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ABSTRACT: Gradient copolymers are prepared from comonomer systems with a range of segregation
strengths and homopolymer glass transition temperature (Tg) differences to explore the breadths that can be
achieved by their single, continuous glass transition regions compared to random and block copolymers.
A variety of chain architectures are synthesized using semibatch nitroxide-mediated controlled radical
polymerization, including linear gradients, sigmoidal gradients, blocky gradients, and blocky random cases.
The derivative of the differential scanning calorimetry heat curve is used to extract Tg breadths (ΔTgs). For
the first time, these Tg breadths are compared against values derived from nanophase separation levels
predicted by self-consistent mean-field theory and found to be in good accord. In moderately segregating
systems (styrene (S)/n-butyl acrylate and S/tert-butyl acrylate), ΔTg may be tuned dramatically via gradient
structure and molecular weight; e.g., a Tg breadth exceeding 100 �C, or >65% of the homopolymer
Tg difference, is obtained with a sigmoidal gradient copolymer of S/n-butyl acrylate. In the very weakly
segregating system (S/n-butyl methacrylate), ΔTg remains narrow (<40% of the homopolymer
Tg difference), regardless of gradient design. In strongly segregating systems (S/4-vinylpyridine and
S/4-acetoxystyrene (AS)), ΔTgs are observed spanning 70-80% of the homopolymer Tg difference. Small-
angle X-ray scattering applied to S/AS materials demonstrates a range of temperature-sensitive scattering
intensities consistent with the level of segregation observed through their ΔTgs.

Introduction

Since the inception of controlled radical polymerization
(ContRP)1-3 more than 15 years ago, this approach has led to
the relatively simple synthesis of a variety of novel polymers and
copolymers.4-6 In particular, gradient copolymers,7-43 a class of
copolymer in which the comonomer composition gradually
varies along the chain length and that cannot be made by
conventional radical polymerization (ConvRP) (perhaps better
known as “free radical polymerization”), can be easily synthe-
sized by ContRP, owing to its combined pseudoliving character
and generally facile cross-propagation of radicals compared
to anionic copolymerization.7-20,22,23,25-35 (Other (pseudo)-
living polymerization methods that can have effective cross-
propagation, including ring-openingmetathesis polymerization36

and cationic polymerization, may also be used to make gradient
copolymers. Copolymers having gradient character may also be
made from several types of monomers via anionic polymeriza-
tion21,24 using carefully designed semibatch reactions to counter-
act the highly unfavorable cross-propagation in anionic poly-
merization.7) Gradient copolymers have sequence distribu-
tions along the chains that are intermediate in character to
diblock copolymers, which have a step change in comonomer

composition, and random copolymers (statistical copolymers),37

which exhibit no variance in average local composition along
their chains.7,38-41 Because of their unusual molecular struc-
ture, gradient copolymers have efficacy as cosmetics addi-
tives,42 emulsion stabilizers,43 compatibilizers for immiscible
blends,28-31,35 filler dispersant for nanocomposites,44 and vibra-
tion or acoustic damping materials.34

For comonomers with repulsive enthalpic interactions, theory
has predicted the presence of microphase or nanophase separa-
tion in gradient copolymer melts related to that of diblock
copolymers, but with a few unique features.38-41 While the
critical χN value or (χN)c (where χ is the Flory-Huggins
interaction parameter between comonomers andN is the average
number ofmonomers per chain) for a compositionally symmetric
diblock copolymer is 10.495,45 that of a linearly tapered gradient
copolymer is predicted to have a value of 29.2540 or 29.55.41 For
gradient copolymers with sigmoidal compositional profiles bet-
ween the linear gradient and block cases, the value of (χN)c
decreases toward the value for the block case as the profile grows
more block-like.41 For A/B gradient copolymers with chain ends
that do not extend to pure A and pure B compositions, (χN)c can
shift to values greater than 30.41

These same studies have predicted that compositional profiles
within ordered gradient copolymers remain sinusoidal, even
in systems well above their critical point of separation.40,41
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The amplitude of the sinusoidal function grows as χN increases to
give increasingly A-rich and B-rich regions, but never fully
segregates to the step-function profile typically seen in diblock
copolymer melts. For example, a linear A/B gradient copolymer
with χN ∼ 40 has A-monomer volume fraction profiles varying
between φA ∼ 0.25 and 0.75; at χN ∼ 140, φA varies between
∼0.15 and 0.85.41As a result, A/B gradient copolymers have been
predicted to possess unique thermal properties,12 such as extre-
mely broad glass transition regions when the glass transition
temperatures (Tgs) of the two related homopolymers differ
significantly.31 One would also expect that these properties can
be manipulated through variation of segregation strength (χ),
molecular weight or chain length (N), and gradient profile
(related to the critical value of χN).

Numerous studies have used differential scanning calori-
metry (DSC) to characterize thermal properties of gradient co-
polymers.17-28,31,33 Most studies reported single glass transition
regions, similar to random copolymers, but sometimes suggested
that these regions covered broader temperature ranges than those
in random copolymers. In 2006, our group31 reported an analysis
technique to quantify gradient copolymer glass transition
breadth systematically as a function of gradient development in
copolymers prepared from very strongly segregating styrene/
4-hydroxystyrene (S/HS) comonomers. (Edgecombe et al.46 esti-
mated that χ = ∼6 for the S/HS system.) In these materials, the
temperature range separating fully glassy and fully rubbery
behavior spanned ∼80-90% of the region between the Tgs of
polystyrene (PS) and poly(4-hydroxystyrene) (PHS); Tg(PHS) -
Tg(PS) = ∼90 �C. In 2007, we used the same method to
demonstrate that styrene/acrylic acid (S/AA) gradient copoly-
mers can exhibitTg breadths exceeding the difference between the
Tgs of the relevant homopolymers; this can be explained bymore
effective hydrogen bonding between AA units when AA units
have neighboring S units along the chain backbone.33 Recently,
we used dynamic mechanical analysis to show that in more
weakly segregating S/n-butyl acrylate (S/nBA) gradient copoly-
mers the damping breadth, which is related toTg breadth, can be
tuned via the strength of the composition gradient.34

Here, we provide an extensive analysis of achievable Tg

breadth in gradient copolymers possessing different segregation
strengths, homopolymer Tg differences, and gradient architec-
tures. For the first time, experimental Tg breadths obtained via
differential scanning calorimetry are compared to predictions of
Tg breadths based on the calculated sinusoidal composition
profiles obtained from applying self-consistent mean-field
(SCMF) techniques to these materials. We have studied the
following copolymer systems: the weakly tomoderately segregat-
ing systems of S/nBA (χ reported as 0.03447 and 0.087,48Tg(PS)-
Tg(PnBA) = ∼150 �C49,50) and S/tert-butyl acrylate (S/tBA,
χ estimated by us to be 0.09,51-54 Tg(PS) - Tg(PtBA) =
∼60 �C49); the very weakly segregating system of S/n-butyl
methacrylate (S/BMA, χ reported as 0.012-0.01555 and
0.017-0.018,56 Tg(PS) - Tg(PBMA) = ∼80 �C49); and the very
strongly segregating systems of S/4-vinylpyridine (S/4VP,
χ reported as 0.30-0.35,57 Tg(P4VP) - Tg(PS) ∼45 �C58) and
S/4-acetoxystyrene (S/AS, χ estimated by us to be 0.45,51-54

Tg(PAS) - Tg(PS) = ∼30 �C31). Synthesis involved semibatch,
nitroxide-mediated ContRP, and different gradient architectures
were prepared by varying the rates at which the monomers were
introduced during the semibatch reactions. The Tg breadths of
the copolymers were characterized using the DSC approach
described in refs 31 and 33 and compared to those obtained for
related random and block copolymers. To compare the level and
temperature dependence of microphase or nanophase segrega-
tion obtained in gradient copolymers to those observed in diblock
copolymers, small-angle X-ray scattering (SAXS) was performed
for a family of S/AS copolymers.

