 a

a The highest [5] that can be reached from eq 16 by assuming rigid-rod behavior and dn = 97 nm for the two fractions are ~136 and

~75 mL/g, respectively.
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Figure 4. Plot of (5 — 1)/c vs ¢ for the nanofiber solutions in
THF. The data were obtained using the cylindrical viscometer
at a shear rate of 0.082 s~1. From top to bottom are the data
for F1 (@), F2 (O), F3 (m), F4 (O), and F5 (®), respectively.

relative to the stator because of a rotating magnetic field
applied at the bottom of the viscometer. Since there are no
mechanical devices attached to the rotor, frictional dissipation
of energy occurs in the liquid itself, and the viscosity of a liquid
is proportional to the time it takes for the rotor to make one
circle relative to the stator. The rotor speed was adjusted by
changing the size of the steel pellet in the rotor.

The shear rate of the viscometer at the inner wall of the
stator was estimated using?!®

Anlt,

T=——>— 5

(do/din)2 -1 ( )
where t; denotes the time taken for the rotor to rotate one cycle.
Three rotors with the t; values of 51.29, 148.42, and 283.41 s
and thus the shear rates of 0.47, 0.16, and 0.082 s™! were
obtained.

Viscosity Measurements. All viscosity measurements
were performed at 25.0 &+ 0.1 °C in THF. The nanofiber
concentrations were so adjusted that the relative viscosity 7
of the most concentrated solution was around ~1.4.

I11. Results and Discussion

Results. Figure 4 plots (3, — 1)/c against nanofiber
concentration ¢, where », was determined in THF using
the cylindrical viscometer at the shear rate of 0.082 s™.
Like polymer solutions, the data for each fraction fall
on a straight line. The solid lines represent the best fit
to the experimental data by the empirical relation?®

(7. — 1l = [n] + Kyl (6)

where kp is the Huggins coefficient and [#] is the
intrinsic viscosity. Similar plots were obtained for data
obtained from the other viscometers. Table 3 sum-
marizes the [n] and ky results for all samples thus
obtained at different shear rates.

Table 3 reveals that the [5] values of the nanofibers
are strongly shear-rate v dependent, i.e., [5] increased
with decreasing 7. Figure 5 plots [#] for F1 as a function
of 7. The [5] values appear to level off only at the lowest
7 of 0.082 s! and the [x] values at this 7 are used to
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Figure 5. Plot of [5] vs log(r x s) for nanofiber fraction 1 in
THF.

approximate the zero-shear intrinsic viscosity [#]o. We
had not measured [#] at lower 7 values, as the balance
of rotors with slower rotation rates presented much
technical challenge. Furthermore, we expected our
samples to behave similarly as bacteriophase T2 DNA
in water. For the DNA, [»] values were found to be at
97% and 99% of the [y]o values at the shear rates of
0.165 and 0.08 s1, respectively.1921

While the ky, values measured at 0.47 s~1 are larger
than 0.55, the k;, values determined at the two lowest
shear rates, except that for F5, are normal between 0.30
and 0.55.22 The abnormally high k; at 0.47 s~1 suggests
a strong shear rate dependence of viscosity in the
neighborhood of this 7. In this case, the rotor rotates
faster in a more dilute solution not only for the lower
solution concentration but also for the higher shear rate
the solution experiences. The negative deviation of the
apparent relative viscosity 7, from the zero-shear-rate
nr(t—0) gets larger and larger as the concentration is
decreased. This systematic error in 7, leads to a steeper
(yr — 1)/c-vs-c line, which results in a larger slope and
smaller intercept [#]. The normal k;, values at the two
lowest 7 values suggest weak t dependence of nanofiber
solution viscosity in the neighborhood of these 7 values.

The kp, value of F5 is abnormal irrespective of 7. This
may be due to the small length to diameter or aspect
ratio for this fraction. Thus, this sample may not have
viscosity properties similar to those of polymers.

The pronounced decrease in [n] of a sample with
decreasing 7 at 7 larger than ~0.16 s™1 suggests the
ready alignment of the nanofibers along the shearing
direction as has been demonstrated for PS-b-PCEMA
nanofibers,?® or cylindrical domains in diblock copolymer
matrices.?* The 5, value increased with decreasing shear
rate, because nanofibers are more randomized in ori-
entation at lower shear rates and the randomized fibers
impose greater flow resistance.

YFY Theory. The theoretical expressions for the
zero-shear intrinsic viscosity []o were first derived by
Yamakawa and Fujiil4 for wormlike polymer chains and
later refined by Yamakawa and Yoshizaki'® to accom-
modate spheroid cylinders, which are cylinders with
spheroidal end caps. For spheroid cylinders
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7N, L2 )
7, = TMUf(L/IP)F(L/dh,e) if L/, < 4.556 (7)
and
8 ¢O|P3/2L1/2 4
[7lo =

—1 = Y (L)t
TR A
if L/l, > 4.556 (8)

where Npa is Avogadro’s constant, dy is the hydrody-
namic diameter of the cylinder part, ¢o = 2.870 x 1023
mol~1, Cjis a polynomial function of dy/lp, and ¢ is the
ratio of the principal diameters of the spheroidal ends.
The expressions for f(L/lp), F(L/dn,€), and C;j have been
given in ref 15 and are thus not repeated here. The YFY
theory has been used to treat the intrinsic viscosity
data of various wormlike polymer chains to yield
reasonable lp and dn values.'® The theory has, how-
ever, never been used to treat cross-linked cylindrical
micelles or nanofibers.

