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ABSTRACT: Small-angle X-ray scattering, depolarized light scattering, and transmission electron microscopy
were used to study the dependence of structure and thermodynamics on cross-linking of a symmetric poly-
(styreneblockisoprene) copolymer. The polyisoprene block was cross-linked well above the—aliderder
transition (ODT) temperature of the un-cross-linked block copolymer. A mean-field theory based on a coarse
grained free energy and an RPA-like formulation was developed to predict the dependence of the ODT temperature
on cross-linking density. Our theory is limited to cross-linking densities below the gel point. In both experiments
and theory the ODT temperature increases as the number of junctions is increased for cross-linking densities
below the gelation point. We show that reversible oreltisorder transitions are obtained in these materials even
when the cross-linking density is larger than that required to obtain a gel. At cross-linking densities near the gel
point, the depolarized light scattering signal from the ordered state suddenly increases by orders of magnitude
due to the presence of extremely long and thin grains. At sufficiently high cross-linking densities, the disordered
state is trapped, and ordedisorder transitions are no longer obtained.

Introduction linking density. Phenomenological LandaGinzburg free
energy functionals have been proposed to study the domain
morphology in ordered phases in cross-linked block copoly-
mers!819 Monte Carlo simulations have also been employed
to investigate the effect of cross-links introduced in the ordered
phase in block copolymer mel&.n this paper, we derive an
expression for the coarse grained free energy density of cross-
linked block copolymers based on formulations by LeiBfer,

i ; -~ Deam and Edward$. Unfortunately, this approach cannot be
block of a poly(styrendslockisoprene) copolymer with cylin extended to study the gel phases due to the presence of

drical morpholo olystyrene cylinders in a polyisoprene . . . . .
matrix) wag croggligieg ir¥ the dis):)rdered state.pwz obpserved nonintensive terms in the free energy density beyond the gelation

order—disorder transitions in these materials at cross-linking point, . . . .
densities in excess of that required to obtain a gel. We thus Small-angle X-ray scattering, depolarized light scattering, and

obtained a reversible transition from an ordered solid to a transmission electron microscopy experiments were conducted

disordered solid, in contrast to conventional block copolymers on a cross-linked, symmetric poly(styrebivckisoprene) co-

that exhibit a transition from an ordered solid to a disordered polymer. At cross-llnk|ng densFugs below the .QEI point, we
liquid. compare experimentally determined ODTs with theoretical

There has been considerable theoretical progress in our underpredictions. Our experiments at higher cross-linking densities

. : . establish that reversible ordedisorder transitions can be
standing of the phase behavior of cross-linked homopoly- - . . - -

1315 . C : obtained in cross-linked block copolymer solids with lamellar
mers: and the microphase separation in un-cross-linked

block copolymer systerm€:17 However, combining these theo- order. However, there are some striking differences between

retical constructs to address the phase behavior of cross-linkedt he cross-linked lamellar samples studied here and the cylindrical
- phas X samples studied in refs 11 and 12. In particular, there is evidence
block copolymers remains a challenging problem. In particular,

there are no oredictions for the dependence of the erder of an unusual grain structure near the gelation point. We
. p P conclude with a discussion of the temperature vs cross-linking
disorder transition temperature of block copolymers on cross-

density phase diagram.

Cross-linking is a standard reaction used to solidify polymer
liguids 12 Recent studies have shown that cross-linking can be
used to fix molecular aggregates such as individual micelles
and ordered arrays of block copolymer mesoph&s¥sin
earlier work, we conducted experiments to study the possibility
of obtaining reversible orderdisorder transitions in cross-linked
diblock copolymer melt3!-12In refs 11 and 12, the polyisoprene
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wherer;(s) describes the configurations of ttte chain in three

dimensions andp is the Kuhn length. The excluded volume
interactions between the monomers are describéél by

2

+V({r})

)
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where fa = f§ and /s = /7. The strengths of the couplings
betweenA—A, B—B and A—B monomers arevaa, vgs and
vageA), respectively. The excluded volume interactions are
conveniently described in terms of the Fletduggins
parametet®?? y = (vag — (vaa + wveg)/2)vo !, which is
observed to vary a8 + B/T in experimentg? whereA andB

are system dependent parameters. Since we cross-link only one

of the blocks experimentally, let us consider that thereRire
cross-links between thB blocks of AB diblock copolymers.

Each cross-link constrains the movements of the monomers

involved in the cross-link. If they segment of the chain,, is
cross-linked with thes|; segment of thei’ith chain, then

constraints due to the cross-links can be represented by

o(ri(s) — ri(sy). Since the cross-links are permanent, the
partition function of the system will depend on the cross-link
distribution of the system. Thus, the partition function will be
given by

Z({i,, 55 i",8'}) =
R
NS D<{fi}>DfN”fdst“fdsné(n,(s) — 1,(s")) exp(=fH)
3)

where the normalization is given by 24 However, as in other
systems with quenched disorder, it is not straightforward to
extract the thermodynamically interesting quantities from the
above form of the partition function. Therefore, one can use
the self-averaging property of the system to averagé) loyer

a probability distribution of the quenched disorder (for example,
cross-links in our system) to calculate a free energy of the
systen?>26 This is effectively done by the standard replica
method which utilizes the identity 18] = Lt,-o(Z" — 1)/n.2”
The probability distribution for a particular set of cross-links
can be described bygr({i,s;i",s'}) O |'|,R:1 voo(ri(s) —
ri,(s')), whereu is a reference volume. Instead of taking a
fixed number of cross-links in the system, it will be convenient
in dealing with calculations without any loss of generality to
assume that the cross-links follow a Poisson distribution with
the number of cross-links being equalRa8 After the inclusion

of the fluctuations in the total number of cross-links and
considering the fact that the conformations of the cross-linked
chains correspond to equilibrium configurations of the system,
the probability distribution of the cross-links can be described

by
Prri(8): i (S)}) =

A [u?\R -
Rl (%) fD({ri}) eXp(_ﬁH)Dvoé(rh(S) ~i(S0) (4)

In the above equation,/ is the normalization constant and the
parametep determines the average number of cross-links in
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the Poisson distribution in the following manner?(1 — f)2N/2

~ [RIm, which is also the average number of cross-link per
chain (details are presented in Appendix A), dndldenotes

an average over the distribution in eq 4. The free energy of the
system can be calculated from