Experimental Section

Materials and Methods. Monomers (Aldrich) were deinhib-
ited using inhibitor removers and dried over CaH2 before use.
The inhibitor removers used were Aldrich 31,134-0 (for items
inhibited with tert-butyl catechol) andAldrich 311332 (for items
inhibited with hydroquinone and monomethyl ether hydro-
quinone). The initiators benzoyl peroxide (BPO; Aldrich) and
2,20-azobis(isobutyronitrile) (AIBN; Pfaltz and Bauer) were
used as received. The unimolecular initiator alkoxyamine
29 (A29)6,29-31 (2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-
3-azahexane) was synthesized previously and is the same ma-
terial as that used in refs 29-31. The unimolecular initiator
BlocBuilder59-61 (N-(2-methylpropyl)-N-(1-diethylphosphono-
2,2-dimethylpropyl)-O-(2-carboxylprop-2-yl)hydroxylamine, 99%)
was kindly supplied by Arkema, Inc.

Copolymer compositions were measured by 1H NMR spec-
troscopy (Varian Inova 500 MHz) using CDCl3 as solvent. The
peak intensity from the spectra associated with the aromatic
hydrogens (from styrene units; m, 6.2-7.3 ppm) was compared
to the intensity associated with all other hydrogens (m, 0.6-4.5
ppm) to determine the copolymer composition. The apparent
number-average molecular weight (Mn) and the dispersity62

(also referred to as the “polydispersity index” or PDI) for the
random and gradient copolymers were characterized by gel
permeation chromatography (GPC, Waters Breeze) relative to
PS standards using tetrahydrofuran (THF) as the eluent. For S/
4VP copolymers, molecular weight data are not reported since
the samples interacted with the GPC columns. The block
copolymer Mn values were calculated from the Mn of macro-
initiators, as measured by GPC using universal calibration with
PS standards, and their final comonomer compositions,
as measured byNMR. The copolymer syntheses and characteri-
zations are summarized in Tables 1-4 and the Supporting
Information.

Synthesis of RandomCopolymers. Sets of randomcopolymers,
with at least seven samples per set, spanning a range of styrene
mole fractions (FS) were prepared by batchConvRPusing AIBN
as initiator (see Supporting Information for reactivity ratios and
full synthesis details). Reactions for S/4VP, S/nBA, S/tBA, and
S/AS were performed at 70-80 �C while the S/BMA sets were
carried out at 90 and105 �C.63For the S/nBA, S/tBA, S/4VP, and
S/AS copolymer systems, random copolymers were also synthe-
sized frombothContRP ([BlocBuilder]= 1.3� 10-3mol/L) and

Table 1. Summary of Glass Transition Temperature Data ((0.5 �C)
for S/nBA (Figure 2), S/tBA (Figure 4), and S/BMA (Figure 5)

Copolymers

sample FS Mn (g/mol)a To (�C) ΔTg (�C)

SblockNBA46 0.46 96 500 -57.5 17.5
97.5 14.0

SranNBA55 0.55 95 100 15.7 18.6
SranNBA66 0.66 80 200 32.0 21.0
SgradNBA59 0.59 96 900 7.1 53.9
SgradNBA62 0.62 95 100 -16.2 101.2
SranTBA46 0.46 172 900 62.8 14.8
SblockTBA54 0.54 61 300 39.5 14.9

97.5 14.4
SgradTBA53 0.53 135 100 65.6 39.6
SranTBA67 0.67 93 200 70.7 15.0
SblockTBA69 0.69 83 200 37.7 16.6

96.8 15.0
SgradTBA67 0.67 85 200 69.0 35.4
SranBMA75 0.75 61 700 50.5 20.1
SgradBMA71 0.71 83 000 52.1 33.7
SgradBMA49 0.49 57 800 40.1 20.7

aThe Mn values for the random and gradient copolymers were
characterized by GPC relative to PS standards using THF as the eluent.
The block copolymer Mn values were calculated from the Mn of
macroinitiators, as measured by GPC using universal calibration with
PS standards, and their final comonomer compositions as measured by
1H NMR.88
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ConvRP ([AIBN] = 5.5 � 10-2 mol/L) at 90 �C using comono-
mer reaction mixtures targeting FS ∼ 0.50 to determine whether
the polymerization type had any impact on Tg breadth or value.
Sets of S/BMA random copolymers were also prepared using
ContRP ([BlocBuilder] = 5.2 � 10-3 mol/L) at both 90 and
105 �C. The copolymers were washed by several cycles of
dissolution in THF and precipitation into methanol and dried
under vacuum, except some S/4VP copolymers which were
washed by cycles of precipitation into hexanes and dissolution
in THF. Initiator concentrations were chosen to yield Mn >
40000 g/mol, and reaction times were limited to maintain low
conversion in order to prevent drift of the monomer mix compo-
sition. See Supporting Information for results and molecular
characterization of all random copolymer sets.

Synthesis of Diblock Copolymers. Block copolymers were
synthesized by sequential batches of nitroxide-mediated
ContRP. For the synthesis of an S/nBA block copolymer
with a FS=0.46 (SblockNBA46), a PnBA macroinitiator was
synthesized using nBA (10.0 mL, 0.070 mol) and A29 (5.23 �
10-3 mol/L) at 120 �C for 180 min under N2. This PnBA (Mn=
57 000 g/mol; PDI = 1.60) was combined with S (5.0 mL;
[PnBA] = 3.42 � 10-3 mol/L) in a test tube and placed in an
oil bath at 120 �C for 70 min under N2. The resulting diblock
copolymer (FS=0.46)waswashed and dried as described above.

For the S/tBA system, a PtBA macroinitiator was prepared by
combining tBA and A29 (1.12� 10-2 mol/L) and polymerizing at
115 �C for 60min. Themacroinitiator (Mn=31400 g/mol; PDI=
1.95)wasdissolved intoa test tube chargedwithS ([PtBA]=2.68�
10-3 mol/L) and placed in a bath at 115 �C under N2 for 60min to
yield a S/tBA block copolymer with FS = 0.69. In a separate
test tube, styrene was combined with the PtBA macroinitiator
([PtBA] = 5.42 � 10-3 mol/L) and heated at 115 �C for 60 min
to obtain a diblock copolymer with FS = 0.54.

