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ABSTRACT: We present dynamic Monte Carlo lattice simulations of the coil to globule collapse of single chains
of a copolymer comprising monomer unite,andc, wherein there is a net attractive interaction betwe@nits.

As the copolymer is cooled, the solvent quality becomes poorer, and the size of the chain decreases, driven by
the netm—m and c—c attractions. The strong—c attraction increases the overall solvophobicity of the chain
relative to a homopolymer and, therefore, copolymers collapse more abruptly and at a higher effective temperature
relative to homopolymers. We compare copolymers with homopolymers by rescaling collapse data to the same
6 values to account for the effect of overall solvophobicity. This comparison shows that the behavior of copolymers
and the corresponding homopolymers is identical as the chain size reduces from high temperaturés to the
value. Beyond), copolymers withc-content< ~50% collapse more abruptly than either homopolymer, after
accounting for the difference in overall solvophobicity. Collapse of copolymers containing lagivertent is
dominated entirely by the—c attractions, and these chains behave qualitatively like homopolymers with a higher
effective solvophobicity. Analysis of the chain structure during collapse provides a structural reason for the
qualitative change in copolymer collapse at lowontent. When such copolymers are cooled befothe c-units

rapidly aggregate to form an isotropic, compact core surrounded by an anisotropic solvated ishatlitsf The

shell densifies as the copolymer is further cooled, but remains anisotropic for the finite chain sizes investigated.

Introduction Several reporf§26 indicate the formation of intermediate
states during the collapse of a coil to its final compact globule

o . )
copolymer changes with solvent conditions is of fundamental state. Hd suggests that, prior to the fo“rm.at|on of the comple.tel){’
collapsed coil in a homopolymer, “microphase separation

interest and has implications for the more complex problem of ~- < . .
P piex b within the chain leads to the formation of a molten globule

protein folding!~2 In a good solvent, a flexible polymer exists - q ded b hell of letel
in an expanded coil state that, as the solvent quality becomesCOMPrising a dense core surrounded by a shell of incompletely
collapsed chains. These results are in accord with experiments

poorer, shrinks to an ide@ condition and finally collapses to i ; ; | lamide) by W

a compact globulés A comprehensive review of theoretical, ondaqueousksc;;Jflz(znsho Eoly(ls%propy ZC?]' arfnl €) by ;‘

simulation, and experimental work on the collapse transition &1d CO-WOIKers, == who nave observe the formation of a
“crumpled coil” state that further compacts to form a “molten

of homo- and copolymers has been recently published by Baysal ) :
and Karas®. We will not summarize the extensive literature 91obule befort_a complete collapse, and with the temperature
on coil-globule transitions here; rather, we briefly discuss duénch experiments of Chu and co-workér¥; wherein

investigations that probe the steepness of the collapse transitiof?@!YStyrene (PS) chains have been observed to collapse via the
and the intermediate structures that form during collapse. formatlon of an intermediate “crumpled globule” when solutions

The nature of the transition from coil to globule depends on n cyclqhexa}ne are quenched from m&;mpgrature. Molecular
the chemical nature of repeat units. For example, theanyl dynamics S|mulgt|ons also support the picture of a two-stage
simulation§~1°9 demonstrate that homopolymers collapse via a collapse for flexible hor_nopolym(_af‘sRaos and A”eg'gé have
smooth second-order transition, while copolymers containing suggeste_d that interchain clgsterlng could provide an alternative
mutually attractive comonomer units collapse abruptly through exp:flnaigolr;hfor the tixpec;lmerltall reSltJItst of ?hu ar;ld co-
a first-order transitiodl12 Experimental studies also indicate WOTKers, _ owever, they do not rule out a two-stage co ap_se.
that copolymers collapse over a narrower temperature range Intermediate molten or crumpled globule states during
relative to the corresponding homopolymé&t$? collapse of a protein could play an important role in mediating

the formation of the final folded “native” globule. Therefore,

* To whom correspondence should be addressed. E-mail: hnanavati@the intermediat_e states formeq during copolymer collapse have
che.iitb.ac.in (H.N.): g.kumaraswamy@ncl.res.in (G.K.). Telephone: 91- attracted considerable attentibn?! The structures formed
22-25767215 (H.N.); 91-20-25902182 (G.K.). Fax: 91-22-25726895 (H.N.); during copolymer collapse are driven by the interactions between

91-20-25893234 (G.K.). -
“NCL_IITB Collaborative Group for Copolymers. the monomers, comonomers, and solvent. Zhang and co

¥ Chemical Engineering, Indian Institute of Technology, Powai, Mumbai WOrkers? report a two-stage collapse for pdi{sopropylacryl-
400076, India. amides-styrene) in cyclohexane, where the intermediate state

Understanding how the solution conformation of a random
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is an ordered coil resembling a molten globule. Wu and®®iu
have reported the formation of a cershell structure during
collapse of polyll-isopropylacrylamide) grafted with poly-
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propagation probabilities for the chain. Theainit sequence in
the copolymer is random-to-slightly alternating for these reactiv-
ity ratios. For simplicity, we will call these copolymers random.