Lt Fo

_n_’On

Zn+1_ Zl _

=@ =—p"

F n—0

7 5)

whereZ,+1, the partition function fon+1 replica systems, is
defined as

Zpy=Nf (JjD({ f?}))otli\%(lgr x

m m R
> 5] o d8.4081000(r(S) — rE(S)))) exp(—pH)

n n 2N

= /(]pa r?}»exp(— 2 R “7 x
S [ds [ ds rLuoé(r?(S) - rj“(g))) (6)
1) o=

In the above equatiom;(s) denotes the chain configurations in

the ath replica system, wherdd® denotes the Edwards
Hamiltonian of that system. The cross-links couple the replica
systems, giving rise to the second term in the parentheses in
the above equation. Also note there arel replica systems,
because the Oth replica system acts as the reference ensemble
where the cross-links were introduced and the distribution of
cross-links is chosen from that reference ensemble. To develop
a coarse grained description of the system we introduce
microscopic density functions

Pa(f) =

NZfofdsl_LUoé(ra —ri9) = NZ [ods v 1 — 7(9)
and
pe(f) =

Nijf‘ldslj)uoé(rﬂ — ri‘*(s)) = Niﬁlds von+lc3(f —(9)

The densities in thexth replica system aré&yB)(r“) =y "

JA%pap)(NO(x* — r%). The density variablesp(g (), de-
scribing a replica system are a subset of the density variables
pp)(f). The melt can be considered incompressibliee., pa

+ pg = 1, which implies that the reference volume, is the
volume of a single monomer. In the above equationsnat3(

1) dimensional vector space spannedfby {ror%,..., r"} is
introduced to keep the notation simple and compact. The
interaction term describing the coupling between the replica
systems, when described in terms of the density variables,
pip)(f), assumes the standard form of an excluded volume
interaction,u?/2vo™ (df pe(F)pe(f). We introduce identities, 1

= /Dpnxpd(pnp — Pnp), in the partition function in order to
derive a free energy in terms of the coarse grained density
functions, pap)(f). Since we are interested in studying the
ordering transition in the system, the free energy is calcul&tsq/
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in terms of the order parametep(f) = (1 — f)pa(f) — fps(f),

and the total densityc(f) = pa(f) + ps(f). In the disordered
phasey*(r®) = 0, and in the ordered phaseg*(r*) assumes
nonzero values. The cross-links can give rise to “amorphous
solid” phaseg® where an analogue of the Edwardsnderson

order parameter for spin glasses can be used to characterize

the phase. For example,c(0k,—k,0,...,0022 where
c(kOKLK?,... kM is the Fourier transform of(f), can be used to

characterize the “amorphous solid state”. In general, the density

variable c(k), Fourier transform ofc(f), can be split in the
following manner

c(k) = c(k)dgo + c(K)(L — 00) x

(QZO N mékﬁ,o) +c(k)(1 — O (1 —

n n

2 [ 09

= Co(K) + ¢4(K) +T(K) (7

The first termco(K) in the above equation is nonzero when all
elements i(k?} are zero and we can say(k) belongs to the
zero replica sector. The second tercq(k), would fall in the

first replica sector, where all but one{d} is zero.cy(k) would
denote the densitigc*(k*)} in replica systems. The last term
(k) resides in the higher replica sector, where more than one

of {k*} are nonzero. The presence of a nonzero higher replica

sector inc(K) would reflect coupling between different replica

systems. The liquid phase or the amorphous solid phase is

identified in the nonvanishing components of the one or higher
replica sector of the density varialbik).

We follow the standard Random Phase Approximation (RPA)
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+1
[= ——— (o) + (1 — f)°g,((1 — HxX) —
2m(Ny,")?D
-’
26(1 = gl (L — X)) —————+
2"

Uoiﬂimﬁwﬁjjma(kﬂ) (11)

HereD = 12(1 — 2ga(fga((L — 1X) — (Gualfx,(L ~ )]
andx = Nlg2(kKk)/6. go(y) = 2%y + {exp(y) — 1}) is the
Debye function andjiz(xy) = 1/(xy)(1 + exp(—x — y) — exp-
(—X) — exp(~y)). The parametera® andw® are given by
U@ = (fol — (1-20)via + (1 — fosd)vo andw® = (fQ +
2f(1 — )Y + (1 — £)2%)/200, wheres'®, v and (% are the
strengths of interactions between the A and B type monomers
in theath replica system. The functide. — V" 4/(2m(Nug™%))2
— (1 = 2P (2v™™) + O(kk) ask-k— 0. Therefore, in the
limit n— 0, Tec < 0 as (1— f)242N > 1. This implies that if
the average number of cross-links per chain is higher than 0.5,
the liquid state described tggk) = 0 becomes unstable, and a
state withc(k) = 0 is likely to describe a new phase. However,
extension of this formalism for regimes where the average
number of cross-links is higher than 0.5 gives rise to unphysical,
nonintensive terms proportional to Wj(in the free-energy
density?® Therefore, we restrict our study to the liquid phase
where the formalism works well. The changeTigpr can be
calculated fronT",,,(k) (details provided in Appendix B), which
can be approximated, as in a melt of diblock copolymers, as
Typ(K) = (0 + IV i/ Gm(Neg™ )2 — w?/(2u™Y) —

scheme to derive the free energy as a polynomial in the densityl/U02n+1z(r1=OX(a) |—|2=0ﬁ¢a S(KP) + O((k — kn)?d). Here k& O

fields, v (f) and c(f).163° The details of the calculations are
provided in Appendix B. The free enerdy,, to quadratic order
in (k) andc(k), Fourier transforms ofy(f) and c(f), respec-
tively, is given by

dk Mo N
Fo=f W(Tww(k)w(—k) + Ty (K)e(=k) +

Lo o(Ke(—K) + Oy, c* .y yc?) (8)

where
+1
r,,= (Poy(f) + (1 — )%g,((1 — %) +
v m(Nog™%)?D 2 2
2f(1 = f)g,(fx,(1 = X)) —
w I ¢ o
- . o(K’) (9)
2U0n+1 U02n+1 asz /5=D¢a
+1
re,= " (fgp(fX) + (1 — (1 — H)x) +
m(Nuy)°D
(1 —fu?
(1 = 20)g,(%,(1 = H)x)) — g +
2U0n+
1 n n
(@ (%) (10
o2t [],9% o
and

