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According to the experimental phase diagram re-
ported by Khandpur et al.! for poly(styrene-b-isoprene)
(SI) diblock copolymers, the order—disorder transition
(ODT) for lamellar Sl copolymers with equal volume
fractions of S and | repeat units occurs at a thermody-
namic incompatibility (yN) of ~18, in good agreement
with theoretical predictions?=® for neat (unmodified)
diblock copolymers. Here, y denotes the Flory—Huggins
interaction parameter and N is the number of statistical
units along the copolymer backbone. Since y scales as
the reciprocal of temperature,? microstructural disorder
can generally be induced in an ordered Sl copolymer
residing in either the weak- or intermediate-segregation
regime through an increase in temperature, as verified
by, e.g., small-angle scattering’~'* and rheological810.15.16
and birefringence measurements.1117 Recent efforts1819
have also demonstrated that the phase behavior of a
neat block copolymer at constant N can likewise be
systematically influenced through controlled monomer
sequencing within the blocks comprising the copolymer.
A more convenient alternative by which to reduce the
incompatibility of a block copolymer system relies on
the addition of a second component, such as a parent
homopolymer29-22 or a (non)preferential solvent,23-28 to
the copolymer.

In conventional order—disorder studies of solvated
block copolymers, a predetermined fraction of solvent
is added to an ordered block copolymer and the tem-
perature is subsequently elevated in incremental steps
to a point above the ODT. The effect of solvent and
concentration on the magnitude of yN at the ODT is
ascertained from the variation of a system characteristic
(e.g., the principal peak scattering intensity or width,
or the dynamic storage shear modulus) with tempera-
ture. By comparing the ODT conditions for numerous
Sl copolymers in the presence of a relatively neutral
solvent (toluene or dioctyl phthalate), Lodge et al.?®
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report that yN ~ (1 — ¢s)16, where ¢ is the solvent
volume fraction, in agreement with theoretical predic-
tions.# In the concentrated polymer regime, attempts2®—34
to elucidate the role of block copolymer microstructure
on (non)preferential solvent uptake have relied upon
gravimetric sorption, wherein solvent vapor diffuses and
dissolves into an ordered (usually intermediately or
strongly segregated) block copolymer, and the mass of
solvated copolymer is monitored as a function of time.
Since each sorption measurement is conducted at a
single temperature and since the solvent molecules
effectively probe copolymer microstructure (or the lack
thereof), this technique is referred to here as isothermal
diffusive probe analysis (IDPA). In this work, we
employ SAXS and IDPA as independent means by
which to examine the solvent-induced disordering of a
compositionally symmetric SI diblock copolymer.

The Sl diblock copolymer was synthesized via living
anionic polymerization in cyclohexane at 60 °C in the
presence of sec-butyllithium. According to 'TH NMR and
GPC, the copolymer was 50/50 w/w S/I, and its number-
average molecular weight (M;) and polydispersity were
13 600 and 1.04, respectively. The upper (styrenic) glass
transition temperature (Tg) of the copolymer was 46 °C,
as discerned from differential scanning calorimetry.
Films of the copolymer were prepared from 4% (w/v)
toluene solutions, which were cast into Teflon molds and
permitted to dry slowly for 3 weeks. Resultant films
were heated for 4 h at 90 °C under vacuum to remove
residual solvent. For SAXS analysis, predetermined
masses of the neat copolymer and the copolymer with
11.9 wt % toluene were sealed in glass cuvettes and
heated at 100 °C for an additional 24 h to promote
sample homogeneity. Low-resolution SAXS patterns
were collected from each specimen at a sample-to-
detector distance of 23.9 cm on a Kratky compact
camera (slit collimation) using Cu Ko radiation. (A
complete description of the SAXS instrument and data
analysis is provided elsewhere.3%) Scattering data were
obtained near ambient temperature and then at 5 °C
intervals at elevated temperatures. To ensure thermal
equilibration, the dwell time at each temperature was
60 min. The IDPA employed a quartz-spring gravimet-
ric balance housed in a thermally insulated chamber.
To avoid sample flow, a small piece of the copolymer
film was placed in a solid Al bucket, which was then
suspended from the quartz spring. Once the film was
degassed for 24 h under vacuum at 70 °C, toluene vapor
pressure was introduced in step increments into the
chamber. Mass uptake was monitored as a function of
exposure time for up to 25 h during each increment.