(ethylene oxide) branches. Molecular dynamics simulations of We generate a new chain for each simulation, and each chain

hydrophobic polymers with hydrophilic brancRémdicate that

the chain microstructure results in the formation of stable, shape-

so generated represents a particular state of quenched disorder
for fixed N and c-unit content,x. Thus, the data presented in

persistent globules with a hydrophobic core surrounded by athis paper are averaged over different microstructures, viz.,
hydrophilic shell of the branches. Strong comonomer mutual different manifestations of quenched disorder. For example, for
interactions have been shown to lead to the formation of N= 128,14 = 20,x = 12.5%, our results represent an average
frustrated, incompletely collapsed structdté8that are strongly over 20 different chains.
influenced by the chain microstructure, viz., the distribution of Polymer chains are then equilibrated, via a dynamic Monte
comonomers in the chaif. Carlo (DMC) algorithm with periodic boundary conditions in
Copolymer collapse transitions have been investigated usinga cubic lattice. Our algorithm seleca unit (m-unit or c-unit)
averages over annealed disorder, especially for the proteinrandomly and attempts to move to an unoccupied lattice site
folding problem. Pande and co-work&rsave shown that the  among the 26 nearest-neighbor lattice sites (along the lattice
validity of the annealed approximation is suspect for folding of grid, along body diagonals, and face diagonals, viz}; 8 +
short proteins modeled using Dill's HP modeBastolla and 12 = 26). Each attempted move is termed one Monte Carlo
Grassbergé? show that the annealed approximation, though (MC) move. If a vacant site is found, depending on the position
inexact even for large molecules, provides a useful estimate of of unit along the backbone chain, our algorithm selects the
the thermodynamics governing collapse in both the high- and appropriate microrelaxation move. For example, if the selected

low-temperature states. Garel and co-workdnave shown that
for a statistical hydrophilie hydrophobic copolymer, annealed

unit is terminal, then it will attempt to move either by slithering
diffusion®* or by a single site bond fluctuatiéh(cf. end bond

and quenched averages predict similar phase behavior, but theotation) with equal probability. On the other hand, if the

former predicts a higher transition temperature than the latter.

selected unit is a nonterminal one, it will attempt to move by a

Most theories or simulations have addressed the problem ofsingle site bond fluctuatio?. If a vacant site is not found, it

amphiphilic copolymer collapse, wherein like units repel each
other while unlike units attract and show@atransition only
above a critical value of chain asymmetf#! However, ad
transition is always observed for copolymers wherein like units
attract each other while unlike units regelWWe describe in this
paper, dynamic Monte Carlo simulations of the collapse of a
random copolymer containing relatively solvophilic monomers
(m-units) and solvophobic comonomersynits) (e.g., a co-
polymer containing polar comonomers in an apolar solvent).
We show that the behavior that we observe is not “trivial” or

will be treated as an MC move, and the unchanged conformation
is counted again for averaging structural properties. Our
algorithm ensures that there is no bond crossing and that no
lattice site is occupied by more than one monomer, thus
satisfying the excluded volume effect criterion. Violation of
volume exclusion criteria leads to the termination of an
attempted move and counts as an MC move.

Moves are accepted according to the Metropolis critetfon.
Thus, the change of energy\AE (AE is normalized by
Boltzmann’s constant times absolute temperatkig, for the

“qualitatively similar to a homopolymer case”, as suggested by MC move is calculated, and the move is accepted if exyf)
Ganazzolit? but that it demonstrates an interesting dependence > p, wherep is a random number, & p < 1, generated by

on the chain microstructure. Briefly, we show that copolymers
containing a small percentage of solvophobianits collapse
abruptly after the® point relative to either homopolymer after
accounting for the increase in overall solvophobicity. This

using random number generator, MT19937, developed by
Nishimura and Matsumot¥. This process is repeated to
equilibrate the polymer chain.

Our simulation method is not as efficient as recent sophis-

qualitative change in behavior appears to be linked to the ji-5teq techniques (such as PEFised for simulating the

formation of an intermediate cotreshell structure with incom-
pletely collapsedmunits surrounding a compact core of the
mutually attractivec-units.

We organize our paper as follows: In the next section, we

conformations of an isolated chain; Multicanonical Monte Carlo
simulatior?® and expanded ensemble metftd study collapse,
especially in the low-temperature region where the conforma-
tional relaxation is very slow; parallel temperfidgo speed up

describe the model and our simulation technique. Then, we the equilibration process, etc.); however, our algorithm can be
describe our results and discuss them in the subsequent sectiorreadily used for simulations of polymer melts, results for which

and finally present brief conclusions.

Model and Simulation Technique

A polymer chain ofN units is represented by joinindyl
successive lattice sites on a simple cubic grid of size<684
x 64 with periodic boundary conditions. Each lattice site is
occupied by only one unit (either am-unit or ac-unit or a

we will describe in future publications.

