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ABSTRACT: We discuss theoretically the influence of confinement on diffusieaction processes in polymer
chains by combining analytical and simulation techniques. This is relevant to intrachain chemical reactions in
finely divided media like microemulsions, for temperature-driven collapse of soluble/insoluble copolymers, and
for early stages of protein folding where some confinement is achieved by molecular chaperones. It is shown that
confinement can accelerate the processes in several ways: (i) by cutting long internal relaxation modes, (ii) by
suppressing late stage energy barriers, and (iii) by increasing the initial concentration of reacting sites. Under
certain conditions the reaction rates are found to go through a maximum for some intermediate confinement.
This is a consequence of the interplay between effegismentioned above and the screening of hydrodynamic
interactions that slows down the reactions.

I. Introduction very long chairY. Similarly, cyclization reactions in microemul-
sions could be interesting to avoid chain extension reactions.
In the same way it should be easy to get single chain aggregates
of hydrophobic/polar (H/P) heteropolymers upon collapse if each
chain is located in its own microcompartment. More generally,
confinement of a polymer chain in any type of box is expected
to have a large influence on internal reactions.

We use theoretical arguments to explore the effect of
confinement on intramolecular reaction kinetics for generic
polymers. There is a trivial concentration effect as the reacting
| groups are on average closer to each other in the box. Beyond
this, when a polymer chain is confined, screening of the
hydrodynamic interactions introduces freely draining Rouse
dynamics on large scales. The large-scale internal exploration
is thus compact rather than marginally compact. The box itself
cuts off all internal modes of wavelength larger than the box
size. Finally, whenever clusters are to be formed, as in intrachain
micellization, high excluded volume barriers are expected in
intermediate or late stages. This is expected in H/P copolymer
collapse including protein folding. Confinement reduces these
excluded volume barriers and eventually suppresses them. In a
somewhat similar way molecular chaperones may confine

Polymeric systems display a variety of interesting irreversible
phenomena. In many chemical processes involving polymers,
existing chains are driven to react with each other, and specific
groups in the polymer sequence can react with foreign oligo-
meric groups or groups belonging to the same or similar chains.
The technological importance of such reactions is considerable.
Temperature-driven aggregation of strong specific sticking
groups localized along the chain; pairing of amino acids in early
stage of protein folding also bear some analogy with it.

Generally speaking, the kinetics of irreversible processes (al
the cited processes are at least in some early stages ap
proximately irreversible) is dominated either by diffusion of
reactants (usually for fast reactions after contact) or by equi-
librium statistics if many contacts are needed on average per
effective reaction. In both these situations connectivity in
polymer chains plays an important réiélt was noticed rather
early that connectivity entails anomalous diffusion of a given
monomer exploring the coil volunte.n contrast to free
reactants, the short time exploration by a monomer is dense or
at least marginally dense in three dimensions. Equilibrium
contact statistics is also mfluen_ced by connectivity, brl_nglng proteins during folding. Recent simulations have sef &t
two monomers of the same or different chains in close vicinity clarify this point
requires on average more contacts between connected mono- o . S N

In the next section, we will revisit internal cyclization

mers. This brings into play the probabilities for formation of which has previously been investigated by Friedman and

higher order vertexes’ reflected, _for example, by de_s Cloizeaux O'ShaughnessiP1We consider two reacting groups separated
contact exponenigsee Appendix A for more details). : . ; .
by a spacer of length localized in the middle of a long chain

It is often difficult to favorintrachainreaction oveinterchain in confined media (Figure 1). In section 2.1 we will analytically
reaction without going to high dilution or to synthesize a very o,qiger in some details of an ideal chain in a soft box where

long polymer chain rather than initiating many shorter ones. ¢,ery monomer is driven toward the origin by a harmonic
Recently, it was recognized that finely divided reaction media ,antial. We will discuss the influence of confinement on the
mally offer an glegané Wayd out of thesel (_j|ff|cult;1es. \hNhe_n fluctuation of the distance between stickers. These rather detailed
polymerization is conducted in microemuision rather than in g, gies puild a sound basis for semiqualitative arguments in the
open solution, a single propagation reaction may link (almost) e relevant case of excluded volume chains. Internal cycliza-
all the monomeric material of one microdropplet into & single o of excluded volume chain is discussed in section 2.2, and
the more general case of many reacting groups is developed in