1/(NId)¥2 is the wave vector which determines the phase
separation length scale apglin is the minimum value of thi*
dependent part df®(k%). Thea = 0 replica system refers to
the reference system where the cross-links were introduced. The
temperatures, determined p{¥, at thea. = 0 replica systems
refer to the temperature of the cross-linked system. Below the
ordering transitionI';,(km) < O, we obtain nonzerg*(k%) as

the stable solutions of the system. The free enefgyijs
calculated by lettingh — 0 as shown in eq 5. The value of the
productyN at the microphase ordering transition for the cross-
linked siystem,;(AN)gDT, is found by obtaining solutions fd¥,

= Fn(c(k) = 0,p(K) = 0) (egs 8-11, we derive these equations
in Appendix B), wherd=y(c(k) = 0,10(k) = 0) denotes the value

of the free energy, in the disordered liquid state for nonzero
values of the order parameter. We obtain

nc,gelxc
(1—1?

o __
OoDT ™

N) (N)oor — (12)

where X = ndncgel and nc = (1 — f)2u?N/2 is the average
number of cross-links per chain. The number of cross-links
required to form a gelncge, is taken to be 0.5 The
microphase ordering transition temperature of the cross-linked

system Tgpy) is given by

TODT
_ X:Topr
2N(1 - )°B

r
T((:)DT -

(13)

whereTopr is the ordering temperature of the un-cross-linked
system, and we have assumed that the Fibtyggins parameteéDV
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is given byy = A + B/T. Derivations of the above equations Table 1. Characteristics of Cross-Linked Samples
(eq 12 and eq 13) are shown in Appendix B. gel
Equations 12 and 13, which describe the effect of cross- DCP fraction, )
linking on the stability of the disordered phase, are the main _Sample (wt%)  V2* foer M Noarind Noepct X
result of our theoretical analysis. Intuitively one might anticipate SI[0.00]  0.00 0.00 0.00
that cross-linking in the disordered phase would tend to stabilize 2: 8'%2 8'25 8% 8'%2
the disordered phase. Equations 12 and 13 indicate that thesgjjg 477 093 064 047
opposite is true, i.e., cross-linking in the disordered phase leadsSI[0.59]  1.17 0.81 0.59
to the stabilization of the ordered phase. This is because g: 8-?2 %g? g-g; 8-‘732
selectively cross-linking the B blocks results in correlatipns Sifo.83] 1.64 114 083
between the B monomers that are absent in the un-cross-linkedslI[0.94]  1.85 1.29 0.94
i ; iti SIf0.95] 1.88 131  0.95

sample. This promotes order fgrrmatllon. In addition, eq 12 shows 2001 197 00499 0S5 826 112 138 100
that the rate of change ofN)opr With respect to the cross-  sjj1.02] 200 00540 057 815 113 140 1.02
linking density is inversely proportional to the square of the SI[1.04] 2.05 0.0550 0.73 812 114 143  1.04
volume fraction of the cross-linked component. Therefore, the SI[1.071 210 00557 084 809 114 147 107

. o . . SI[1.10] 2.16 0.0571 091 8.04 115 151 110
order—dlsord.er transition temperature of systems in whlgh the g11s] 225 00641 080 7.86 1.18 157 115
volume fraction of the un-cross-linked blodk,is higher will SI[1.27] 2.48 0.0756 092 751 1.23 1.74 1.27
be more sensitive to changes in the cross-linking density. Also, S![2.20]  4.23 ~ 0.1563 088 490 188  3.02 220

it is evident from eq 13 that the dependence of the order apPolymer volume fraction in gel> Molecular weight between cross-
disorder transition temperature on cross-linking density is more links (kg/mol) based on the affine network modeNumber of cross-links
dramatic when the B parameter is small. Of course, the tendencyper chains based on the affine network modélumber of cross-links per

f . der f L | ) licabl b, | h | chain based on the DCP concentratiéiumber of cross-links per chain

or promoting order formation is only applicable below the gel 64 on the DCP concentration normalized over the experimentally
point. Several theories show that monomers in cross-linked determined gelation point

samples are localized within a region of s&eavhich decreases

as the cross-link density increagés!-32Microphase ordering, ~ were dried for 72 h under vacuum and the dry gels were weighed.
which occurs at a length scale proportional to the chain radius The gel fractionfqe, defined as the ratio of the weight of the dry
of gyr‘atior‘]l Rg, can 0n|y occur within regions of S|Z@. We network before SWe”lng to the Welght aﬂer, IS given In Table 1.
would expect that a§ decreases to length scales smaller than Lacking a tr112eory that addresse.s the swelling of crogs-llnked block
R, the localization of monomers will hinder microphase COPOIMers:” the molecular weight between cross-linkd;, was

. . . determined using expressions developed for imperfect homo-
separation, and the disordered phase W.'" be t!'appe_d by Cross'polymer network®-3% and the affine network model for swelling
linking. Our efforts to extend the theory into this regime were g jilibriynss-37

unsuccessful due to difficulties described above.

2

A poly(styreneblockisoprene) copolymer was synthesized using M. = , Ve u (14)
methods described previous/The resulting polymer was char- IN(L = ¢p) + b+ xsepp + 501 (P — 405 b
acterized using gel permeation chromatography (GPC) of the n
precursor block and GPC artl NMR of the final polymer. The . ) .
weight-averaged molecular weights of the polystyrene and poly- WhereVs is the solvent molar volume is the network density,
isoprene blocks were determined to be 10 and 9 kg—fol ~ XsPiS the solven%polym_er interaction parametevl, is the numbt_ar-
respectively; the polydispersity index of the polymerl.02. We average molecular weight, amg is the polymer volume fraction
refer to this polymer as SI(19). The volume fraction of the at swelling equilibrium. Calculatellc values are tabulated in Table
polystyrene blockf, was 0.50. The glass transition temperature was 1->° We then calculate the number of cross-links per chain
found to be between 55 and 78 by differential scanning  determined via swellingNcafine. DY
calorimetry (DSC).

Mixtures of aboti1 g of SI(10—9) and dicumyl peroxide (DCP) - % (15)
were prepared by dissolving predetermined amounts of the com- caffine = M.,
ponents in benzene. The mixture was then freeze-dried for 24 h.