The change in energy for a single MC mox, is associated
with the net change in nearest neighlmsiunit—solvent (—
), c-unit—solvent €—s), and munit—c-unit (m—c) contacts,
ANms ANgs, and ANp, respectively. The exchange energy
(normalized bykT) of onem-unit—solvent contactB, represents
the netmrunit—solvent repulsion and is directly related to the

solvent molecule). Copolymer chains are generated as describedFlory y parameteP. Therefore, an increase Bileads to collapse

by Hu and co-worker& While we are interested in the collapse
of copolymer containing polar comonomers, we use reactivity
ratios for ethylene copolymerization with 1-octene using a
vanadium catalysinf-unit andc-unit reactivity ratiosym = 24.7
andr. = 0.017, respectively, taken from ref 28;r. = 0.42).

To generate a chain withcaunit mole fraction ofk, we calculate
the appropriate feed mole rafidF (by solving Frx + F(2x

— 1)+ (x — Lrc = 0), and usean, re, andF to calculate the

of a solvated chain to form a compact globule. Similarly, the
net c-unit—solvent repulsion is given by In the lattice
framework, exchange energies are related torthenit and
c-unit interaction energies via the quasichemical approximation,
assuming that these interaction energies are pairwise adtfitive.
Exchange ofm-units andc-units with solvent during an MC
move leads to a net change in the numbemnofc contacts.

The energy change (normalized kY) arising from the chang&DV
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of anm—c contact is given byBnye Thus, the total normalized We begin the simulation by placing a polymer chain on the
energy change for one MC movAE is given by: lattice in a regularly folded state. This initial structure is
equilibrated aB = 0 (viz., at effectively high temperatures or

AE= AN, B + AN B+ AN, B 1) under athermal conditions) using the DMC algorithm. For an

isotropic polymer coil, the ratio of R’(Jto EIRSD is 6. Our
Repulsive interactions betweem-s, c—s, andm—c, lead to a simulation data shows thmngRggz 6.25+ 0.05, as against
net attractive interaction betweem—m andc—c. Note that eq 6.36944 0.002 for self-avoiding walk (SAW) polymer chatfis
1 reduces to the homopolymer case by setBag= B and B after equilibration. The polymer solution is then “cooled’Bo
=0. = 0.2, by increasing (for a homopolymer, the step size is

Here, because we are simulating the collapse of a model chaing 005, while for copolymers, the step size is smaller and depends

representing polar copolymers in nonpolar solvents, we assumepn } andx), and the structure of the chain is analyzed after
that the interaction energies of the solvophabianit with the equilibration at each value &. For chains of siz& = 64, for
relatively solvophilicm-unit is similar to that with the solvent.  example, 4x 10f MCS have been performed at each cooling
Thus, we set the-unit—solvent interaction parameter equal to  step. The first 2x 10° MCS equilibrate the chain, and the

thec-unit—munit interaction parameter, vi3es= Bme Further,  sybsequent % 10° MCS have been averaged to calculdRé)

for convenience, we assume tt&t = Bnc = 4B, where 4 > DR;D and[¥°0] Larger chain sizesN = 128, 256, and 512) are

1, represents the enhancement of thecatit—solvent repul-  gimjlarly simulated. However, for larg, a larger number of
sion relative to the net-unit—solvent repulsion. Therefore, eq  \\Cs are performed at each cooling step. We have investigated
1 can be simplified to: the swelling of collapsed chains on heating, viz., we decrease

B from 0.195 to O. The[lRéDvaIues follow the same trend
during heating and cooling, indicating that equilibrium is
achieved at each step during our simulations, viz., our simula-
tions represent slow cooling experiments.

AE = (AN, .+ AN_A + AN, 1)B o)

We choose values df ranging from 10 to 50 and examine the
collapse of copolymers containing increasingly solvophobic
c-units in nonpolar solvent. In this work, we term the units that Results and Discussion
interact with an interaction parameter 4B as c-units, while
the other chain units are termedunits. AsA >1 in our model
system,AE is dominated byc—c contact energy.

A. Accounting for the Effect of Overall Solvophobicity
on Copolymer Collapse. We have simulated single chain

) - . collapse for a series of random copolymers with varyaagit
For a chain comprisind{ units,N MC moves represent one contentx (x = 0, 6.25, 12.5, 25, 37.5, 50, 87.5, and 10046,

MC step. In our work, we calculate mean square end-to-end e . .