For the S/AS system, a PS macroinitiator was prepared by
combining S and BlocBuilder (3.00� 10-3 mol/L) in a test tube,
purging for 30 min with N2 and reacting at 90 �C for 2.25 h. The
resulting material (Mn = 34 100 g/mol, PDI = 1.36) was chain
extended with AS ([PS] = 2.00 � 10-3 mol/L) at 100 �C for
90 min to create a pure diblock copolymer (SblockAS67,Mn =
60 300 g/mol) or mixtures of S and AS to create “blocky
random” (SbranAS) copolymers35 where the second block is
a random combination of S and AS ([PS] = (2.2-2.6) � 10-3

mol/L, 100 �C for 60 min). Three blocky random cases were
synthesized, with the S:AS molar ratios of the chain extension
mixtures being 3:1 for SbranAS81 (Mn = 55 600 g/mol), 1:1
for SbranAS78 (Mn = 48 100 g/mol), and 1:3 for SbranAS72
(Mn = 50 700 g/mol).

Synthesis of Gradient Copolymers. Semibatch ContRP pro-
cesses, using A29 or BlocBuilder as the unimolecular initiator,
were employed in the preparation of gradient copolymers. For
each polymerization, the starting monomer was first combined
with the initiator and placed into a heated oil bath under
continuous N2 purging, while the secondary monomer was
continuously added to the reactor via a syringe pump. In order
to verify the formation of a composition gradient, aliquots (∼1
mL) of the reaction mixture were collected throughout the
polymerization process. See Supporting Information for a
summary of synthesis details and proof of compositional gra-
dient formation for all gradient copolymers synthesized in the
current study.

For the S/nBA gradient copolymer with FS = 0.59
(SgradNBA59), S (10.0 mL, 0.087 mol), and A29 (3.92 � 10-3

mol/L) were combined in a test tube and purged with N2 for
30 min. To this test tube, nBA monomer was delivered at a
constant flow rate (4.0mL/h) during the entireContRPprocess at
120 �C under N2 purging. The copolymers in the aliquot samples
were isolated by precipitation into methanol followed by filtra-
tion. Each filtered copolymer was dissolved in THF and pre-
cipitated into methanol again and dried under vacuum before
characterization via GPC and 1H NMR. Finally, the copoly-
merization was stopped at 6.0 h, and the resulting copolymer
(SgradNBA59) was isolated and washed as described above.

To synthesize the S/nBA gradient copolymer with FS = 0.62
(SgradNBA62), S (10.0 mL, 0.087 mol) and A29 (3.92 � 10-3

mol/L) were combined in a test tube and purged with N2 for
30 min. The nBA monomer was delivered at a flow rate that
increased from 2.0 mL/h by 2.0 mL/h every 3.0 h during the
entire 9.0 h semibatch ContRP process, at 120 �C under N2.
To synthesize the S/nBA gradient copolymer with FS =
0.73 (SgradNBA73), a similar increasing rate of monomer feed
was used. BlocBuilder initiator (7.87 � 10-3 mol/L) was mixed
with S (10.0 mL, 0.087 mol) in a test tube and heated at 100 �C
for 6.0 h, with nBAadded at a rate of 1.0mL/h and increasing by
2.0 mL/h every 2.0 h for the full 6.0 h of the reaction.

Table 2. Summary of Glass Transition Temperature Data ((0.5 �C)
for S/nBA Gradient Copolymer Aliquots (Figure 3)

sample FS Mn (g/mol)a To (�C) ΔTg (�C)

SgradNBA59 2.0 h 0.74 44 200 47.4 26.2
4.0 h 0.65 75 400 24.7 37.8
6.0 h-final 0.59 96 900 7.1 53.9

SgradNBA62 2.0 h 0.85 39 800 62.1 26.9
4.0 h 0.78 56 800 41.3 40.8
6.0 h 0.70 79 900 1.9 81.2
8.0 h 0.65 88 400 -13.0 96.1
9.0 h-final 0.62 95 100 -16.2 101.2

SgradNBA73 2.0 h 0.89 12 300 74.5 19.6
4.0 h 0.78 25 700 50.5 27.8
5.0 h 0.75 33 700 37.7 32.8
6.0 h-final 0.73 40 700 32.6 37.0

aThe Mn were characterized by GPC relative to PS standards using
THF as the eluent.88

Table 3. Summary of Glass Transition Temperature Data ((0.5 �C)
for S/4VP Copolymers (Figure 6)a

sample FS To (�C) ΔTg (�C)

Sran4VP40 0.40 128.2 12.3
Sran4VP22 0.22 138.3 12.0
Sgrad4VP23 0.23 119.0 31.7
Sgrad4VP33 0.33 116.0 35.1

aFor S/4VPcopolymers,molecularweight data are not reported since
the samples interacted with the GPC columns.

Table 4. Summary of Glass Transition Temperature Data ((0.5 �C)
for SgradAS64 Aliquots (Figure 7a) and S/AS Blocky Gradient

a
,

Blocky Random,
a
and Block Copolymers (Figure 7b)

sample FS

Mn (g/mol)b

[PS block Mn] To (�C) ΔTg (�C)

SgradAS64
2.0 h 0.80 34 000 101.2 14.0
3.0 h 0.75 39 100 100.5 18.4
4.0 h 0.70 49 200 101.9 21.8
5.0 h 0.64 51 300 105.2 21.5

SbgradAS84 0.84 58 800 [41K] 98.7 13.1
SbranAS81 0.81 55 600 [34.1K] 99.8 13.3
SbranAS78 0.78 48 100 [34.1K] 98.7 12.7

111.4 15.3
SbranAS72 0.72 50 700 [34.1K] 99.2 13.1

112.3 18.7
SblockAS67 0.67 60 300 [34.1K] 99.7 12.5

112.2 19.8
aWith blocky gradient and blocky random copolymers, the following

example applies regarding the molecular structures. With SbgradAS84,
the copolymer has an S block with Mn = 41 000 g/mol, an overall
apparentMn= 58 800 g/mol (by GPC relative to PS standards), and an
overall S mole fraction of 0.84. bThe block copolymer Mn value was
calculated from the Mn of macroinitiator and its final comonomer
composition asmeasuredbyNMR.TheMn for the randomand gradient
copolymers were characterized by GPC relative to PS standards using
THF as the eluent.88
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Two S/tBA gradient copolymers were prepared. The initiator
A29 (5.61� 10-3 mol/L) was mixed with styrene (7.0 mL, 0.061
mol), and tBAwas added to the reactor at a rate of 5.0 mL/h for
6.0 h for the gradient copolymer with FS= 0.53 (SgradTBA53).
The addition rate of tBA was reduced to 3.5 mL/h for the
gradient copolymer with FS = 0.67 (SgradTBA67).

Two S/BMA gradient copolymers were also made using A29.
For the synthesis of an S/BMA gradient copolymer with FS =
0.71 (SgradBMA71), S (10.0 mL, 0.087 mol) was mixed with
A29 (5.23 � 10-3 mol/L) in a test tube and heated at 115 �C for
180 min with BMA being added at a rate of 3.0 mL/h. For an
S/BMA gradient copolymer with FS = 0.49 (SgradBMA49), a
mixture of S (5mL, 0.044mol) andA29 (1.05� 10-2mol/L) was
polymerized for 130 min while BMA was added at a rate of
4.0 mL/h.