The final DCP concentrations were determined by weighing Here ¢ is the network functionality, and we assume it to b&3%.
the dry mixtures, and these concentrations were found to match\ye also calculate the number of cross-links per chain based on
the initial concentrations for al] .mixtures within our experimenta}l the DCP wt %N, pcp (assuming each DCP molecule creates one
error (£0.3 mg). The compositions of the samples are given in cross-1ink3), and compare these cross-linking densities to those
Table 1. calculated by the swelling experiments in Table 1. For convenience,
SI(10-9)/DCP mixtures were molded into disks with 7.5 mm  we express the cross-linking density in termXgfwhich isN¢pcp
diameter and 1 mm thickness using a Carver press at roomnormalized byN.pcp at the gel point, an. values are given in
temperature. The disks were placed in anodized aluminum spacershe final column of Table 1. Samples are identified by the value of
and annealed at 10%C for 30 min prior to curing the sample at X, thus, SI[1.00] is the sample with the lowest DCP amount of
160 °C for 2 h, under a M blanket between 200 and 300 psi to  the cross-linked block copolymers that form gels.
prevent the formation of bubbles. This results in the selective cross-  Depolarized light scattering (DPLS) experiments were conducted
linking of the isoprene block®33 Although the cross-linking on 1 mm thick dry samples in an apparatus described in ref 39. All
reactions between DCP and polyisoprene are not simple, it is of the samples were equilibrated for 30 min at each temperature
observed that at low concentrations one molecule of DCP createsduring both heating/cooling runs. The temperature steps were either
one cross-linked sit& 2 or 5°C and the temperature range that we focus on is between
The cross-linked samples were immersed in toluene and the 80 and 120C. We present values of the total forward DPLS power,
amount of solvent uptake was determined for the samples which P, normalized by the incident powe?y, obtained as a function of
formed a gel. The polymer volume fractions at swelling equilibrium temperaturé® The temperature scans were repeated at least three
are tabulated in Table 1. After the swelling experiments, the gels times. CDV

Experimental Details VSO(% - ¢p1/3)
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Figure 1. DPLS power vs temperature for SI[0.00] (crosses, dotted Figure 2. Normalized DPLS power vs temperature for various cross-
line) and SI[1.02] (open circles, solid line). The “c” next to the data linking densities, X;, during heating runs. The DPLS power is
denotes the cooling run, while the “h” denotes the heating run. normalized using eq 16.

SAXS experiments were performed at beamline4lof the 1()2
Stanford Synchrotron Radiation Laboratory with 1.488 A wave-
length photons as described in ref 40. Data were collected using a
CCD-based X-ray detector, and the two-dimensional patterns were
radially averaged over a 7&vindow. The data were corrected for 10 -
the CCD dark current, and the scattering from air and Kapton

windows. Absolute scattering intensities from a disordered-SI(8 TE

26) (an internal calibration sample) were determined using small- |3} 1 L
angle neutron scattering at the National Institute of Standards and \_/:é J
Technology at temperatures between 132 and°T&&uring the by 2

first SAXS experimental run, a T-independent calibration constant

of the SAXS instrument was determined by comparing the SAXS 0.1}

and SANS measurements from SH86) over the above temper-

ature range. The SAXS intensity of a secondary polyethylene

standard at room temperature was also measured during that run. 0.01 . . L 1 | L
The polyethylene standard was used to calibrate the SAXS 02 0.4 0.6 0.8

instrument in subsequent experiments. Independent checks on well- q (nm'i)
studied disordered block copolymers indicated that our procedure
for absolute calibration was accurate to within 16%%he conclu- Figure 3. SAXS intensity,l, vs scattering vecton, profiles for SI-
sions in this paper are based entirely on peak width analysis and[1-02] at 95°C (below theTopr) and 117°C (above theTopr).
thus not dependent on the uncertainties associated with the use of
secondary standards for instrument calibraffon. upon heating, reappears upon cooling, as shown in Figure 1.

Ultrathin sections (ca. 50 nm) were prepared for transmission The order-disorder transition obtained in cross-linked samples
electron microscopy (TEM) experiments using an RMC Boeckeler above the gel point{; > 1.00) is thus reversible. As depicted
PT XL Ultramicrotome at-100°C using a cryogenic attachment.  in Figure 1, the ODT becomes less sharply defined as a result
The contrast between the polystyrene and polyisoprene domainsof the introduction of cross-links. Fot. = 0, the birefringence
was enhanced using 2 wt % (aq) Os@por staining. Imaging  signal decreases over a temperature window 86€4but for
was done at the NatlonaI_Center for Electron I_\/Ilcroscopy (NCEM), Xc = 1.02, this decrease occurs over (Cftemperature window.
Lawrence Berkeley National Laboratory using a JEOL 200CX  \pqther noteworthy observation is the differenceiR, values
microscope operating at 16@00 kV. . . .

obtained from the cross-linked and un-cross-linked samples. In

the ordered statd®/P, for the SI[1.02] sample is about a factor
of 100 larger than that obtained from the un-cross-linked sample.
Possible reasons for this large difference will be addressed
shortly.

Figure 2 shows the DPLS power vs temperature for various
cross-linking densities. To show all of the data on one plot, we
present the normalized DPLS signalp, defined as

Results and Discussion

The depolarized light scattering signBfPo, vs temperature
for neat SI(16-9) (X; = 0.00) and the sample witk; = 1.02
is presented in Figure 1. The heating and cooling run data from
the SI[0.00] are unremarkable wit/P, values of about 1¢°
at low temperatures. The discontinuous decrea$¥Rg at 98
+ 3 °C during the heating run is a standard signature of the
order-to-disorder transitiot?. The formation of order seen during PIP, — (PIP,)
the cooling run requires undercooling the sample abot€ 3 0 07120
below Topr, the order-disorder transition temperature, and is (PIPg)gsc — (PIPo)1opc
typical of systems undergoing reversible first order phase
transitions. Qualitatively similar data were obtained from the Although both heating and cooling scans were performed, only
cross-linked samples. Typical data obtained from the SI[1.02] heating curves are shown for clarity. It is obvious from Figure
sample is shown in Figure 1. Here again we see a discontinuous? thatTg,; increases withX; at low values ofX..
drop in P/Py during the heating run at 11+ 4 °C. We take Figure 3 shows SAXS profiles for the SI[1.02] sample. The
this as a measure of the ordetisorder transition temperature  absolute scattering intensitly,is plotted vs scattering vector
of our cross-linked sampleTg,,. The order, which is lost (g = 4 sin(/2)/4, A is the X-ray wavelength and is the

Ap= (16)
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Figure 4. SAXS peak widthsgsaxs Vs temperature for various cross-
linking densities X..
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Figure 5. Temperature vs the normalized cross-linking densxy,
phase diagram foiX; < 1. The squares represent experimentally
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Figure 6. DPLS power vs temperature for the heating run for
SI[1.27]. No ODT is observed for this sample.