Data Treatment by the Bohdanecky Method.
Equations 7 and 8 for [5]o derived by YFY are complex.
Bohdanecky'® determined that the YFY expressions
could be cast in a much simpler form:

(M, /7o) = A+ BM,, " ©)
where
A= AOMU/¢01/3 (10)

and

B = Boy/My/(¢,"°y/21;) (11)
In egs 10 and 11

A, =0.46 — 0.53 log d, (12)
and

B, = 1.00 — 0.0367 log d, (13)

where dy, equal to dn/(2lp), is the reduced hydrodynamic
diameter of the chains.

Figure 6 plots the intrinsic viscosity data of the
nanofiber fractions following eq 9. Excluding the data
for F5, which has abnormal viscosity behavior, the other
data points all fall on a straight line. The A and B values
generated depended on the data points used in the
linear regression analysis (Table 4). Using the A and B
values and eqs 10—13, we obtained the Ip and dy, values
of 620 and 97 nm, if only the F1—F3 data were used.
The lp and dy, values changed to 606 and 178 nm when
the F1—F4 data were used. The small difference be-
tween the two lp values suggests that Ipcan be deter-
mined with certainty from the data. The dy value is
determined with much reduced certainty, because it
changes exponentially with the intercept A.

Estimation of d,. Figure 1b shows a TEM image of
the F1 nanofibers sprayed from THF at high magnifica-
tion. The diameter of the visible part of the nanofibers
is 25.2 + 1.4 nm. Since the sample was stained with
0s0O4, which reacted with the unreacted Pl double
bonds, and also the S and Cl atoms incorporated via the
cross-linking reactions are heavier than the C and H
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Figure 6. Plot of (Mw#[17]0)*?/(g/(mol?3-cm)) vs My*2/(g/mol)1/2
for the nanofiber fractions. The solid line represents the best
fit to the F1—F4 data by eq 9.

Table 4. Parameters Generated from the Analysis of the
[7]o Data Using Eq 9

data A B fitting Ip dn

range  (g/mol?3-cm) (g¥2/mol¥6-cm) coeff y2 (nm) (nm)
F1-F3 4.29 x 104 2.10 0.993 620 97
F1-F4 3.69 x 10* 2.33 0.993 606 178

atoms in the PS block, the visible part of the fibers must
be cross-linked PI. As mentioned in ref 1, the diameter
of the PI cylindrical domains in the diblock film is 12.1
nm. After cross-linking with S,Cl,, the Pl diameter
should increase somewhat. The core diameter should
increase further in THF. The TEM specimens were
prepared by the quick aspiration of the nanofibers from
THF on to carbon-coated copper grids,?®> which might
have left the core trapped in a partially or fully swollen
state. Thus, the TEM core diameter of ~25 nm is
reasonable.

The molar mass of the PS-b-PI diblock is 3.24 x 104
g/mol. The My value of the nanofiber is 2.7 x 1012
g/(mol-cm). Using these values and assuming a core
diameter of 25 nm for the nanofibers in THF, we
calculated a PS coverage p of 2.12 x 1013 chains/cm?
on the core surface. The critical surface coverage p*
above which PS chains begin to overlap and repel one
another is?6

pr=— (14)
7Rg

where Rg is the radius of gyration of an unperturbed
PS chain. For PS in good solvent

R = Nps"*p (15)

where Nps, equal to 220 here, is the number of styrene
units in a chain, and 3, the segment length, is 0.186
nm as reported by Higo et al.?’ in toluene. Combining
egs 14 and 15, we obtained p* ~ 1.4 x 102 chains/cm?.
Since p is much larger than p*, the PS chains should
form a brush layer on the core surfaces.

The chains in a brush layer are stretched. The degree
of stretching depends on the surface coverage. Taunton
et al.28 found, from surface force measurement, that the
average end-to-end distance for an end-anchored PS
sample at My, = 2.65 x 10* g/mol was 22 nm. The
surface coverage might be higher? in our case, but the
PS molar mass is slightly lower; i.e., at 2.3 x 10* g/mol,
the PS coronal layer thickness of ~22 nm should thus
be a reasonable estimate. While 22 nm is substantially
larger than ~10 nm estimated for unperturbed chains,
it is still substantially less than the fully stretched chain
length of ~55 nm.
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On the basis of the PS layer thickness of ~22 nm and
the core diameter of ~25 nm, we estimated that the
hydrodynamic diameter of a PS-b-PI nanofiber in THF
should be ~70 nm. This value agrees reasonably well
with dp = 97 nm determined from the F1—F3 viscosity
data, given the error involved with d, determination and
estimation. The analysis, however, rules out the pos-
sibility for having d, = 178 nm. Thus, F4 may still have
too low an aspect ratio to qualify for data treatment by
the Bohdanecky method by assuming polymer chain
behavior.