The S/4VP gradient copolymers were synthesized using Bloc-
Builder as initiator. For the FS = 0.23 case (Sgrad4VP23),
BlocBuilder (2.62 � 10-3 mol/L), 4VP monomer (10.0 mL,
0.093 mol), and N,N-dimethylformamide (3.0 mL) were com-
bined in a test tube. The mixture was heated at 90 �C for 5.0 h
with styrene being added at a rate of 5.0 mL/h. The same
reaction conditions were used for the FS = 0.33 gradient case
(Sgrad4VP33), except that the reaction temperature was in-
creased to 95 �C at 1.5 h and finally to 100 �C at 3.0 h. All S/4VP
copolymerswerewashedby cyclesofprecipitation intohexanes and
dissolution in THF.

The synthesis details for the S/AS gradient copolymer (FS =
0.64) were reported in ref 7. An S/AS blocky gradient copolymer
was also prepared. First, a PS macroinitiator (Mn = 41 000 g/
mol, PDI = 1.40) was synthesized from BlocBuilder and S
(2.22 � 10-3 mol/L, 2.0 h at 100 �C). The recovered PS
macroinitiator (0.77 g) was then redissolved in S (3.6 mL) and
purged with N2 for 30 min before immersion into an oil bath at
100 �C. The AS monomer was added continuously at a rate of
3.2 mL/h for 90 min to give a material with final FS = 0.84.

Thermal Property Characterization. Thermal analysis was
done with a differential scanning calorimeter (Mettler-Toledo
DSC 822e) calibrated with indium and zinc standards. Dry N2

was passed through the DSC cell during measurement. Samples
were heated to at least 30 �C above their component glass
transitions and held at that temperature for 30 min to erase
thermal history. Each sample was then cooled below its compo-
nent glass transitions at a rate of 40 �C/min and reheated at a
rate of 10 �C/min (second heat). Glass transition breadth data
were extracted from the second heat scan. All measurements
were repeated twice.

Small-Angle X-ray Scattering. Temperature-dependent
SAXS was done on S/AS copolymers, which were consolidated
by compression molding and annealed at 200 �C for 2.0 h.
X-rays (0.154 nm) were generated from a rotating Rigaku Ru-
200BVH copper anode using a 0.2 � 2.0 mm2 microfocus
cathode and were monochromatized by Franks mirrors and a
nickel foil filter. The samples were 441 cm (distance calibrated
with duck tendon) from a 2-D Siemens HI-STAR detector
which measured the intensity of scattered X-rays as a function
of scattering angle (θ). The samples were first annealed at 200 �C
for 5 min and then cooled to target temperatures (120, 160, or
200 �C) and annealed for 5 min before SAXS data were
collected. The 2-D scattering data were azimuthally averaged
to produce plots of intensity versus the magnitude of the
scatteringwave-vectormodulus q=|q|= (4π/λ) sin(θ/2), where
θ is the scattering angle.

Self-Consistent Mean-Field Technique. Composition profiles
were calculated via the SCMF approach developed by Shull64,65

and Lefebvre et al.40 for block and gradient copolymers.

Results and Discussion

A. Characterization of the Composition Gradient in
Gradient Copolymers. Proof of formation of all gradient
structures is provided in the Supporting Information and

in Figure 1 for selected copolymers.66 For all (meth)acrylate
cases, the starting comonomer was always styrene (S), and
the (meth)acrylate was continuously added into the reactor
in order to produce a composition gradient along the copo-
lymer chains. The intermediate copolymers collected as
aliquot samples during each polymerization were isolated
and characterized via GPC and 1HNMR to obtain apparent
molecular weights (MW) and cumulative styrene mol frac-
tions (FS). The evolution of FS as a function of the apparent
normalized chain length (ratio of Mn of each intermediate
copolymer toMn of the full gradient copolymer) is shown in
Figure 1. In each case, a decrease in FS is seen with increasing
chain growth due to decreasing S concentration in the
comonomer mixture; this is evidence that copolymers indeed
have composition gradients.

Because of the diversity of copolymers studied here, we
will use a simplified notation for each copolymer. For
example, a gradient copolymer of S/nBA with FS = 0.59
will be designated as SgradNBA59, a random copolymer of
S/tBA with FS = 0.67 will be noted as SranTBA67, and
SblockNBA46 will be used for an S/nBA block copolymer
with FS = 0.46.

B.Glass Transition Breadth. Several approaches have been
described in the literature to characterize complex thermal
behavior of heterogeneous polymeric systems. One method
is to determineTg widths fromDSCheat curves bymeasuring
the temperature range over which there is an apparent change
in heat capacity from a glassy state to a rubbery state;67,68

however, this approach does not yield precise results when
the Tg is very broad and/or somewhat weak over some
temperature range.69 A second method uses the first deriva-
tives of DSC heat curves with respect to temperature and has
been applied in both conventional and temperature-modu-
lated DSC studies of polymer blends,49,70,71 (multi)block
copolymers,49,72,73 and adsorbed (co)polymers.74,75 Our re-
cent studies of Tg breadth in S/HS and S/AA gradient
copolymers also employed derivatives of DSC curves for
effective analysis of Tg breadth.

31,33 In particular, relative to
random or block copolymers, uniquely broad Tg responses
spanning as much as ∼80 �C were observed for the first time
from S/HS gradient copolymers. With this method, the
Tg breadth (ΔTg) is defined by the Tg onset (To) and Tg end
point (Te) from each derivative curve, where the glass transi-
tion is typically manifested by a strong positive peak followed
by a small, local minimum due to enthalpy relaxation asso-
ciated with the nature of the heating protocol in Tg measure-
ments by DSC.

Figure 1. Cumulative styrene mole fraction (FS) as a function of
apparent normalized chain length for selected gradient copolymers.
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We used this analysis technique to compare the Tg values
and breadths of S/nBA, S/tBA, S/BMA, S/4VP, and S/AS
random copolymers prepared by either ConvRP or ContRP.
We found that these were the same within experimental
error, so their copolymers prepared using different synthesis
techniques are assumed to be comparable in Tg character.
Below, we characterize theΔTgs fromDSCmeasurements of
S/nBA, S/tBA, S/BMA, S/4VP, and S/AS gradient, random,
and block copolymers and draw comparisons as a function
of comonomer segregation strength and copolymerMWand
composition profile.76

B.1. S/nBACopolymers.The originalDSCheat curves and
derivative curves for a diblock, two random, and two
gradient copolymers of S/nBA are shown in Figure 2. The
molecular and Tg characterizations are reported in Table 1.
The 46/54mol% S/nBA diblock copolymer (SblockNBA46)
exhibits two distinct peaks in Figure 1b, corresponding to the
Tgs of PS and PnBA. This result is consistent with ordered
lamellar microphases, each comprised of pure S and pure
nBA compositions and is in accordwith the study byMiwa et
al.,50 who reported two distinct Tgs from a compositionally
symmetric S/nBA diblock copolymer of lower MW (Mn =
35 000 g/mol).

In contrast to SblockNBA46, S/nBA randomand gradient
copolymers yield only one discernible glass transition region,
but the breadths of Tg among the random and gradient
copolymers are vastly different. The ΔTgs of both SranN-
BA55 and SranNBA66 are 19-21 �C, similar to what has
been observed for homopolymers;31 such a narrow transition
range indicates a lack of nanoscopic heterogeneity, at least
over length scales for which DSC provides sensitivity. In
contrast, the Tg breadths of SgradNBA59 and SgradNBA62
are much greater than those of the random copolymers and
of each block component in SblockNBA46. These broad
Tg responses can be attributed to the sinusoidal composition
profiles expected for nanophase segregated gradient copoly-
mers.40,41 The inherent compositional heterogeneity along
the copolymer chain leads to Tg regions that extend from
temperatures representing nBA-rich compositions to tem-
peratures representing S-rich compositions, resulting in an
overall broad Tg.