%, ¢ = 0.0118+ 26.5/T.2348In the literature B values of they
parameter vary from 20 to 74:*°A B coefficient of 104 would
provide guantitative agreement with experiments.

At this point we can only speculate about the reason for the
lack of quantitative agreement between theory and experiment
seen in Figure 5. In un-cross-linked block copolymers, the
disordered state is stabilized by fluctuations and thus measured
order—disorder transitions occur at temperatures lower that those
predicted by mean-field theori€%511t is certainly conceivable
that fluctuation effects may play a much more important role
in cross-linked block copolymers than un-cross-linked block
copolymers. In Figure 5, we see that our data lie below the
theoretical prediction obtained using the fluctuation-corrected
x parameter indicating that crude corrections based on our
knowledge of un-cross-linked diblock copolymers might not be
sufficient.

measured ODTs via DPLS, the circles represent ODTs measured via Equation 12 indicates that the rate of change )@ﬂ)gm

SAXS and the solid line represents a linear fit to the data. The dotted

lines are the theoretical results as given in eq 13 using a meanfield
parameterym, or a fluctuation corrected, y:, from ref 23.

scattering angle) at 95 and 1®Z. Only the primary SAXS

depends only on the volume fraction of the un-cross-linked
component. Thus, the changeTi§;with X; for the f = 0.79
sample studied in ref 12 is predicted to be less that that for the
present system witfi=0.50. It is apparent from the data in refs

peak was observed in our samples, regardless of the value ofl1 and 12 that in the PSPl block copolymer withf = 0.79,

Xc and temperature. This is not unexpected because the secon®!(8—24), the

cr

oot changes less rapidly than in SI@O) (f =

order peak in our samples is severely suppressed due to theé).50).

symmetry of the block copolymef & 0.50)# Figure 4 shows
the temperature dependence of the SAXS peak wid®
obtained from samples with different valuesX{ Increasing
the temperature leads to a discontinuous increaseinall of

We have focused thus far on samples that exhibited reversible
order—disorder transitions in both DPLS and SAXS experi-
ments. In Figure 6, we show DPLS data obtained from SI[1.27]
which did not show any evidence of an oréelisorder

the samples and this is a standard signature of an order-to-transition. The SAXS data from these samples were also devoid

disorder transitio® As was the case with the DPLS data,
the discontinuity is less pronounced in the cross-linked
samples.

of discontinuous changes; we do not show these for brevity.
We conclude that this sample is disordered across the entire
temperature window.

Figure 5 shows the ODT temperatures measured by DPLS We now address the large difference in valuesP#P,

and SAXS for various cross-linking densities in the liquid state
(Xc < 1.00). We have limited the range X¥f to the range where

our theoretical expression (eq 13) is valid. It is clear that the
ODT temperatures obtained by DPLS and SAXS for a given
value ofX. are in excellent agreement. The solid line in Figure
5 is a linear fit for the dependence Bf,; on X..*” The slope

of the fitted line is 11.2 with a (6.5, 15.9) 95% confidence
interval. The confidence interval for the slope of the linear

obtained in the ordered state in the cross-linked and un-cross-
linked samples (Figure 1). This is quantified in Figure 7 where
we plot the value oP/Py at a common temperature of 992

°C obtained from the cooling curves v&. The error bars
represent the range of values obtained for at least three
independent runs. The circles in Figure 7 represent data
obtained from samples that exhibited a discontinuous change
in P/Po. The triangles in Figure 7 represent data from

regression line is well above zero. In Figure 5 we present the samples that did not exhibit any discontinuity RiP,. We

theoretical results (eq 13) using the mean field—P$ y
parameterym = 0.0064+ 20/T, and the fluctuation corrected

see an interesting, nonmonotonic dependend®¥®f on X.. In
the 0.00 < X. < 0.50 range,P/Py decreases by a faCt%DV
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Figure 7. DPLS power at 90C for various cross-linking densities,
Xc. There is a sudden increase RiP, after crossing the gelation
threshold.

of 10. This is followed by a 500-fold increase PPy in
the 0.50< X. < 1.05 range. Finally in the 1.05 X; < 1.15
range, the value ofP/Py again drops sharply to about
0.001. Note that 3 independent samples were made Xyith
1 and all of the samples exhibited anomalously high values of
P/Po.

It has been established that the valué®, from unaligned
block copolymers is related to the average grain size of the
ordered phasé;,.3°52In the limit of smallP/Py, |, is given by

__ s (P
- Mz(An)ZL(Po) a7

Iav

whereL is the sample thicknesan is the difference between
the extraordinary and ordinary refractive indices, and the
wavelength of the incident beam. The reason for the decreaseig
in (P/Pg)ggec in the 0.00=< X; < 0.50 range should now be clear.
The creation of random cross-links in the disordered state
hinders the ability of the chains to form large ordered grains.
Therefore, we come to the expected conclusion that increasing
the cross-linking density from O to 0.5 results in a 10-fold
decrease in the average grain size obtained in the ordered statd
However, eq 17 and the data in Figure 7 suggest that the averagé
grain size increases by a factor of 500 whé&nis increased
from 0.5 to 1.0. Equation 17 is not quantitatively valid when
P/Py approaches unity and thus the value$,pbbtained using
eq 17 for samples witX. ~ 1 are in error. Nevertheless, the
data in Figure 7 indicate that the average grain size increaseg
by orders of magnitude as the cross-linking density approaches
the gelation threshold. The increase in grain size with increasing i
Xc was not observed in the S| copolymer with cylindrical order
studied in refs 11 and 12. Figure 8. Typical electron micrographs of (a) SI[0.00] (no cross-
To further elucidate the nature of the ordered state of our linking), (b) SI1[0.94], (c) SI[1.02], and (d) SI[1.27].
samples we conducted TEM studies. Samples were annealed at
120°C and then cooled at 4C/h until they reached 58C. We in Figure 8b, we find that long range order parallel to the
expect that this protocol will freeze in the grain structure of lamellar normals is somewhat larger than that perpendicular to
our samples just above the glass transition temperature, i.e., inthem. In the SI[1.02] sample shown in Figure 8c, we see
the vicinity of 90°C. In Figure 8, we show typical TEM images extremely anisotropic grains with good long range order parallel
obtained from 4 samples: the neat SKM) copolymer in to the lamellar normals and very little long range order
Figure 8a and samples wi¥y = 0.94, 1.02, and 1.27 in Figure  perpendicular to the lamellar normals. In the SI[1.27] sample
8, parts b, c, and d, respectively. The TEM images of the neat shown in Figure 8d, we see no evidence of long range order.
diblock were unremarkable and similar to those reported in  The combination of DPLS and TEM data indicates that near
earlier publication§® Long range order was evident along the gel point, cross-linking in the disordered state results in a
directions both parallel and perpendicular to the lamellar very large increase in long-range order parallel to the lamellar
normals, as shown in Figure 8a. In the SI[0.94] sample shown normals. We have no explanation for this large increase in %%Q/
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e Concluding Remarks

