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Microphase Ordering in Melts of Randomly Grafted Copolymers
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Using optical birefringence, small-angle neutron scattering, and field-theoretic methods, we study
the effects of frustrating quenched randomness and connectivity on microphase ordering in copolymer
melts. Our results show that randomly grafted copolymers are good model systems to examine these
effects, and we find that these materials exhibit behavior different from that observed heretofore for
other types of molten polymers. [S0031-9007(99)08822-5]

PACS numbers: 61.41.+e, 61.12.Ex

Mixtures of incompatible homopolymers form distinct copolymers (or RGCs). An RGC was synthesized by a
macroscopic phases when cooled below a certain tempereaembination of anionic polymerization and selective silane
ture. In contrast, due to frustration presented by chaioupling [7]. Microphase ordering in this well-
connectivity, molten copolymers comprised of incom-characterized RGC melt wherein the branch point
patible segments form ordered microphases when cooldtlctuations are short range correlated with a mean value
below the phase transition temperature. The physics aéf p/N is then studied by optical birefringence and
microphase ordering in copolymers witbrdered se- small-angle neutron scattering (SANS). We also develop
quence distributions (e.g., diblock copolymers) has beea field-theoretic model for describing microphase ordering
studied extensively, e.g., [1], and many exotic microstrucin such RGCs. Our analysis shows that as the system is
tures with potential applications have been observed.  cooled below the microphase transition temperature, the

Recent years have witnessed a surge of interest ilength scale on which the system orders is first strongly
copolymers withdisordered sequence distributions. A temperature dependent and then becomes essentially tem-
simple example is provided by connecting two types ofperature independent. In the latter region, the theoretical
segments to form linear chains with disordered sequencemalysis is in excellent agreement with our SANS data.
(a linear random copolymer or LRC). The disordered seWe discuss the physical origin of the observed behavior
guence distribution is quenched and leads to frustrationahich is different from that predicted for LRCs and that
not present in copolymers with ordered sequence distriebserved for diblock copolymers.
butions. Fundamental interest in systems with quenched ConsiderN, chains, withr;(n) being the spatial loca-
disorder and the relevance of LRCs as models to studtion of thenth segment on the backbone of thh chain,
protein folding have motivated many theoretical studiesand letr;;(m) be the spatial location of theth segment of
e.g., [2]. The effects of frustrating quenched randomnesthe jth branch on théth chain. Let the sefin;;} represent
and chain connectivity on microphase ordering in LRCsthe quenched locations of the branch points. The partition
have been considered by theorists, e.g., [3]. Theorists hawanction for a particular realization of branch point loca-
also examined the disordered molten state of polymers wittions can be written as
quenched randomness and branched architectures, e.g., [4—

6]. However, experiments probing microphase ordering Z[n;j] = jf Dpu(r) ff Dpp(r)
in copolymers with disordered sequences have not been
conducted, largely because of the difficulty of synthesiz- X exp{S[pa(r); pp(r);nij]
ing LRCs with controlled sequence statistics.
We consider a class of copolymers that embodies — E[pa(r); pp(r)]}, 1)

competing interactions and frustrating sequence disord%here pa and pp are coarse-grained macroscopic fields

that can be synthesized with well-characterized sequenc : - -
statistics. Specifically, we have a homopolymer backbon((e;%rr%pOndlng to local volume fractions. The energis

(A-type segments) of lengtN onto which are grafteg

branches B-type segments) of length/. The branch E= %fd’{_z/\/mz(’) + ’[Vm(r)}, (2)
points are randomly located on the backbone and cannot

anneal after synthesis is complete. Each chain in a meWherec? is the surface tensiory is the Flory parameter,
of these copolymers has a different sequence of branch(r) = {gpa(r) — Zapp(r), and {4 and {p are the av-
points. We refer to these materials as randomly grafteérage volume fractions oi- and B-type segments. The
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entropys is given by

N dri(n) 3 drij(m) ?
|nll_[jf Dr,(n)l_[]] Dr;j(m) exp[ ,Zlf ( ) 2 ;Fl]dm(id]m ) :|
N
< T1 150 - ri(nij))c?[m(r) = f dnd(ri(n) - r)} [pgm Z f dm (ri;(m) — r)] 3)
=1 i=1

where! is the statistical segment length 4f and B-type | energy corresponding to a particular set of macroscopic
segments, and we have subsumed appropriate factors @énsity fields. Using the replica method [8] to compute
volume in the definitions of thé functions. the quenched average, and introducing the figlt9 and

We now need to perform a quenched average ove#(r) conjugate to the single chain fieldg? and p?,
the branch point locations in order to obtain the freeobtalns