The SgradNBA59 and SgradNBA62 samples exhibit sub-
stantially different ΔTgs (53.9 �C vs 101.2 �C) despite their
similar FS and Mn values. To address this point, we char-
acterized Tg behaviors of aliquots collected during their
semibatch copolymerizations, which can be considered

“intermediate” or “partial” gradient copolymer samples
(see Figures 3a,b and Table 2). It should be noted that the
detailed synthesis schemes between these two gradient copo-
lymers are different. For SgradNBA59, we employed a
constant addition rate of nBA monomer during the semi-
batch reaction; for SgradNBA62, we increased the rate of
nBA addition (i.e., slow, medium, and fast addition rates) as
the copolymerization proceeded.

From these reaction schemes, we would expect gradient
profiles to be more linear in the constant addition case
(SgradNBA59) and more sigmoidal in the increasing gradi-
ent case (SgradNBA62). A sigmoidal profile would lead to
larger portions of the chain ends being very S-rich and very
nBA-rich compared to the linear case, allowing the phase-
segregated material to attain sinusoidal profiles of larger
amplitude and hence display a broader Tg. These expected
profiles are supported by the relative change in FS with
respect to apparent normalized Mn (Figure 1), where the
linear SgradNBA59 shows a faster initial incorporation of
nBA than the sigmoidal SgradNBA62, but the sigmoidal
SgradNBA62 “catches up” as the reaction proceeds, yielding
materials of similar overall composition and MW. These
profiles are also reflected in the Tg development as the
polymerization progresses. After 2.0 h, the SgradNBA62
aliquot sample has a Tg endset much closer to that of PS,
but with increasing reaction time, To extends to much lower
temperatures than seen with SgradNBA59. Consequently,
the final SgradNBA62 sample exhibitsΔTg= 101 �C, nearly
a factor of 2 greater than that of SgradNBA59.

To examine the effect ofMWon theTg breadth of gradient
copolymers, a lower MW sample was produced with a
sigmoidal profile (SgradNBA73, Mn = 40 700 g/mol). The
molecular and Tg characterizations of its aliquots are re-
ported in Table 2 and Figure 3c. From the FS vsMn data, it
can be seen that the initial addition of nBA is slower than the
linear S/nBA copolymer case, consistent with a more sig-
moidal profile. The Tg response of the initial aliquot resem-
bles that of the sigmoidal SgradNBA62 initial aliquot, with a
relatively narrow breadth. However, its development with
increasing reaction time is closer to that of the linear
SgradNBA59 case, as it maintains a peak-like shape up to
5.0 h of polymerization time, and only begins to broaden
somewhat at longer reaction times. The final ΔTg of the
lowerMWSgradNBA73 is 37.0 �C, less than theΔTg of both
higher MW gradient cases. However, comparing the final
sample to a partial gradient copolymer with similar FS and

Figure 2. (a) DSC heating curves and (b) derivatives76 for S/nBA copolymers. From the derivative curve, the value for Tg onset (To) is defined by the
onset of deviation in the curve from thebaseline (e.g., 15.7 �Cfor SranNBA55),while theTg endpoint (Te) value is definedby the localminimumpresent
due to enthalpic relaxations (e.g., 34.3 �C for SranNBA55). The difference between To and Te yields the Tg breadth (e.g., 18.6 �C for SranNBA55).
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Mn (SgradNBA59 2.0 h aliquot), we see thatΔTg of SgradN-
BA73 is 10 �C broader, likely due to the shift to stronger
phase separation with a more sigmoidal profile. Thus, in
accord with theory,40,41 both gradient profile and MW are
effective in controlling the level (composition profile
amplitude) of nanophase separation in moderately segre-
gating gradient copolymers.

B.2. S/tBA Copolymers. Copolymers of S/tBA were
synthesized and characterized to provide a system with
similar segregation strength to S/nBA but closer homopoly-
mer Tgs. Since tBA and nBA are isomers, their χ values are

expected to be similar,47,48,51 leading to comparable degrees
of ordering in S/tBA and S/nBA gradient copolymers. The
derivatives of DSC heating curves for compositionally sym-
metric (FS = 0.46-0.54) S/tBA copolymers are shown in
Figure 4a; those of copolymers with higher FS values (FS =
0.67-0.69) are shown in Figure 4b. The corresponding
molecular and Tg characterizations are reported in Table 1.

Regardless of their FS values, the diblock and random S/
tBA copolymers yield narrow Tg breadths of 15-17 �C. In
contrast, SgradTBA53 and SgradTBA67 exhibit ΔTgs of
35-40 �C, indicating significant heterogeneity. The resulting

Figure 3. Derivatives76 of DSC heating curves for aliquots and final products of (a) SgradNBA59, (b) SgradNBA62, and (c) SgradNBA73.

Figure 4. Derivatives76 of DSC heating curves for S/tBA copolymers with (a) FS = 0.46-0.54 and (b) FS = 0.67-0.69.



Article Macromolecules, Vol. 42, No. 20, 2009 7869

ΔTg values of S/tBA gradient copolymers are noticeably
smaller than those of S/nBA gradient copolymers due to the
reduced Tg difference between PS and PtBA homopolymers
(∼60 �C) compared to that of PS and PnBA (∼150 �C). It
should also be noted that, similar to S/nBA gradient copo-
lymers, the To and Te values of S/tBA gradient copolymers
do not fully extend to the Tg values of PtBA and PS
homopolymers. Both S/tBA gradient samples were synthe-
sized using constant tBA addition, so the combination of a
linear gradient profile and moderate segregation strength
likely generated sinusoidal profiles with moderate ampli-
tude, similar to the S/nBA linear case.

B.3. S/BMA Copolymers. Previous studies on diblock
copolymers have shown that S/BMA is a very weakly
segregating system.55,56,77 In particular, given the reported
values of χ ranging from 0.012-0.01555 to 0.017-0.018,56

one would expect that symmetric S/BMA diblock copoly-
mers should require Mn values approaching or exceeding
∼100 000 g/mol to exhibit significant signatures of ordering.
Correspondingly, for S/BMA gradient copolymers with Mn

values below 100 000 g/mol, we would expect the overall Tg

breadth would exhibit at most small differences in ΔTg

values as compared with random copolymers. To investigate
this, a random copolymer (SranBMA75, prepared at 70 �C),
a moderately highMW gradient copolymer (SgradBMA71),
and a low MW gradient copolymer (SgradBMA49), all with
apparent Mn below 100 000 g/mol, were synthesized and
characterized by DSC (see Figure 5 and Table 1).

Similar to S/nBA and S/tBA random copolymers, the
20 �C ΔTg of SranBMA75 indicates a lack of nanoscopic
heterogeneity. The ΔTg of the lower MW gradient copoly-
mer (SgradBMA49, Mn = 57 800 g/mol), is only 21 �C,
almost identical to that of SranBMA75, and indicative of a
disordered microstructure in SgradBMA49 due to low seg-
regation strength. For the higher MW gradient copolymer
(SgradBMA71, Mn = 83 000 g/mol), ΔTg = 33.7 �C. For
comparison, the Tg breadth of SgradTBA67 (a sample with
similar overall MW and composition) is 42.5 �C, about 9 �C
broader, even though the Tg difference between PBMA and
PS is larger (∼80 �C49) than that of PtBA and PS (∼60 �C49).
This indicates the crucial role of segregation strength
(χ value) in determining the overall Tg breadth of gradient
copolymers.