120 F i DS . We have used a combination of theory and experiment to
DL 1 ] study the thermodynamics and phase behavior ofPi$lock

: O B copolymers wherein the PI block is randomly cross-linked. The

% ﬁ u;‘ i ] theory, which is restricted to cross-linking densities below the

1003_ gel point K; ~ 1), predicts that cross-linking samples in the

disordered state stabilizes the ordered phase, since the selective
junctions corral the disordered polyisoprene chains. This
surprising prediction is verified by DPLS and SAXS measure-
ments on a symmetric poly(styrebdackisoprene) copolymer.

] This increase i gy with X stops sharply aX. ~ 1. At X; =

®) (c) (d4 1.15, the cross-linking density is high enough to prevent
S R Y T T R WY formation of the ordered phase. The DPLS data indicate that
0 0.4 0.8 1.2 the long range order in cross-linked samples at the gel point
Xc (X, ~ 1) along the lamellar normals is significantly larger than
Figure 9. Temperature v&. phase diagram of cross-linked SI(0 that obtained from_both the neat un-pross-l|_nl_<e_d sample as well
9). The squares are DPLS determined ODT temperatures, the circles2S S&Mples cross-linked that are not in the vicinity of the gelation
are SAXS determined ODT temperatures. The vertical bold line Point. Theories and simulations that address the phase behavior

demarks the experimentally determined gelation pofatf 1.00). The and grain structure of cross-linked block copolymers near and
gently sloped horizontal line is a linear fit to all of the ODT data, and gpove the gel point are warranted.
the roughly vertical line is a linear fit to the SI[1.10] and SI[1.15]

samples. The triangles are two samples which showed no presence of
order in DPLS, SAXS or TEM experiments. The labels a, b, ¢, and d Acknowledgment. We acknowledge Hyeok Hahn for edu-

correspond to the cross-linking densities of the TEM images presentedcational discussions and the National Center for Electron
in Figure 8. The labels OS, DS, and DL denote the ordered solid, Microscopy, Ernest Orlando Lawrence Berkeley Laboratory, for
disordered solid, and disordered liquid regions of the phase diagram, yse of their microscopy facilities. This work was supported by
respectively. the Director, Office of Science, Office of Basic Energy Sciences,
size. It is perhaps related to the critical nature of both the Of the U.S. Department of Energy under Contract No. DE-ACO3-
gelation transition and the ordedisorder transitiof* The 765F00098 and by the MRSEC Program of the National Science

Landau theory that we have developed is incapable of addressing-oundation under Award DMR-0213618.

the magnitude of long range order. However, the theory does . . .

predict that the ordered phase is stabilized by cross-linking, andAPPeNdix A. Expression for Average Cross-links Per

this may serve as the starting point for uncovering the underpin- Chain

ning of grain structure in cross-linked block copolymers. Itis ~ Our derivation of an expression for the average number of

conceivable that this surprising result may provide a unique cross-links per chain is similar to that in ref 29. The probability

insight into the nature of the gel point. of havingR number of cross-links in the system is defined as
We cannot use the TEM data to quantify the changes in grain

size with cross-linking density. Obtaining quantitative grain sizes PrRATi(S): Ti/(S)}) =

of samples composed of extremely long and thin grains by TEM { (#Z)R R

= fD({fi})eXp(—ﬁH)Dvoé(fil(S) —r1,(8) (A1)

=y am )
HEE—

R
1

Temperature (°C)
o0
=]
o
w

o)
=
ﬂl"\. :
1=
o

is virtually impossible. Even if the grains have a well-defined —
director that lies in one plane, it is highly unlikely that this R
plane will coincide with the plane of the TEM section. Figure ) o
8c clearly shows that the director takes a curved trajectory, Therefore, the average number of cross-links is given by
implying that individual TEM images are incapable of capturing - ARm m

entire grains. It is conceivable that electron tomography may R= ID({r'}) E “ %

shed light on the grain structure in our samples, but we do not ! ;Rg ..Z”Z\

have access to such instrumentation at this fin%é.We R N

conducted thorough scans of the TEM images of our samples. agy — % -
We found many regions of highly anisotropic grains in the SI- (Dj;“fdsj"“f dg'uoé(r"@) f '(g'))) expCAH)
[1.02] sample but were unable to find any such regions in the

© q 2\Rm m R
other samples. (fD({ri})Zla(%) ZZ\(DA’? ds Nt‘ds,uoé(rﬁ‘(s) _

2

We conclude our discussion with the phase diagram of cross-
linked SI(10-9) shown in Figure 9. The distinction between
order and disorder (gray vs white in Figure 9) is based on DPLS r(s))) exp(—pH)
and SAXS data and confirmed by TEM. The labels a, b, c, and '
d in Figure 9 show the locations of the samples that were studied ;9
by TEM. The triangles represent data from samples that were ~ — “ F(In Z) (A2)
disordered in our temperature window. The abbreviations OS, H
DS, and DL stand for ordered solid, disordered solid, and |n the above equatioB; is given by eq 6 fon = 0. Following

disordered liquid, respectively. The thick vertical line denotes the procedures described in Appendix B, one can v#itas
the gelation threshold. The gently sloped horizontal line is a

linear fit through theTgpr vs X. data, while the roughly Z. = [Dy(K)Dc(k) exp(—F[vy,C A3
vertical line is a fit through the SI[1.10] and SI[1.15] data. Cross- ! f ¥ (#Dell) exptFoly.cl) (A3)
linked block copolymers withX; between 1.00 and 1.15 wherey(k) = fog(k) — (1 — f)pa(k) andc(k) = pa(k) + ps(K)
exhibited reversible transitions from an ordered solid to a denote the order parameter and the concentration variable of
disordered solid. the system, respectivel¥, is given by CDV