. ) . = 128,41 = 20; Figure 1a) and, with varying (1 = 10, 20, 30,
distance(Re() and radius of gyratioff, (Ry(jfor each MC step 40" 14'50N = 128,x = 12.5%: Figure 1b). With increase in
and average these over a large number of MC steps (MCS)'c-unit content, the decrease in the size of the copolymer chain

2 i . oIS :
When the values ofR*lJand IZI_Rgmdo not change appreciably  occurs at progressively lower valuesBfviz., higher effective
with further MCS, we consider that equilibrium has been temperatures), and the transition is more abrupt, viz., the

reached. As men.tioned earliéRstalues.represent averages {ransition takes place over a narrower rangdFigure 1a).
over quenched disorder. However, we find that, over most of simijlarly, with an increase i (viz., increased—c attraction),
theB-range investigated, the error bars (standard deviation) for there is an enhanced driving force for copolymer collapse and

[R:Dare typically of the size of the symbol used to plot the the chain collapses at lower valuesBand over a narrowed
data, and thus, simulations of different chains are quantitatively range (Figure 1b).

nearly identical. In theB range betweer® and collapse, the The results in Figure 1a,b (influence afand ) clearly
error bars are about 15%; this value does not affect any of theindicate that the transition from coil to globule state for a
trends that we discuss. copolymer is mainly driven by—c attraction. Because the
We describe the spatial distribution @lunits by calculating c-units are more solvophobic comparedheunits, an increase
the radius of gyration of only the-units, DR;CD Thus, if the in eitherx or A leads to an increase in the overall solvophobicity
c-units form a compact aggregate, thenit radius of gyration of the copolymer chain. Therefore, the abrupt collapse of
is smaller than that of the entire chain. copolymers at lower values & observed in Figure 1a,b is

We have also investigated the evolution of the shape of the anticipated. However, these data do not differentiate between
polymer chain by calculating the principal components of the the effects of overall solvophobicity from those of the copolymer

shape tensor. The shape tenSbcan be written as: chain microstructure. For example, a polymer containing 100%
of the c-units should exhibit qualitatively similar collapse
S« Sy Sq behavior to a homopolymer of time-units. Because the effective
$=|Sx S, S (3) attraction between units of the homopolymercaiinits is 1B,
Sk Sy S, a plot of EIRSDversusB* (= AB, see eq 2) is expected to be
identical with the collapse behavior observed for a homopolymer
where, S = 1/NziN:1(xi — Xem)? and Sy = 1/NziN:1 (X — Xem)- of mrunits. Therefore, we attempt to separate out the influence
(Vi — Yem), % andx.m are thex-coordinate ofth unit and center of the overall increase in solvophobicity by appropriately
of mass, respectively. rescalingB for each copolymer studied.

The eigenvalues of the shape tensor yield the three principal We rescale th8 axis by matching thé points for the various
moments ofS and represent the shape of the molecule. The copolymers as follows:
eigenvalues (averaged over a large number of conformations)
are represented a@fl:l wherei = 1, 2, and 3; the shape B = (BB/BE)B (4)
factors, L2, given by the ratios[Sy > ,[¥[] provide infor-
mation about the shape of the molecule. For an isotropic where, the scale factoB})/B; is the ratio of thef value of B

structure,Li2 =1 for the homopolymer to that for the copolymer. CDV
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Figure 1. Effect of (a)c-unit contentx (for A = 20), and (b)A (for x = 12.5%) on collapse of a random copolymé&t £ 128). H stands for
homopolymer. The lines joining the points are meant only as a guide to the eye.
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Figure 2. Change in the mean square radius of gyration (scaled by the number of chain segfgtitd)i — 1) as a function oB for (a)
homopolymer and (b) random copolymer=t 12.5%,4 = 20). The@ point is determined at the point whell®?I(N — 1) is equal for chains of

different length: data foN = 32, 64, 128, 256, and 512 are shown as squares, circles, triangles, stars, and inverted triangles, respectively. The lines
joining the points are meant only as a guide to the eye.falue ofB is as indicated. Note that the scaled value of@tehain size is the same

for homo- and copolymers.

According to Flon the 0 state is an “ideal” state where the 501 —m—10
polymer chain is said to attain its unperturbed dimension. At —A—20
0, the mean square radius of gyration scales linearly with the 401 —A—30
chain size  — 1). Thus, the raticﬂRél](N — 1) is a constant —0—40
independent of chain length. We use this principle to estimate 2/ 300 XS0
the 6 value of B in a manner analogous to Hliwe simulate =
chains of different lengthN = 32, 64, 128, 256, and 512) and 20+
obtain the6 value as the value oB at which [IRSM(N - 1) 104
coincides for allN. Strictly, a uniquef point is defined only -
for N — oo; for a finite length chain, we obtain instead & “ 0| éé —
region” that approaches the unigdgéemperaturé® asN — oo, 0 20 40 60 80 100
For a homopolymer, we estimatefaregion of B = 0.027 + x (%)
0.001, at which the normalized chain sizel]i%ﬂl(N - 1= Figure 3. Scale factorB'/B for copolymers Kl = 128) as a function

0.29+ 0.01 (Figure 2a). Th&; and value of EERSU\(N - 1) of c-unit content for various values @f The lines joining the points
obtained here closely match those obtained previotisly. are meantonly as a guide to the eye.