B.4. S/4VP Copolymers. The S/4VP system is one of two
strongly segregating systems studied here (see Figure 6 and
Table 3). Two random copolymers (FS= 0.22 and 0.40) and
two gradient copolymers (FS=0.23 and 0.33) were prepared
and analyzed by DSC. The S/4VP random copolymers

exhibited small ΔTgs, ∼12 �C. In contrast, the S/4VP gra-
dient copolymers exhibitedΔTg= 32-35 �C, spanningmost
of the range between the PS and P4VP homopolymer Tgs
(∼40 �C) and larger inmagnitude than theΔTg obtainedwith
the weakly segregating S/BMA blocky gradient copolymer
(where there is an ∼80 �C difference in PS and PBMA
homopolymer Tgs). This indicates that the high χ parameter
for the S/4VP system led to large amplitudes of the composi-
tion profiles in the nanophase segregated gradient copoly-
mers.

B.5. S/AS Copolymers. The S/AS system is the second
strongly segregating system addressed here. Previously, we
publishedDSC results for S/ASblock, random, and twohigh
MW gradient copolymers.31 The gradient copolymers
exhibited ΔTg = ∼25 �C, spanning nearly the full range of
temperatures between the PS and PAS Tgs. While ΔTg was
limited due to the proximity of the homopolymer Tgs, the
derivative curves showed significant contributions from a
range of compositions rather than the sharp peakobserved in
the random copolymer.

Here, we report on the ΔTg development of a lower
molecular weight S/AS gradient copolymer through DSC
analysis of aliquots of partial gradient materials formed
during the reaction (Table 4 and Figure 7a). The polymer-
ization started from S monomer, and AS was added at a
constant rate throughout the reaction to create a linear
profile. After 2.0 h of reaction, the Tg response appears as
a narrow peak near the Tg transition of pure PS. At 3.0 h of
reaction, the partial gradient copolymer phase segregates to
span a range of compositions, as the top of the DSC
derivative peak broadens into a near plateau, reflecting a
summation of multiple compositions. This is markedly
different from the much higher molecular weight S/nBA
linear gradient case (SgradNBA59), where even at 4.0 h the
shape of the curve remains peak-like. This suggests that the
composition profile in the S/nBA system initially evolves as a
“moving average” with minimal local heterogeneity at low
molecular weights, when χN is presumably less than or close
to (χN)c. The S/BMA final gradient cases also exhibit such
peak-like shapes. In contrast, with S/AS, the much higher
χ value pushes the system above the separation threshold,
anchoring the composition profiles to the starting composi-
tions and causing the spread. This spread continues through
5.0 h of reaction with a final ΔTg = 22 �C. Similar plateau-
like growth was observed in the ΔTg development of S/4VP
gradient copolymer aliquots (not shown).

A series of S/AS blocky random copolymers35 of similar
MW were also studied. These copolymers were synthesized

Figure 5. Derivatives76 of DSC heating curves for S/BMA copolymers. Figure 6. Derivatives76 of DSC heating curves for S/4VP copolymers.
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by chain extending an S/AS random block from a pure S
block. The random block composition was varied through
the molar ratio of S:AS monomer in the reaction mixture:
75:25 for SbranAS81, 50:50 for SbranAS78, and 25:75 for
SbranAS72. This allowed control over the incompatibility or
effective χ between the two blocks, thereby tuning the
amplitude of the composition profile of the phase segregated
materials. In addition, S/AS diblock (SblockAS67) and
blocky gradient (SbgradAS84) cases were synthesized, the
latter by slowly increasing the amount of AS in a chain
extension mixture.

Figure 7b shows the DSC derivative curves of the blocky
gradient, blocky random, and diblock copolymers. The two
copolymers with the lowest AS incorporations, SbranAS81
and SbgradAS84, show only subtle Tg broadening, indicat-
ing that they are weakly segregated. The others (SbranAS78,
SbranAS72, SblockAS67) show well-separated peaks indi-
cating strong phase segregation, in contrast with the S/AS
partial and full gradient copolymers (Figure 7a).

To complement the thermal analysis, SAXS analysis was
used to investigate further the level and strength of phase
segregation achieved in S/AS gradient copolymers compared
to those achieved by blocky random and blocky gradient
copolymers. Scattering profiles were taken at 120, 160, and
200 �C. The level and range of composition change achieved
in the phase-segregatedmaterials can be interpreted from the
relative intensity of the peaks, while the strength of the

segregation can be seen from the change in intensity with
respect to temperature.

The SAXS results for the S/AS gradient copolymer ali-
quots are shown in Figure 7c. No peak is observed for the
2.0 h case; no phase segregation was expected in this case
since it had exhibited a narrow Tg peak. In the 3.0 h case,
which exhibited a slightly broadened, plateau-like Tg re-
sponse, there appears to be very subtle evidence of scattering
at q∼ 0.25-0.30 at the lowest temperature; it is possible that
this sample had only a low amplitude of variation in its
composition profile, resulting in insufficient contrast be-
tween phase-separated regions to yield substantial scatter-
ing. For the 4.0 h sample, a small peak is observed which
diminishes with increasing temperature. In the final material
(5.0 h), a strong peak is seen at a lower q value, consistent
with increasing MW and gradient development.

The SAXS results for the blocky random and blocky
gradient copolymers are shown in Figure 7d. Signatures of
phase segregation are seen for even SbranAS81 and Sbgra-
dAS84, which have low AS content. These two materials
reveal similar low levels of phase segregation, with the weak
scattering peak nearly disappearing at 200 �C. The Sbra-
nAS78 sample exhibits a stronger peak which diminishes
only slightly at 200 �C, and the SbranAS72 and pure diblock
samples show strong peaks which change little in intensity
with temperature. The peak maxima shift to lower q values
with increasing AS levels, despite similarity in MWs.

Figure 7. Derivatives76 of DSC heating curves for (a) aliquots and final product of SgradAS64 and (b) S/AS blocky gradient, blocky random, and
diblock copolymers. Small-angleX-ray scattering at 120, 160, and 200 �C for (c) aliquots and final product of SgradAS64 and (d) S/ASblocky gradient,
blocky random, and diblock copolymers.
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This may result from stretched conformations of the more
phase segregated blocky random cases.