4856 Gomez et al.

Fo=/ (zik)slscc(k)dk)c(—k) T 5,0y +

S, (K Rp(—K) + Oy’ ey’ y)] (A4)

In the above equation

_ \% 2 a2 _
S,p(K = —m(NuO)ZD(f Op(fx) + (1 — )"g,((1 — f)x) +

2
2f(1 — f)gyfx, (1 — HX) — 5‘—0 - lo (A5)

S, = m(N+O)2D(fgz(fx) + (@ NgL@— W) +
Q-0 u
(1 = 20)gy(fx,(1L = H)x) — T2 + 7 (A6)
S i 9 + (a2 =1 -
2f(1 — g (%, (1 — Nx)) — (:]_——W + w (A7)
' 2v, Vo

D is given by eq B9 and = NK%/6.

We consider the mean field solution for the disordered liquid

field, cu(k) = dko andym(k) = 0, which gives the mean field
value of the average number of cross-links as

_u’mNL — f)y?

R, 5 (A8)
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) = NZ Lfds[l)uoé(r“ —ri9) =

Ni [ods vy 8 — 7,(9)) (B2)

m n
~ /a 1
palf) = N3 )i 5[ eo0(* — 1) =
1= o= - l
NZ Jrds vy o — Ti(9)) (B3)
=
After introducing the identities, the partition function is

Zyi1= [ DpaDped(on — Ba)(0g — ﬁB)([LD{r?‘}) x

o=
o
3 Va

L2 (d) Jy
exp — dsl—| — Z} — [dra(r®)pa(r®) +
uZmZleoz °\ds] &Ev|an?

o o

VBB o O, Oy .00 VAB o O, Oy .00
— [drogr)ea(r®) +— [drefr)pg(r®) | +
2v,? vy

2
— [[eipe(f)pa(h)| (B4)
2V0n+

The density variables in theth replica systemp‘(}yB)(r“) =
voNZi”;lf(AyB)ds o@r* — r), are a subset of the variables
ppp (). They are related aspug(r®) = wo " [fdX
Pap®o(x* — r%. We introduce auxiliary fieldsya(f)

Our approach ignores fluctuations in the density fields, which @nd e(f) to resolve the delta function constraints in the
can have contributions to the quantitative value of the average following manner: o(oap(f) — pap(f)) = [Dyne(F)

number of cross-links.

Appendix B. Derivation of Free Energy of Cross-Linked
Block Copolymer Melts

In this appendix we provide details of the derivation of the

free energy of cross-linked block copolymer melts. We also

derive the dependence of thgarameter (eq 12) anthpr (€9
13) on the cross-link density for the cross-linked system.

The partition function for the r(+1)-replica systems is
described by (eq 6)

Zn1= f( [LD{ ) exﬁ(— ZOﬂH(“) +
2\2 m n
ﬂT Z ﬂl ds ﬁldg(!:lyoé(r?(s) - r}*(s») (B1)

where

LN TP

H kT = Z ds(—
= 2N|02£ ds

m Vi N

ab
idzl a,b:%,B)Tfadsfb ds o(ri'(s) — r{'(s))

is the standard Edwards Hamiltonian for tai replica system.
We introduce the identities% [Dpap)d(ong — Pag) in order

to write the partition function in terms of the coarse grained
density variablepag)(f) and? = {ror,...r"}, which represent

2
+

expl=i fdf yue()(onp ) — pne)(f))]. Therefore, the par-
tition function can be written as

Zoa= [ DpADpBDyADyB([LD{ria})PA({ Fi)Pe({fi}) x

n ViA
exp — ZO — S oar)ear) +
A

2v,

VSB o OOy Olg O V'(Z\B Q. OLr 0y OLr.O
—2de ea(r)pg(r )+_2fdr PA(r)p(r)| +
2v, Yo

2
2”— [faPoad — 1 [ a0 + 7eP)oaD)
Yo

(BS)
In the above expression

3

m ff dr,\2
PA(F) = Z ds{—| +
S12NI,? ¢ \ds

m
ZiNUO““ 1 dsy (7 (9) and
£
m ’r‘i

3 . [d )2 el
Pg(f) = ds|—| + Nv," dsyg(f;
o() JZ: - J; s( = JZ:' vg [ dsyg(Pi(9)

a 3(n + 1) dimensional vector space. The microscopic density Note we usedy,_,(dr*/ds)? = (dfi/ds)Zn order to write the

variables,pag), are defined as

above equations.
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The entropic part in the partition function originating from
the integration of the chain configurations with weight factors,
Pa({7i}) and Pg({fi}), is calculated using the Random Phase
Approximation (RPA). Note the similarity in the entropic
contribution between a typical diblock copolymer and ttie
replica system. The entropic contributicd@™ = ([g_,D{
ri})Pa({7})Ps({fi}) can be expanded in a power series of the
auxiliary fieldsya(f) andyg(f) in the following manner:Q =
Qo+ Q1+ Q2+ ..., whereQo, Q1, andQ, represent the zeroth,
linear, and quadratic order termsym andyg respectively. It
turns outQp = V"1, Q, is an irrelevant constant, and

-f W{ Y ARIMaa(R)ya(-K) +

2y (RMag(K)76(-K) + 7a(Meg(k)ye(—K)} (BE)

In the above equation

V(A,B)(R) = fdf eXp@f‘R)V(A,B)(f),
R N n+1y2

Mo = 9,

n+1,2
0 - . and

n+1,2
Mo V1 — oo

MBB(R) =
Mpp(K) = f)x)

wherex = N(k -K)162/6, go(y) = 2i(y + {exp(y) — 1}) and
giz(xy) = L(xy)(1 + exp(=x — y) — exp(=x) — exp(=y)).

Below, we show hovMAA(k) is calculated. Expressions fbtgs-
(k) andMag(k) can be obtained in a similar way.