Data Treatment by the YFY Theory. The key
equations of the YFY theory have been given above
already. For convenience, we assumed in our calcula-
tions that the ends of the PS-b-PI nanofibers were
hemispherical or ¢ = 1, despite the fact that this was
most likely untrue for ultrasonicated samples. To ac-
count for length distribution of each fraction, the
experimental intrinsic viscosity was calculated using:

z [’Y]ioN(l—i)Li
lp=— (16)
S N(LL,

where [n]o is the weight-average?°@ of the components
[7]io and N(L;) is proportional to the population of fibers
with contour length L;.

Using d, = 97 nm, My = 2.7 x 1012 g/(mol-cm), N(L;),
and eq 16, we evaluated the persistence lengths for
F1—F3 with results shown in Table 3. The average of
the Ip values for the three fractions is ~700 nm and the
value fluctuates much from sample to sample.

Unfortunately, the highest [5]o values that can be
reached from eq 16 by assuming d, = 97 nm, My = 2.7
x 1012 g/(mol-cm) and rigid rod behavior for F4 and F5
are 136 and 75 mL/g, respectively, which are lower than
the experimental values. The discrepancy may be due
to the low aspect ratio L,/dn and € = 1 for these samples.

Difference between the Ip Values from SLS and
Viscometry. The Ip value from treating the viscosity
data using the Bohdanecky method is ~620 nm. This
compares well with ~400 nm we estimated before for
polystyrene-block-poly(2-cinnamoyloxyethyl methacry-
late) nanofibers?® and ~570 nm determined by Won et
al.3 for poly(ethylene oxide)-block-polyisoprene nanofi-
bers. The value is, however, significantly larger than
the value of ~250 nm that we determined from LS. The
LS values may be less accurate for the following reasons.
First, we are less confident about the Rg values of
F1—F3, because the sizes of these fractions might be
beyond the resolution range of our instrument with the
lowest accessible scattering angle at 12°. The R values
of F4 and F5 can be determined with higher accuracy
but they do not fall in the region of the Rg-vs-Ip curve
where R changes sensitively with Ip (Figure 3). While
Ip = 390 nm at Rg = 117 nm for F5, the Ip value, for
example, increases to 620 nm if Rg = 122 nm.

Scaling Relation for [5]o. The accurate equation
relating [»]o and L and thus My, is given by eqgs 7 and 8.
A scaling relation between [7]o and M,y is eq 9. It reduces
to the scaling relation [7]o O M2 as M,y — «. Over a
particular range with intermediate M,,, the Kuhn—
Mark—Houwink—Sadara scaling relation may hold:2°

[7lo = KM,* 17
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Figure 7. Plot of log[#]o vs log M,, for the nanofiber fractions.
The theoretical [5]o values (O) were calculated from egs 7, 8,
and 16 letting I = 620 nm and d, = 97 nm. Only the F1—-F4
experimental [5]o data (®) were used in the curve fitting.

The exponent a in eq 17 provides a measure of the
flexibility of the fibers in the particular length range.
If the a scale of polymer chains can be borrowed at all,
an a value in the range of 0.50 to 0.764 suggests chain
flexibility.?® Wormlike fibers would have a values
greater than 0.764. It approaches the limiting value of
2.0 for rigid rods.

Illustrated in Figure 7 is a plot of log [#]o vs log My,
for the nanofiber fractions. A straight line fit to the data
of F1—F4 yielded an a value of 1.13, suggesting the
wormlike nature of the fibers. The F5 data was excluded
in curve fitting as the [y]o value is in error due to the
low aspect ratio Ln/dy for this fraction. Also shown for
comparison are the log [7]o data with [#]o calculated
using eq 16 by assuming Ip = 620 nm and dn, = 97 nm.
The a value obtained from fitting the calculated data is
1.17, which again confirms the wormlike nature of the
nanofibers in the molar mass range of 1.2 x 108 to 8.5
x 108 g/mol.

1V. Conclusions

The intrinsic viscosity [y] of five PS-b-PI nanofiber
fractions in THF was determined with viscometers of
different shear rates r and [7] increased drastically with
decreasing 7. This suggests the ready alignment of the
nanofibers along the shearing direction. The [#] values
at the lowest shear rate of 0.082 s=! were used to
approximate the zero-shear intrinsic viscosity [7]o. The
[7]o data were treated with both the Bohdanecky method
and the YFY theory to yield a reasonable persistence
length value ~620 nm. The hydrodynamic diameter dy,
of 97 nm determined using the F1—-F3 data from the
Bohdanecky method was reasonable but the uncertainty
involved was large. While the YFY theory may be
applicable to block copolymer nanofiber solutions and
the potential exists for the use of intrinsic viscosity in
the future to determine the molar mass of nanofibers,
more studies are required to confirm the true ap-
plicability of the YFY theory.
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