Similarly, we have calculated th&region for a copolymerA(

= 20,x = 12.5%) asB = 0.019+ 0.001 at WhiCIﬂRéM(N —1) with attractive comonomer unit cannot take place at effective
= 0.29+ 0.01 (Figure 2b). Because botivunits andc-units temperatures that are lower than for the corresponding ho-
occupy one lattice site in our simulations, the normalized value mopolymer. Our approach, however, does not have this problem
of the chain coil sizeElRSM(N — 1) at thef region is the same  and yields values oB* > 1.

for homo- and copolymers and is equal to 02290.01. We Influence of Copolymer Microstructure. We first investi-
have verified this value of the normalized chain size for gate the collapse of copolymers with varying comonomer
copolymers withx = 6.25, 25, 37.5, 50, and 87.5% for= 20. content atd = 20, plotted against our rescal@& (Figure 4,

Therefore, for the other copolymers, we conveniently estimate compare with the data in Figure 1a). Our data demonstrate that
the 0 region as theB value at which[lRéM(N —1)=0.29. We the sizes of the copolymer chains are similar in the expanded
estimateB" for each of the copolymers mentioned above and state B* < B;) and in the collapsed stateB’( > ~0.08)
present these data in Figure 3. We find that our values closelyindependent ofx (Figure 4). The effect of the copolymer
match with those calculated using the formulation of Chen and microstructure is evident only inBl range between th#region
co-workers® At low x and/ (e.g.,x = 6.25% andl = 10) B and collapse, where the size of a copolymer deviates from that
calculated according to the formulation of Chen yields a value of the homopolymer. To investigate the effect of the copolymer
of 0.977B, which is aphysical because collapse of a copolymer microstructure at various andA, we plot the ratio of the SiZ%DV
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a guide to the eye.

100

(DRé[j of the homopolymer to that of the copolymer Bit =
0.034, intermediate between theand collapsed states (Figure
5). We have selected this value BT arbitrarily, such that the
effects of copolymer microstructure are clearly evident. ¥or
> ~50% for all values ofi, the ratio of the size of the
homopolymer to that of the copolymer-sl (Figure 5). Foix

< ~50% forA = 10, this ratio does not deviate much from 1,
but for higher values ofl, the deviation is pronounced and
reaches a maximum at between 12.5 and 25% fot alllues

investigated. Thus, the collapse transition becomes steeper (viz.,

takes place over a narrower range Bf) as c-unit content
increases up t@ = 12.5 or 25%, depending on the valueiof
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Figure 6. Change in the ratio of number a@f-c contacts CC) to
c-unit content X) for copolymers l = 128) as a function o€-unit
content for various values df at B* = 0.01 (expanded coil), 0.034
(intermediate betweefiand collapse), 0.08 (collapsed globule). A line
with slope of 1 is shown near the data #r= 0.01 as a guide to the
eye. The lines joining the points are meant only as a guide to the eye.
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Figure 7. Effect of 1 on collapse of a random copolymeX & 128,

x = 12.5%). The polymers are compared at equbl plotting vs the
appropriately scale®’. H stands for homopolymer. The lines joining
the points are meant only as a guide to the eye.

the CC/x is almost independent of at higherx (Figure 6).
Interestingly, aB" = 0.034, the number af—c contacts exhibits
nonmonotonic behavior in the range xfwhere we observe
the effects of copolymer microstructure on collapse (Figure 6).
This strongly indicates that the rapid collapse in the copolymer
size (relative to the homopolymer) that we observe for the
copolymers is driven by the formation of a larger than average
number ofc—c aggregates.

Before we discuss the implications of these results, we present
data for collapse of copolymers containing 12.5%nits ast

is increased from 10 to 20, 30, 40, and B0=¢ 128, Figure 7).

and then becomes less steep and is qualitatively similar to The sizes of the COpO'Ymef chains are plotted veBsusbtained

homopolymer collapse for values 0 ~50% for thel values
investigated.

As copolymer collapse is driven by the strong attraction
betweenc-units, we examine the average number wfc
contacts CC) as a function ofx and 4 in the expanded caoill
state B* = 0.01), in the collapsed statB"(= 0.08), and in the
intermediate stateB = 0.034). In the high-temperature
expanded coil state (IoB"), we expect thaCC should scale
asx?, while in the compact collapsed globule state (higjh,

by rescalingB by B /BC Again, we find that the collapse is
steeper as we go from the homopolymer to copolymers with
increasing values of. However, ford > 30, the initially abrupt
decrease irﬂRSD beyond 6 transitions to a slower decrease
before a compact globule is formed (Figure 7). Fer 30, 40,

and 50, the average colil size is higher relative to the homopoly-
mer even atB" = 0.1 where we expect the chains to have
completely collapsed. This effect is not an artifact of our
simulations because the percentage of accepted MC moves is

the c-units are expected to be aggregated, and therefore wesimilar for A = 20 and 50 (viz., above and beloiv= 30).

anticipate that the number @f-c contacts should scale as
(the scaling in the globule state is expected to hold strictly only
for globules containing a large number olinits). When we
plot the ratio of CC/x as a function ofx, at B® = 0.01 for
copolymers containing variowsunit contents, we observe that
this number approximately scales withwhile atB* = 0.08,

Also, we do not observe any hysteresis in the size of the
copolymer chain when we reheat and expand collapsed copoly-
mer chains even with = 50. We believe that the large-c
attraction atA > 30 may lead to the formation of e-unit
aggregate that prevents the chain from contracting rapidly to
form a more compact conformation. CDV
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Figure 8. Comparison of the density (as defined in the text) as a functid®’ é6r a random copolymeN = 128,41 = 20 (a)x = 12.5%, (b)x
= 50%. Filled symbols represent the density of thenits, while the empty symbols represent the density of the entire chaind Pt is as
indicated.