Shown in Figure 1 are temperature-dependent SAXS
profiles obtained from the neat Sl diblock copolymer
(Figure 1a) and the copolymer with a toluene weight
fraction (ws) of about 0.12 (Figure 1b). It is apparent
from the data in Figure 1a,b that the intensity of the
principal scattering peak in each case decreases mono-
tonically with increasing temperature, which is expected
from the reciprocal relationship between y and temper-
ature. Each peak in Figure 1 is centered around a
scattering vector (q) of 0.374 nm™1 for the neat copoly-
mer and 0.356 nm~1 for the solvated copolymer. Cor-
responding microdomain correlation lengths (periodic-
ities) from Bragg's law are 16.8 and 17.6 nm, respectively,
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Figure 1. Low-resolution SAXS profiles obtained from (a) the
neat Sl copolymer and (b) the SI copolymer with 11.9 wt %
toluene at several temperatures (in °C): in part a, 25 (#), 65
(©), 75 (a), 85 (2), 95 (®) and 105 (O); in part b, 20 (#), 40
(<€), 50 (a), 60 (2), 70 (@), and 80 (O). None of the curves have
been shifted.

which can, within experimental uncertainty (estimated
to be about +3%), be considered virtually indistinguish-
able.

The temperature at which a block copolymer under-
goes its ODT can be extracted from a series of temper-
ature-dependent SAXS profiles. The variation in inte-
grated principal peak intensity with temperature, for
instance, reveals the ODT as an abrupt step change that
is most easily detected by plotting reciprocal peak
intensity vs reciprocal absolute temperature. Alterna-
tively, the square of the half-width at half-maximum of
the principal peak, rather than the peak intensity,
undergoes a similar temperature-induced step change
at the ODT. Both methods can be used to analyze high-
resolution SAXS data but may fail when applied to low-
resolution data in the absence of background correction
(as in Figure 1). A less common method of identifying
the ODT of a block copolymer from such data has been
proposed by Perahia et al.1* This strategy exploits the
observation that, at scattering vectors (q) just beyond
the principal scattering peak, the intensity at temper-
atures below the ODT is lower than that at tempera-
tures above the ODT. Such a demarcation is evident
in the profiles shown in Figure 1.

While this signature of the ODT is neither intuitive
nor predicted, it has been found!! to compare well with
the identification methods described above. With the
apparent validity of this approach in mind, the scatter-
ing intensity evaluated at 0.54 nm~! in Figure 1 is
displayed as a function of temperature for each copoly-
mer system in Figure 2 and is observed to increase
abruptly over a 5 °C temperature range (due to the
sampling interval) in each case. For the neat copolymer,
this increase occurs between 80 and 85 °C (hereafter
listed as 83 + 3 °C for brevity). According to previously
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Figure 2. Dependence of scattering intensity (at g = 0.54
nm™1) on temperature for the neat Sl copolymer at two
different solvent weight fractions (ws): 0.00 (O) and 0.12 (a).
The order—disorder transition (ODT) for each case is shown
as the crosshatched region located at the step change in each
data set.
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Figure 3. Isothermal mass-uptake curves normalized to the
equilibrium solvent uptake (M¢/M.) as a function of time'? at
70 °C for four different toluene vapor pressure intervals (in
Torr): 0—29 (a), 29—-93 (»), 74—111 (®) and 111—-139 (O). Note
that M, overshoots the equilibrium toluene uptake as M¢M.,
exceeds unity in the latter two cases.

reported experimental data,'? the ODT temperatures for
compositionally symmetric (50/50 w/w S/1) SI diblock
copolymers with molecular weights of 13 000 and 14 400
are about 78 + 1 and 84 + 1 °C, respectively, which are
in very good agreement with the results from Figure 2
for the neat Sl copolymer employed here. Figure 2 also
reveals that the ODT temperature for the solvated
copolymer with ws ~ 0.12 is depressed to 68 + 3 °C.
Balsara et al.?> have measured ODT temperatures (from
SAXS) for a compositionally asymmetric Sl diblock
copolymer (39/61 w/w S/I; M, = 31000) at several
different dioctyl phthalate concentrations and have
found a more pronounced dependence of the ODT
temperature on solvent content than is observed here.