&) =] [[ poutr) [ [ Dyatr expk | artyaioton + ¢a<r)p£<r>]]
x <1‘[ I/ pro]] I/ Drjalm)PLriam1PLre 0 T 500) - ra<nj>)> (4)

with the averaged entropys) = Ilim,—o (R") — 1)/n. We have takenN,(N + pM)/V =1, and the
angular bracket denotes the quenched averaBgi,(n)] = Polra(n)] exd—i [dnya(ra(n))], Plrja(m)] =
Po[rja(m)] exd—i3; Jdm ¢4(rja(m))]. Py are the Gaussian functions in preceding equations that enforce
connectivity, and = +/—1. Although each chain has a different sequence, since the distribution function describing
the fluctuations in branch point locations is the same we use the symboEq. (4).

We now expand the functionalsin powers of the conjugate fields up to fourth order, with the bare propagators being
GaussianPy). Carrying out the resulting integrals, performing the average over the distributiey ahd evaluating
the functional integrals over the conjugate fields using saddle points we find the replica symmetric solution for the
entropy to be

2
I 1 I
(8) = —%[dqpﬂp - 8[[ dqpﬂp} - qulquzp, (q)pij(g2)pi(—q1 — Qz)FUk(ql,qz,qs)
i,j,k=AVB

- %]déhfdfh P (g)W(g1) [Mo(g)W(g1)p" (q1)p(q2)W(g2)Mo(q2)) — p7(91)p(92)1W(g2)5(g2)

- > fdéhjdfhj dqs pi(q1)pj(g2)pi(g3)pi(—q1 — q2 — qs)Tﬁj}iz(%qz,qs), )