Comparison with Literature. Our results accord qualita- transitions from an expanded coil at lo@’ through thed
tively with experimental studies that have observed that condition to the final collapsed globule at hig. We focus
copolymers collapse over a narrower temperature interval on a copolymer witiN = 128,x = 12.5%, andl = 20, viz., a
relative to the corresponding homopolymers (Figure 1). For copolymer that undergoes an abrupt collapse relative to the
example, it has been reported that collapse of a copolymer of corresponding homopolymer and present results for the structure
styrene and methyl methacrylate (MMA) in isoamyl acetate is of the chain as the value & is increased.
more abrupt compared to collapse of poly(methyl methacrylate) A comparison between the density of the entire copolymer
(PMMA).*# Also, while polystyrene (PS) haséatemperature  chain (defined as the number of unibé, divided by[IRSE/Z, a
of 18.5°C in a nonpolar solvent, decalin (cis/trans 60:40), a measure of the chain volume) and the density of onlycthaits
polar copolymer of polystyrene sulfonic acid (PSSA, with a (defined as the number of comonomelg, divided by the
sulfonation level of 2 mol %) shows @ temperature of 151 (32, a measure of the volume occupied by thenits)
°C.# Thus,B"/B for the pair of PS and PSSA can be calculated provides insights into the structure of the copolymer chain as

as (T;>*T,9 ~ 1.45. From Figure 3, we can estimate that this B’ is increased. FoB' below thed value, m-units andc-units
corresponds to a ~ 30 atx = 2%. Thus, it appears that the are distributed equally densely in space (Figure 8a). However,
range ofl values considered in our work is appropriate to model slightly above the value of B*, the c-unit density increases
the collapse of copolymers containing polar comonomers abruptly. At this same3™ value, the overall density of the
(solvophobicc-units) in apolar solvents. polymer chain also exhibits an equally abrupt but smaller
Our results also match with the predictions of GanazZoli, increase. However, while theunit density plateaus after the
who theoretically showed that copolymers collapse more abrupt increase, the remainder of the chain continues to densify
abruptly as compared to homopolymers, but that, as expected,(Figure 8a). Thus, aB" increases, the-units aggregate, driven
the behavior of a “copolymer” at = 100% is qualitatively by their strong repulsion for therunits and the solvent. The
similar to that of a homopolymer. Theory indicates that abrupt increase in the overall chain density observed in Figure
copolymer collapse is a first-order transition while flexible 8a is also driven by the formation of thisunit aggregate. It is
homopolymers collapse through a smooth second-order transi-interesting to compare this behavior with that of a chain with
tion.” We do not probe the order of the collapse transition in N = 128,x = 50%, andl = 20 (Figure 8b), viz., a chain that
our simulations; however, the decrease[HRéDfor the copoly- effectively behaves like a homopolymer (Figure 4). For this
mer during collapse is observed to be steeper relative to thatcopolymer, the increase in the densityoafinits parallels that
for homopolymers (Figure 4), even after accounting for the in the density of the entire chain; beyond thepoint, both
increase in overall solvophobicity of the copolymers. densities increase. This densification is rapid initially (but not
Simulations suggest that polymer chains collapse via the as rapid as for the lowk copolymer) and then continues
formation of an initial dense nucleus surrounded by a partially gradually.
collapsed chaif? Collapse proceeds as this nucleus grows by  Snapshots of the= 12.5% copolymer equilibrated at various
reeling in chain units. In homopolymers, monomers near the B* values indicate that the chain is expande&'at= 0 (Figure
surface of the initial nucleus are reeleckim copolymers, the 9a). AtB" ~ 0.0276, near th@ state,m-unit andc-units stay
initial nucleus is made up af-units and collapse is driven by  solvated (Figure 9b). However, Bt = 0.041, above thé value,
the net attraction o€-units to the nucleu!? Simulation data the c-units collapse to form a dense core that is surrounded by
suggest that this structural difference underlies the change fromm-units that remain solvated (Figure 9c). Theseunits then
second-order collapse in homopolymers to first order in begin collapsing (Figure 98" = 0.055) and finally form a
copolymersi226Qur data too suggest a structural origin for the dense globule (Figure 98 = 0.138) that retains the-core—
relatively abrupt collapse of copolymers: we observe that values m-shell structure that originates near thestate.
of 1 andx that lead to abrupt collapse are related to an increased Our data demonstrate that copolymer collapse proceeds via
number ofc—c contacts in the intermediate state that precedes a two-stage process, first forming a degsanit aggregate (the
the formation of the final collapsed globule (Figure 6). “core”), and subsequently compacting at higB&iby aggrega-
Therefore, we expect that an exploration of the spatial structuretion of m-units. The formation of the core (aggregateafnits)
of the copolymer chain as it collapses may vyield valuable is abrupt and happens Bt slightly greater tharB,". At 6 and
insights into the influence of copolymer microstructure on the for B® values slightly greater thaf, the m-sequences between
collapse transition. This is investigated in the next section.  c-units remain solvated around the dersenit core. This
Structure of the Copolymer Chain during Collapse.In this configuration appears to be similar to the “flowerlike” inter-
section, we examine the structure of the copolymer chain as it mediate state that has been recently observed to precede c%we
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Figure 9. Snapshots of the structural evolution a random copolymer chain 128,x = 12.5%,4 = 20) during collapsem-units andc-units are
represented by empty and filled symbols, respectivly= 0.0276 represents the snapsho® atate.
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Figure 10. Change in the shape factors as a functiomofor (a) copolymer Kl = 256,x = 12.5%,1 = 20), (b) for thec-unit core and (c) for
a homopolymerl = 256). The lines joining the points are meant only as a guide to the eye.