A comparison of the 4.0 h aliquot with the blocky ran-
dom cases reveals SAXS behavior most similar to that of
SbranAS81. However, while the MWs are similar, the in-
corporation of AS into the gradient aliquot is much higher
than in SbranAS81 and is closer to levels in the pure diblock
cases and SbranAS72. Thus, a gradient structure can increase
compatibility beyond the comonomer mixing achieved with
a blocky random structure. Overall, the level of scattering
seen in the 5.0 h sample is between those in SbranAS78 and
SbranAS72, indicating that a similar level of phase segrega-
tion can be achieved using gradient structures or random
blocks.78

C. Predictions of Glass Transition Breadth. To verify the
relationship between the observed Tg breadths and the level
of nanophase separation expected for the various copolymer
systems, we compare our experimental results against those
predicted by theory for gradient copolymer nanophase
separation. In order to calculate the predicted Tg breadths,
experimental results from the sets of random copolymers
were used to determine the composition dependence ofTg for
each copolymer system. (It should be noted that random
copolymers prepared by ContRP yielded similarTg breadths
and values as random copolymers made by ConvRP
[Supporting Information]). The S/tBA, S/nBA, S/AS, and
S/4VP systems were well described by straight-line fits of Tg

as a function of FS while the S/BMA system was weighted
toward the Tg of PBMA and was best fit using a Gor-
don-Taylor equation (for specific Tg composition data
please see the Supporting Information):56,63,79,80

Tg, S=nBA ¼ 157FS þ 218 ð1Þ

Tg, S=tBA ¼ 58FS þ 321 ð2Þ

Tg, S=AS ¼ -21FS þ 404 ð3Þ

Tg, S=4VP ¼ -46FS þ 424 ð4Þ

Tg, S=BMA ¼ ð107FS þ 921FBMAÞ=ðFS þ 3FBMAÞ ð5Þ
From eqs 1-5 (with Tg [=] K) and composition profiles
generated by the SCMFmethod, plots of derivative heat flow
can be created for a given comonomer distribution. The
equilibrium lamellar composition profiles consist of discrete
points representing a set of compositions distributed over
equal volume fractions (e.g., see Figure 8a). Each of these
volume fractions is assumed to contribute a glass transition
response corresponding to its unique composition. Since
tanh functions have been used in the past for fitting DSC
heat flow data,81 a tanh function derivative was used to
represent these individual contributions to the derivative
heat flow curves:

y ¼ 1- ðtanhððT -TpeakÞ=5ÞÞ2 ð6Þ
where y is the peak-normalized derivative heat flow value
given as a function of temperature (T). The appearance of the
tanh function derivative is a sharp, symmetric peak, similar
to the derivative heat flow curves of homopolymers and
random copolymers. For each of these individual contribu-
tions, the peak location (Tpeak) was determined from the
predicted volume fraction composition and one of eqs 1-5,
while a peak breadth of ∼17 �C (measured at the baseline)
was used, since most of our random copolymers exhibited
breadths of 15-20 �C. The tanh function derivatives repre-
senting all the individual volume fractions were then
summed to give the predicted glass transition response for
the material as a whole (e.g., Figure 8b,c). The final plotted
response was normalized by the area under the curve.

To demonstrate the manner in which the gradient copo-
lymer Tg breadths increase with respect to χN, predicted
derivative heat flow curves are shown for a symmetric, linear
gradient copolymer of each copolymer system at χN = 30,

Figure 8. (a) Equilibrium lamellar compositions for a symmetric linear gradient copolymer calculated atχN=30, 40, and100 usingSCMFtechniques.
Theperiodof the lamellar structure isL. PredictedDSCderivativeheat flowcurves for (b) S/BMAand (c) S/nBA linear gradient copolymerswithχN=
100. The thin lines are the derivative heat flow traces corresponding to copolymers with the composition fractions predicted in the composition profile,
while the bold line is the area-normalized summation of the individual composition fraction traces. (Note: material-specific heat capacities were not
accounted for in these predictions.)
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40, and 100 (Figure 9). Since the composition dependence of
Tg for the S/nBA, S/tBA, S/4VP, and S/AS systems follow a
linear relationship, their derivative heat flow curves appear
symmetric, while the S/BMA curves are asymmetric as a
result of their Gordon-Taylor equation-based relationship.
The local peaks seen at the higher and lower temperature
extremes in the predicted curves derive from the higher
fraction of material at the peaks and troughs of the sinusoi-
dal composition profiles, and similar local peaks are seen in a
number of our experimental materials.

The χN = 30 cases just exceed the predicted critical χN
parameter of 29.2540 or 29.5541 for this architecture; thus, the
level of phase separation is quite low (amplitude= 0.2), and
the Tg breadths are correspondingly narrow. The level of
phase separation increases with increasing χN, with the
amplitude increasing to 0.5 for χN = 40 and to 0.7 for
χN=100. The Tg breadths increase accordingly, and curves
which had appeared monomodal at χN = 30 develop more
multimodal appearances. This reflects the discussion above
of plateau-like vs peak-like curves seen experimentally for
materials of differing levels of phase separation. The magni-
tudes of the calculated breadths reflect what we had observed
experimentally except for the S/BMA system; this reinforces
our conclusion that the S/BMAgradientmaterials are phase-
mixed. Similar to our experimental observations, the breadth
change predicted for the S/AS system is small, as a result of
the relatively close Tg values of the homopolymers; in con-
trast, the S/nBA system is predicted to demonstrate a sub-
stantial change because of the extreme difference between the
Tgs of PS and PnBA.

As a final point of comparison, composition profiles were
generated reflecting the compositions, molecular weights,
and architectures of our experimental block and gradient

copolymer materials. The architectures were simplified as
either linear functions or tanh functions depending on the
rate of second monomer addition during the sample pre-
paration, and the details of the functions were adjusted to
yield the expected compositions for the final chain lengths
(see Supporting Information for equations). The construc-
tion of the aliquot cases was based on the function used for
the final polymer material but cut off at a point reflecting the
aliquot molecular weight. In the case of S/nBA and S/BMA,
where different Flory-Huggins parameters were found in
the literature, both the highest and lowest values were used to
calculate upper and lower bounds on the phase segregation.
The calculated derivative Tg curves are shown in Figure 10.
The S/BMA and some S/nBA aliquot results are not shown
as they were found to be phase mixed over all Flory-
Huggins parameters. Since there was no MW characteriza-
tion of the S/4VP materials, this analysis method was not
applied to that system.

The S/nBA gradient samples and aliquots that exhibited
phase separation also demonstrate a very strong phase
separation dependence on χ. Comparing the calculated Tg

breadths against those measured experimentally, it appears
that S/nBA may possess a Flory-Huggins interaction para-
meter intermediate to those implemented in the calculations.
The lower value (χ=0.034) predicts that the linear gradient
(SgradNBA59) and the 6 h increasing gradient aliquot
(SgradNBA62-6h) remain below the critical point of separa-
tion, whereas the experimental Tg breadths indicate some
degree of phase segregation. Meanwhile, application of the
higher value (χ = 0.087) overpredicts the Tg breadths by a
significant amount. The block copolymer, being in the
strongly phase segregating regime, shows less dependence
on χ. These results indicate that, in addition to verification of
experimental results, using SCMF to predict Tg breadths
provides a novel means of checking on reported values of
χ parameters. To test this, calculations were performed on
the S/nBA cases using χ values intermediate to 0.034 and
0.087 at intervals of 0.005, and it was found that χ = 0.055
gave Tg breadths most consistent with the experimental
results. The Tg breadth for the linear gradient case
(SgradNBA59) was calculated as 47 �C compared to the
experimental value of 53.9 �C, while that for SgradNBA62
was calculated as 113 �C compared to the experimental value
of 101.2 �C. Additionally, ΔTg was predicted to increase by
18 �C between SgradNBA62-6h and the final material at 9 h,
while experimentally the ΔTg change was 20 �C. Given the
large shifts in Tg that occur between S/nBA copolymers of
different compositions, these values are in excellent accord.