Figure 3 shows the dependence of toluene mass
uptake (My), normalized with respect to the equilibrium
mass uptake (M), on time!2 for four toluene vapor
pressures at 70 °C (which is above the upper Ty of the
copolymer). At low vapor pressures (up to 29 Torr),
sorption appears Fickian, as evidenced by (i) an initially
linear slope and (ii) a monotonic increase in M¢ up to
M. after long exposure times. Within the Fickian
regime, the linear slope can be used to extract the
diffusion coefficient (D) of toluene in the copolymer.36
From Figure 3, D is found to equal 4.75 x 1077 cm?/s.
(The uncertainty in D is estimated to be about +£20%.)
As the pressure is increased to 93 Torr, Fickian diffusion
is retained, in which case D is calculated to be 1.26 x
1076 cm?/s. At higher pressures (up to 111 Torr),
however, anomalous sorption is observed as M{M.
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Figure 4. Variation of solvent weight fraction (ws) with time'/2
for the four isothermal mass-uptake curves presented in Figure
3 (the same symbols are used here). Solid lines connecting the
data are guides for the eye, while the dashed lines identify
the value of ws at which anomalous sorption (equilibrium
overshoot) is first observed in Figure 3.

exceeds unity after an exposure time of about 1.1 h and
then returns to M¢/M.. = 1.0 at longer exposure times.
Similar, but more pronounced, behavior is likewise seen
at the highest pressure used in this study (139 Torr).
Under such conditions of equilibrium overshoot, D
cannot be evaluated.

The anomalous sorption in Figure 3 is a consequence
of solvent expulsion from the copolymer and has been
observed in other polymeric systems. For example,
equilibrium overshoot has been reported for polymers
that undergo a solvent-induced phase transition (e.g.,
crystallization3”) or relax at a rate that is significantly
slower than the rate of solvent diffusion due to bulky
side groups.®® Since the Sl copolymer examined here
is molten at 70 °C, the equilibrium overshoot evident
in Figure 3 is not attributed to the upper Ty4. Thus, it
appears that this anomalous sorption reflects relaxation
or rearrangement of the block copolymer microstructure.
To relate the sorption data in Figure 3 to the SAXS data
displayed in Figure 2, we present the mass fraction of
toluene (ws) as a function of time2 in Figure 4 and
identify the value of ws signifying the onset of equilib-
rium overshoot. At 70 °C, the onset of anomalous
sorption is observed to occur at ws ~ 0.11. Recall from
Figure 2 that the temperature corresponding to the
copolymer ODT at ws ~ 0.12 is 68 + 3 °C.

The surprisingly good agreement between these tem-
perature/composition conditions from two independent
techniques, one at constant concentration and the other
isothermal, strongly suggests that the anomalous sorp-
tion reported here is somehow associated with the ODT
of the solvated copolymer. Data from other Sl diblock
copolymers at different temperatures support this con-
clusion and will be reported in a future publication.
While it remains unclear at the present time why the
overshoot persists at concentrations beyond that corre-
sponding to the onset of anomalous sorption (see Figure
3),% Fickian behavior is regained once the copolymer
is completely disordered at, e.g., 110 °C (data not
shown). A conclusive physical interpretation of the
overshoot cannot be provided at this time, but one
consideration is certain: the copolymer chains must
undergo a significant solvent-induced change in molec-
ular conformation (due to interfacial dissolution) to
induce the level of solvent expulsion evident in Figure
3. The ODT clearly satisfies this requirement.*® Ac-
cording to Caneba et al.,*! an ordered triblock copolymer
absorbs more solvent than a random copolymer of
comparable composition due to the existence of inter-
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facial regions in the triblock copolymer. This observa-
tion is consistent with the assignment proposed here;
namely, the onset of anomalous sorption constitutes an
IDPA signature for solvent-induced microstructural
disordering in low-molecular-weight diblock copolymers
under isothermal conditions.
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