in poly(N-isopropylacrylamideypoly(ethylene oxide) graft
copolymers? Finally, the shell oim-units then collapses slowly
around thec-unit core to form the final coreshell globular
structure.

We analyze the shape of the copolymer chain as it collapses,
using the ratio of the eigenvaluelsizI of the shape tenso&. -
We plot the change of.i2 with B* for the entire copolymer
chain (N = 256,41 = 20,x = 12.5%, Figure 10a) for the-units
in the same copolymer chain (Figure 10b) and for the corre- (a) B = 0.034 (b) B* = 0.041 (©) B =0.11
sponding homopolymelN = 256, Figure 10c). In the expanded  _. '

. . . Figure 11. Snapshots of the structural evolution a random copolymer
coil state, hqmo- and copqumer chains are extendeq. Topologi- .hain (N = 128,x = 50%, = 20) during collapsam-units ande-units
cal connectivity of the units along the polymer chain leads to are represented by empty and filled symbols, respecti@ly: 0.034
an anisotropic shape with shape factdré,, in the ratio of represents the snapshottastate.
14.1:2.94:1. The shape factors change atﬁiyand approach  copolymer chain having a highercontent N = 128,x = 50%,
each other as the chain begins to collapse (Figure 10a,c). Theand 4 = 20, Figure 11) that collapses in a manner that is
change in the shape factors is gradual for the homopolymer qualitatively similar to homopolymers (see Figure 4). As the
relative to the copolymer. Even in the collapsed globule state, chain with higherx is cooled to thef value, the chain
we observe thaLi2 are not equal, viz., the globule is not conformation appears similar to that observed for the chain with
spherical. Rather, we obtain an ellipsoidal coskell structure X = 12.5% (compare Figure 9b with 118, values closest to
with shape factor&i2 in the ratio of 1.62:1.25:1 (Figure 10a). the B; we selected). WheB" is increased te~0.041, in the

In our simulations, the anisotropy that we observe is affected region betweerd and collapse, we observe that unlike the
by the discreteness of the lattice used. However, the final globule formation of a well-defined coreshell structure in thex =
is predicted to be anisotropic by molecular dynarfiiand 12.5% copolymer (Figure 9c), the copolymer with= 50%
Monte Carlo simulatioff studies, even for the case of homo- does not exhibit any microphase separation and does not collapse
polymer collapse. These values for the copolymer anisotropy (Figure 11b). The final collapsed state for the polymer with
from our simulations accord well with homopolymer thetfry = 50% exhibits a coreshell morphology (Figure 1ic).
and previous simulatiorf§. The shape of the final globule state  However, this structure is not as clearly defined as in the case
of copolymer is similar to that of a homopolymer (compare parts of the polymer withx = 12.5% (Figure 9e). These qualitative
a and c of Figure 10). For a copolymer, collapse is mediated differences have been illustrated in partxa=12.5%) and b
by the formation of a core consisting olunits. From the shape  (x = 50%) of Figure 8 for quantitative comparison.
factors for only thec-units comprising the core, we observe Therefore, it appears that the effect of copolymer microstruc-
that the compadat-unit core is essentially isotropic (Figure 10b). ture is evident only in cases where the collapse happens via the
Thus, the picture that emerges is that, during collapses-tivets formation of a well-defined coreshell structure. We note here
aggregate to form an isotropic core that is surrounded by that we are comparing the spatial structure of copolymers at
incompletely collapsedrunits in the copolymer chain. These the sameB", viz., after accounting for the effect of the overall
m-units slowly approach an isotropic shape with incread® jn solvophobicity. For chains with increasggit appears that the
but for theB" values investigated here, the entire chain remains only effect of thec-units is to increase the overall solvo-
ellipsoidal. phobicity, and apart from this, the collapse is qualitatively