A point to note is that while we have not included
magnitude of heat capacity change with respect to composi-
tion as part of our treatment of the data, this would be an
important variable for future study, since it contributes to
determining the overall shape of the derivative heat flow
curves. For example, the SblockNBA46 experimental data
show a significantly greater glass transition peak for PnBA
than PS, despite the near symmetry in composition of the
system. An inherently lower heat capacity signal for higher
styrene content regions in the S/nBA gradient copolymers
would explain the lack of local peaks at the higher tempera-
ture ends of their experimentalTg breadth data, as compared
to the calculated curves.

The calculated derivative heat flow curves for the S/tBA
block copolymers closely resemble those from experiment.
The two gradient cases are less close; the SgradTBA53 case is
overpredicted while the SgradTBA67 case is underpredicted.
This outcome suggests that our assumption of strictly linear
gradient architectures may be oversimplified. More accurate

Figure 9. PredictedDSC derivative heat flow curves for S/nBA, S/tBA,
S/BMA, S/4VP, and S/AS symmetric linear gradient copolymers with
χN = 30 (light gray), χN = 40 (dark gray), and χN = 100 (black).
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representations of the chain structures could potentially be
created by computer modeling and programmed synthesis22,82

reflecting reaction conditions, addition rates, and reactivity
ratios.

Finally, the calculated S/AS cases resemble what was
measured experimentally, with an initially monomodal peak
extending to higher temperatures with increasing reaction
time to create a slightly broader, more plateau-like shape.
The predicted Tg breadth increases from ΔTg ∼ 17 �C at 2 h
of reaction to ΔTg ∼ 25 �C after 5 h of reaction, consistent
with the observed experimental change of ΔTg from 14.0 to
21.5 �C. The somewhat greater breadths seen from the
calculations could arise from the assumption of a 17 �C
breadth for the tanh derivative function, which slightly
overpredicts the breadths for this copolymer system.

D.Origin and Implications of the Broad Glass Transition in
Gradient Copolymers. Polymer systems exhibiting breadth in
Tg response include some miscible blends and disordered
block copolymers,50,69,70 athermal blends of a polymer and
its oligomer,83 (multi)block copolymers with broad interfa-
cial width,50,71,72 and nanoconfined systems.74,75,84 Our pre-
vious studies on strongly segregating S/HS and S/AA
gradient copolymers revealed the presence of substantial
Tg breadths,

31,33 with the S/HS system exhibiting unusually
large Tg breadth (ΔTg = ∼80 �C) in comparison with other
heterogeneous polymeric materials. The present study has
expanded the focus to include copolymers with a wide range
of segregation strengths and gradient architectures. The two
strongly segregating S/AS and S/4VP systems demonstrated
behavior similar to the S/HS case, with ΔTg spanning

70-80% of the homopolymer Tg difference. However, the
moderately segregating S/nBA and S/tBA systems and the
very weakly segregating S/BMA system show not only
significantly reduced ΔTgs relative to the homopolymer
Tg differences, but, in the case of moderately segregating
systems, also a significant influence of gradient architecture
on theΔTg breadth. In particular, it is important to note that,
as shown in the present study, appropriate design of the
gradient copolymer composition profile can lead to
Tg breadth that exceeds 100 �C (>65% of the homopolymer
Tg difference) even in moderately segregating systems,
e.g., SgradNBA62 with ΔTg = 101.2 �C.

In gradient copolymer melts, the smoothly varying como-
nomer sequences along the chain length combined with the
comonomer repulsive interactions lead to the formation of
an ordered microphase, where the local composition profile
within the nanophase is a continuous, sinusoidal function
across the unit cell.40,41 Upon heating from the glassy state,
the glass transition associatedwith each composition present
across the nanodomains is expressed, resulting in a net
broadening of Tg responses in comparison with random
copolymers. Accordingly, the Tg breadth in a gradient
copolymer is influenced by two main factors: the χN of the
system relative to (χN)c and the inherent difference in
cooperative segmental mobility between the comonomers
(homopolymer Tg difference). As in block copolymers, the
χN of the system itself can be controlled through MW
(proportional toN) and the inherent comonomer incompat-
ibility (χ). With gradient copolymers, the additional factor
available for tuning is the gradient profile, which directly

Figure 10. Predicted DSC derivative heat flow curves for (a) S/nBA copolymers (calculated using χ= 0.034 (light gray), χ= 0.055 (dark gray), and
χ = 0.087 (black)), (b) S/tBA copolymers, and (c) S/AS copolymers.
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affects (χN)c.
40,41 (Recall that (χN)c shifts from29.25 to 29.55

for a fully linear gradient copolymer40,41 to 10.495 for a
symmetric diblock copolymer.45) In a more block-like or
sigmoidal gradient copolymer, the system will have a lower
(χN)c

41 and thus be further removed from the weak segrega-
tion limit than a linear gradient copolymer of the sameMW.
This results in a continuously varying composition profile
with greater amplitude and a higher ΔTg.

For comonomer systemswith very high χ values, we expect
gradient copolymers to yield χN values that substantially
exceed (χN)c even at moderate MWs and gradient profiles,
with the result that ΔTg spans most of the difference in
homopolymer Tg. When the difference in cooperative seg-
mental mobility of comonomers (and hence difference in
Tg values of the respective homopolymers) is substantial, as
in S/HS systems, gradient copolymers may exhibit very large
Tg breadths (e.g., ΔTg = ∼80 �C in S/HS gradient co-
polymers31). When the inherent difference in cooperative
segmental mobility is small, e.g., in S/AS and S/4VP systems,
gradient copolymers will be phase segregated (as seen by
SAXS), but ΔTg will be relatively small.

For systems with moderate χ values, such as S/nBA or S/
tBA copolymers, the overall χN values of gradient copoly-
mers are expected to be closer to (χN)c; thus, theΔTgs of such
gradient copolymers are highly sensitive to gradient design
and MW. For example, in the comparison of SgradNBA59
and SgradNBA62, a shift from a more linear profile to a
more sigmoidal profile almost doubles ΔTg from 54 to
101 �C. However, as seen by comparison of SgradNBA62
to SgradNBA73, creating a polymer with a similar sigmoidal
profile but half theMWreducesΔTg to 37 �C.When a system
has an extremely small χ value, as in the S/BMA system, the
gradient copolymer exhibits a ΔTg comparable to or only
slightly larger than that of a random copolymer. This
suggests that even with high MWs, χN for this system
remains below (χN)c.

Our study shows that the level of compositional hetero-
geneity of nanophase-separated gradient copolymers can be
highly tuned and that this consequently acts as an exquisite
means for controlling the glass transition response. Basic
DSC measurements and application of the derivative analy-
sis method76 can serve as a rapid and simple means for
qualitative evaluation of gradient copolymer nanophase
separation. Quantitative or semiquantitative evaluation of
the composition profiles present in nanophase-separated
gradient copolymers may be achieved by comparison of
the experimentally determined Tg breadths to those deter-
mined from composition profiles calculated via SCMF
techniques. Knowledge of this type has broad implications
as the nanophase structures of copolymers can have sub-
stantial influence on a broad array of mechanical behavior
including deformation mechanisms55,85 and damping prop-
erties.34,86,87
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