(Nuo““)z(!jD({ 1) fods [ dS7aFO)7aF(S) x
of k)
= (Nog™™)? (rLD({r ) fos fo dsf e
exp[— oy fodS(%) —i(k(F(9 = F(s))
= (Nog"? [1ds [ds j

VA(R)?’A(_ R) X

3(n +l)VA( Ky a(— k) x
[expl-i(k-(F(9) — F(MIQ

(NUOr'Hrl 2‘[Od ‘[c') f

3(n +1)VA( K)ya(— k) x

expl— (K'IF(s) — F(s))*1J)]
3(n +1)VA( K)ya(— k)

O
ex;{ 6 S s"]

PNy
=™ [ S 3(n+1)m Kya(- k)gz( 0)

= (Nuy"™)? Lds fods’ f

In the above equatiom)..[4, refers to the configuration average
with a weight of expt-3/2Nl¢?/olds (dr(s)/ds)?). Therefore, the
partition function can be written as
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17 IDPADPBDVADVB X

dk
exg — f VTMV + O(?’A?’:VBSJ’AZVB:VAVBZ) -
(ij)S(n+l)

" Vaa Ldkt ves Ldk*
—/ g KD S pE()E(K) +
vy~ (2n)

;[;M

Vag

— f —pA(ka>pB( k)| +
Vo )

i

/ (

Herey = (yays) and

MAA MAB)
M =
(MAB MBB

2 A~

PB(R)PB(_R) -

u
n+1f 3(n+1)
vy (2m)

N

(a®oa(—K) + 7e(Koa(—K) (B7)

2ﬂ)3(n+ 1)

We perform a saddle point approximation to calculate the
integrals in the auxiliary fields and obtain

dk
Znn= poADpB x ex _f—PTMilp +
(27t)3(n+1)
n [ vaa . dk*
O(PASaPB3vPAZPBvPAPBZ)_ 20 ., f —3pf\(k“)p§i(—k“) +
6= 2vy"  (27)
Vg N Vag . dk* N N
— f —pB(k )ps(—K) + — f —Pa(K)pa(—K")| +
v, vy (27)°
) R
u N N
K)pa(—K) (B
el
In the above equatio = (pa,ps) and
M -1 — (WAA WAB)
B WAB WBB
where
Vn+l 5
Wy, = —————Fg,(fX),
AA rn(NUOn+1)2D gZ( )
Vn+1 5
Wopp=—"—7"7"—1—f 1-1)x),
BB m(NUO"H)ZD( ) %((1 = H)X)
Vn+1
W, = —— (1 — f)g,,(fx,(1 — F)x),
AB m(NUOnH)ZD ( )9, ( )X)
and

D = (1 = )91 — HX) — (GuPx (L~ X)) (BI)

We define the order parameteygk) = (1 — f)pa(k) — foa(K)
andc(k) = pa(k) + ps(K). In terms of the order parameters,

Zyi = /Dy (R)De(K) exp- Fly.c))
s(m)(rww(k)w( K) + T, (Rc(—K) +

«L(k)e(—K) + Oy S ey’ yc®) (B10)

F= S e

where CDV
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+1
T —

) = (Pay(h) + (1 — Hg,((L — Hx) +
v m(Nv,™)D 2 2

201 = )gro(fx. (1 = 1)x)) — :
2U0n+

1 n n
(o)
X o) (B11)
002n+1aZO ,8=U¢a

(fgo(f) + (1 — Ng((1 — )x) +

+1

rcy; =

m(Nl}On+l)2D

(1 fu?
(1= 20gy(fx (1= fx) ————+
2U0n+

n

1 n
() oK (B12
Z;* )00 @12

(Po,(™) + (1 — H2g,(1 — HX) —

+1
r=———
“ 2m(Ny, ™D
1 -0’
2f(1 — Hg(fx,(1 — X)) — ———— +
2U0n+l

1 n n
w® oK% (B13
Uozn+10tZO ﬁ:Dl o (k) ( )

Since the system was cross-linked in the disordered state,

YOKO) = 0 andcOk®) = dyo, o. Therefore, if we replace

y(k) andc(K) by their values which minimize the free energy

~ Fn 1 Zn+1 - Zl .
F[y,c] we get nlltoF = - nllton—Zl where Fy is

given by eq 8.

To investigate the stability of different phases, we need t
expand the order parameters in single and many replica sectors

as described in eq 7 and calculate the free endfgy

F
Lt F” The conditionsdaF/9y|c—cyy—pu = OF/0CIc—cyy—ym
el :
=0 and aZF/a'l/}2|C:CM;1/):wM > 0, 82':/802|C:CM;1/’:WM > 0, 32F/

9C0Y|c=cyip=yy > O are used to calculate the stable minimum

energy phasescyf,m) and the conditionF(y = yu,c =

cwmsxopTt) = Fdis, WhereFys is the free energy of the system in

the disordered liquid state, can be used to calculajgr or
yoor. Itis clear from the expansion & ask-k—0, [cc—V™Y/
2m(Nu™1)? — (1 — f)2u?200™* + O(k k), that a liquid state
(c(k) = 0) becomes unstable for (& f)2u?/2vo > VI2m(Nvg)?,
ie., (1— %N > 1orn. > 1/2.

From the expansion df,,

+1
Py = ——————(g,(0) + (L~ (1 — N9 +
M(Ny,  )D
2
26(1 — ot (L — X)) — —— —
2U0n+1

1 n n
(o)
X oK) (B14)

it is evident that the disordered phaseyit(k*) becomes unstable
for temperatures that will makéymin/(2m(Nwo)?) — u?(2vo) —
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xlvo < 0, whereymin is the minimum value of th&* dependent
part of I@(k®) at a wave vectok,® O 1/(Nlg?)¥2, which
determines the phase separation length scale in the diblock
copolymer system. Therefore, if we consider the free energy
up to the quadratic power in the order parametes)d, =
ymind2 — u?N/2. In absence of any cross-linkingN)oot = xmin/
2. Thus, we get eq 12 as a relation betweenyiNgparameter
when the system is cross-linked and un-cross-linked.
Following the same approach and taking= A + B/T, we
find that the disordered phase becomes unstable for temperatures
Vymin/(2M(Neg)?) — u?l(2v0) — (A + BIT)/vg < 0. Thus,N(A +
B/Topp) = xmin/2 — u?N/2. HoweverN(A + B/Topt) = ymin/2;
therefore, we get eq 13 as a relationship betw&gp, and
Topt. We assume thak andB do not change when cross-links
are introduced.
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