Finally, we contrast the behavior observed for the copolymer similar to that of a homopolymer. Htthas claimed that even
with N = 128, x = 12.5%, andl = 20 (Figure 9) with a homopolymer chains exhibit an internal “microphase segr%ﬁg\-/
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tion” between a compact core and a disordered, crumpled shelithat this microphase segregation leads to a more abrupt collapse

during collapse. In the case of copolymers containing a “small”
percent of highly mutually attractive-units, this core-shell
microphase separation happens between a conecpatt core
and anmunit shell. The formation of this microsegregated

transition. This result accords with theoretical predictions of a
change in the order of the “true” collapse transition from second
order for homopolymers to a steeper first-order transition for
copolymerst? Our data also suggest that, for higherthe

structure appears to be responsible for the qualitative changecopolymer behaves essentially like a homopolymer and the order

in behavior for copolymer collapse relative to homopolymers.
With increase inx or 4, the behavior of the copolymer chain is
dominated by the-units. Therefore, these chains simply behave
like homopolymers with a higher solvophobicity, and the effect
of copolymer chain microstructure is no longer apparent.
Effect of Chain Length. In this last section, we examine
the effect of the chain siz&J, on copolymer collapse. We have
seen that for “small’t- content (for examplex = 12.5% atN
= 128 andi = 20), thec-units in the copolymer undergo a
microphase separation beyond theegion and aggregate to
form a compact core surrounded by a shellnenits. The
formation of this core-shell structure makes the collapse from
the 6 state more abrupt relative to that for a homopolymer. It is

of the phase transition then returns to second order.

Finally, we examine the shape of the collapsed globul& at
=0.16 (forN = 32, 64, 128, 256, and 512). We have observed
that the globules are not isotropic (Figure 10a). This is true not
only for copolymers but also for homopolymers (Figure 10c).
The anisotropy is more pronounced at IdNy and the shape
factors approach each otheMgcreases (Figure 13). It appears
that at infiniteN, the collapsed globule tends nﬁ =13 We
have seen that a copolymer with= 256,x = 12.5%, andl =
20 exhibits a coreshell structure with a compact, isotropic core
comprisingc-units surrounded by an ellipsoidal shellrefunits
(Figure 10). The anisotropy in the overall shape of the
copolymer (Figure 13) is similar to that observed for homopoly-

interesting to examine the effect of chain length on microphase mers and follows the same trend with increasMgviz., it

separation, viz., on the formation of this cetghell structure.
This will provide insight as to whether this microphase

approaches a more isotropic shapeNascreases. Thus, there
appears to be no specific role of the copolymer microstructure

separation persists at and influences the “true” phase transition,0n the final shape of the collapsed globule, viz., it affects only

viz., for chains of infiniteN. Our simulation technique limits

the chain sizes that we can probe. However, we obtain a

qualitative understanding of the effect of chain size by varying
N (N = 32, 64, 128, and 256). We see that the variation in the
number ofc—c contacts withx is essentially identical and scales
with x2 for the range of in the expanded coil state, viz., &t

= 0.01 (Figure 12). For clarity, in Figure 12, we plot only the
results forN = 32 and 256 and note that the data for the other
chain lengths are qualitatively similar. In the collapsed globule
state B* = 0.16; we choos8" = 0.16 rather than 0.08 because
chains withN = 32 undergo a significant decrease in their size
beyondB" = 0.08), the number oft—c contacts increases
approximately linearly with for all N; as the number af-units
increases with\, the number oft—c contacts also increases
with increasingN (Figure 12). At bottB" = 0.01 and 0.16, the
increase in the number of-c contacts is monotonic. However,
in the intermediate state betweérand collapseB’ = 0.034,

we observe that the number of-c contacts is nhonmonotonic
with a higher number of contacts at< 50% (Figure 12). As
seen previously, this is a signature of the formation ofctumit

the “path” between thé and globule states.

Summary and Conclusions

We describe the collapse of a copolymer chain as it is cooled
from an expanded coil state through theegion to a collapsed
globule using dynamic Monte Carlo lattice simulations. The
salient features of our investigations are: (1) We model the
collapse of copolymers containing solvopholgieinits (e.g.,
polarc-units in nonpolar solvents) in a Flory-like approach: (a)
We choose a higher penalty for em-c or ac—s contact relative
to anm—s contact. (b) The high effective—c attraction leads
to an increase in the overall solvophobicity of the chain relative
to a homopolymer, and therefore, copolymers collapse abruptly
and at higher effective temperatures relative to homopolymers.

(2) We compare polymers at the same solvophobicity by
rescaling the collapse data so as to matchottemperatures of
these polymers. The rescaled data reveal that: (a) In the high-
temperature region from the expanded coil stat@, tenthalpic
interactions between chain units are unimportant and homo- and
copolymer chains show the same collapse behavior after

aggregate core. Therefore, it appears that the effect of copolymemormalizing (scaling) out the overall solvophobicity. (b) The

microstructure at-unit contentx < 50%, persists with increase
in N. This is strongly indicative that the formation ofcaunit
aggregate core amutunit shell happens even at largdrand

overall solvophobicity is normalized empirically by rescaling
the B axis to make coincident thé point for the various
copolymers. (c) Beyond thé point, copolymers containin%DV
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