i,jk,J=AVB

where(Mp) = W1, p7 = (p*, p®), and underlined sym-| in passing in [5] and as we shall see, the quartic terms play
bols are matrices. an important role in determining the physics of microphase
Combining Eq. (5) with Eq. (2) obtains the free energyordering. The fourth term in Eq. (5f41(g), originates
functional that we seek. Detailed derivations of the mathefrom the quencheductuationsin branch point locations.
matical formulas fot,, I'®, andI'® will be presented in It is a temperature dependent monotonic function that
a forthcoming longer account [9]. Here, for brevity and indecays sharply witly at relatively small values af. The
order to see the essential issues clearly, we remark on thdast term in Eq. (5)XF4;) contains contributions from the
mathematical forms before presenting detailed resultanean valuesfthe quenched disorder. It resemblegq)
The quadratic term(F,) in our free energy functional with the minimum shifted to higher values gf
contains terms proportional 4 and1/¢%. The physical In this first attempt to understand microphase ordering
origin of the Coulombic term irF, is the stoichiometric in incompressible(l = ps + pp) RGC melts, we con-
constraint that forces the branches to be connected tider a lamellar microstructure. Thus, we tgkgr) =
the backbone at specific pointsF,(¢q) depends upon D codq - r) + 4. Our results are obtained by minimiz-
temperature but exhibits a minimum with a temperaturang the free energy with respect » and|q|.
independent value of at the minimum. In an earlier Figure 1 shows our prediction of the optimal wave
effort [5], a free energy functional for molten RGCs wasvector as a function ofyM for N = 2138, M = 285,
obtained up to quadratic order (identical #g), and the and p = 16 (the reason for these choices will be made
structure factor in the disordered phase was studied asdear shortly). At high temperature (lowM) we have
function of various parameters. However, as mentione@ disordered phase, ang is small and invariant with
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0.18 : : We prepared RGCs with a polybutadiene (PB) backbone
and polystyrene (PS) branches. We first synthesize the
PB backbone using standard anionic polymerization. The
resultant polymer contained 91% 1-4 units and 9% 1-
2 units [11]. This polymer is then reacted with HSIMNG}
in the presence of a Pt catalyst which selectively silates
the pendant €&C bond in the 1—-2 units. The silated PB
is then reacted with living polystyryllithium, which is poly-
merized in a separate reactor by conventional anionic poly-
merization, to give the RGC. The backbone, the branches,
and the final RGC were characterized by size exclusion
chromatography, light scattering, and NMR spectroscopy
20 40 60 80 [7]. We can prepare polymers with different values of
x M p, N, and M by adjusting the molecular weights of the
PS and PB precursors and the concentration of the silane
coupling agent. As a first step, we have prepared a RGC
with N = 2138, M = 285, andp = 16. (The experimen-
tal parametersy, N, M, and! are based on a monomer
temperature. Immediately below the microphase separaeference volume of00 A3.) The reason for the choice
tion transition (MST)q" increases strongly with tempera- of parameters in Fig. 1 should now be clear.
ture, a feature reminiscent of earlier predictions for LRCs Optical birefringence and SANS experiments were con-
[3]. At lower temperatures yeyy* becomes essentially ducted on a 1 mm thick melt of the RGC held between
temperature independent. The range of temperature oveptical flats. The experiments were conducted over a tem-
which ¢* varies strongly with temperature depends uporperature range of 110 and 18D (above the glass transi-
M and p. For LRCs, a continuous variation gf with  tion temperatures of PS and PB). The apparatus used for
temperature is predicted [3]. For diblock copolymers, the optical experiments is described in [12]. The sample
decreases with temperature upon ordering largely due toas held between crossed polarizers in a temperature con-
chain stretching [10]. trolled stage and the total transmitted light in the range
The reason for the unusual variation gf with tem- 0 < g < 2.56 um™! (¢ = 4 sin(#/2)/A, 6 is the scat-
perature for RGCs is the following. As in [5], in the dis- tering angle, and the wavelength of incident light=
ordered staté)? = 0 andg¢* ~ (N + pM)~'/2. Below 0.632 um) was focused onto a photodetector using a lens.
the MST, the system begins to order on smaller scaleslhe temperature dependence of the measured optical sig-
Immediately below the MST, the scale on which the sysnal is shown as an inset in Fig. 2. In previous studies
tem orders is still much larger than the branch lengthpf diblock copolymers [12], it was shown that the order-
and so RGCs approach the limit of LRCs. Because oflisorder transition is announced by a discontinuous drop
uncorrelated fluctuations in the branch point locationsjn the birefringence signal to less than 1 millivolt. The
there is no natural length scale on scales much largdsirefringence signal from the RGC melt is finite and com-
than the branch length. As for LRCs [3], this makgs parable in magnitude to that obtained for ordered diblock
a strong function of temperature because as temperatuocepolymers [12] over the entire temperature range that we
decreases the entropic contribution to the free energy cotrave studied. This is indicative of an ordered phase; i.e.,
tinuously becomes less important, and the system ordefsr these values oV, M, p, and density we are unable to
on progressively smaller scales due to the energetic drivaccess the MST. However, extrapolation of the birefrin-
ing force. Mathematicallyg™ is determined by the inter- gence data suggests that the MST occupgit ~ O(10).
play of F4; and F, (since F4; > F4, at this stage), and This is consistent with the prediction in Fig. 1.
it increases sharply as temperature decreases because 08ANS experiments on the RGC melt were conducted
the form of F4; discussed earlier. For LRCs, this trend on the NG5 beam line at the NIST in Maryland [13].
continues, and;* approaches monomeric scales. How-The measured scattering intensity was corrected for back-
ever, for RGCs, whegg™ corresponds to scales commen-ground and empty cell scattering, detector sensitivity, in-
surate with the branch length, a natural length scale (theoherent scattering, and converted to absolute coherent
branch length) emerges. Thus, once the temperature sattering intensityl/(¢) (A = 1.2 nm for neutrons) [14].
low enough thag™* corresponds to the length scale of theWe find the scattering profiles (shown at selected tem-
branches, it becomes essentially temperature independeperatures in Fig. 2) to be independent of thermal history.
Now F4 < Fg, and themean valueof the quenched A single scattering peak is evident at all temperatures,
randomness is more important than tsieength of the and the coherent scattering intensity goes to zero (within
fluctuations. We caution that deep in the ordered re-experimental uncertainty) in both high and lgmimits.
gion (yM > 10) our analysis is inappropriate because ofThese features, coupled with finite birefringence signals,
strong segregation effects and chain stretching [10]. are classic signatures of microphase ordering in weakly
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function of yM.
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10 ———— 77— asymptotic value of* deep in the ordered region (Fig. 1)
113 °C is0.033 A~!. Within experimental uncertainties, the data
143 °C in Fig. 2 show thay™* is independent of temperature and
162°C equals0.032 * 0.001 A~!. The agreement between the-
ory and experiment is reasonable considering the experi-
mental uncertainties iy, M, N, andp.

To summarize, we demonstrate that melts of randomly
grafted copolymers are good model systems to study
the effects of frustration due to quenched randomness
on microphase ordering. In the region where we have
experimental data, our theory and experiments are in
agreement. Further work mapping out other regions of

001 0.02 0~03q w004 005 006 the phase diagram by varying, N, M, and p seems
warranted.
FIG. 2. Experimental data for a PBB RGC melt at selected We thank the polymer blends group and Center for
temperatures in the ordered state. Main figure: SANS datayeytron Research at NIST for access to the NG5 beam
inset: optical birefringence. line [13]. We acknowledge funding by NSF (DMR-
9457950) and U.S. DOE (BES).
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