:Corresponding'author. E-mail: lee@sejong.ac.kr. section 3. There, the role of excluded volume barriers in late
iggj*g% %r;:x/eefz% aggregation is discussed on the basis of standard vertex
$ |nstitut Charles Sadron. equne.ntéz6 We also use direct simulation to capture various

U Laboratoire Eurofen AssocidCS/MPIP. qualitative aspects of our theoretical picture.
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Figure 1. Schematic of a chain with two stickers before and after confinement. Kinetic regimes for long (upper left), intermediate (upper middle),
and short (upper right) spacers. Each panel shows regimes of weak (large cavity), intermediate, and strong (small cavity) confinement. The cavity
size R dependence of reaction timgsin various regimes are summarized in the lower panel on allmg scale. All kinetic regimes (ae) are

identified in the lines with different slopes.

Il. Cyclization under Confinement passage probability density is exponential for ts. The first

The special case where a chain only carries two reacting Passage timéy also gives the reaction time between stickers

groups separated by a spacer is considered below. The correfor fast reaction at contact. We now assume that the relevant

sponding reaction we call internal cyclization. In contrast to 'élaxation timets of the spacer is independent of the total chain
ordinary cyclization involving reacting chain ends, internal length as will be shown later for ideal phantom chains. In Zimm

cyclization can be seen as the first step toward any higher orderdynamics where hydrodynamic interactions are accounted for
intrachain association. ts ~ %10, ensuringt; > ts as required for consistency. Hence,

Consider two internal labeled groups a distasegart along the reaction time is inversely proportional to the Boltzmann

. . . i i i 3v—10. i i
a swollen polymer chain (these will later be considered as the Weight of configurations at contact™* ™" This result is

sticking groups). Because of ergodicity, long time temporal and reminiscent of reaction controlled kinetics. The contact exponent
spatial conformation sampling are e,quivalent. After a few 02 reflects the excluded volume barrier against sticker contact

relaxation times of the spacer (of lengh ts all spacer WikeT ~ %, The result, ~ % is also consistent with those

conformations have been visited according to their statistical fO" the Kramers problem where one labeled monomer moves
weight. Configurations at contact have statistical weggRt %> against an external potential, a point of view we will adopt later.

with 6 the des Cloizeaux internal contact expofiemtdy the A. Ideal Chain Confined in a Harmonic Box. It is
Flory swelling exponent (see Appendix A). In the long time instructive to consider the ideal chain case that accounts for
limit, the time spent at contact after a total titrie thusts 3%, the main effects of connectivity without introducing any other

The separation process of the labeled groups after contact isinteraction. Furthermore, when the chain is confined in a volume
deterministic, driven by excluded volume interactions, as soon qualitatively smaller than its unperturbed size, excluded volume
as the mutual distance is larger than the monomer size interactions are essentially screened and the ideal chain model
(corresponding to a decrease of energy larger ks@ Returns is of some relevance. Similar screening applies to hydrodynamic
at contact typically only occur after spacer relaxation, and in interactions, and a coarse-grained Rouse model neglecting long-
contrast to the ideal chain case, large correlated return loopsfanged interactions mediated by the solvent is appropriate.
after contact are not possible (independently of the chain  We further specialize to a harmonic box where any monomer
dynamics). Accordingly, the first passage time for stickers at is attracted toward the origin by the potentihl= — kgT(K/
contact is given by ~ 705192 with 7o @ monomeric diffusion 2b2)r2, whereb is a monomer size. This can be seen aofh

time 1213 This holds provided, > ts. The relaxation of the first ~ box. Minimizing the free energ# ~ NU(R) + ke TNIY/R? of cDV
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an ideal chain in the potential fixes the geometrical chain size
R ~ bK=%4in a confining potential K > N~2). This size is
independent of the chain length and can be understood as
the size of the soft box. In the free draining limit, the dynamics
are governed by the Rouse equatién:

ar T 9r
_s_n + kk'; n
at b? on?

ke T

b2

r+f=0 (1)

The first term stands for the force exerted by the solvent on
monomem at positionr, with ¢ the friction, the second for the
entropic spring forces exerted on monomeand the third for

the force exerted by the external harmonic potential With

3. The last term is the Gaussian random force with zero mean
{,C= 0 and delta function correlation,(t)fm(t") 0= 2CksTo-
(m—n)d(t — t'). As the Rouse equation (1) is linear, solutions
can be expanded in eigenmodes in terms of Fourier transforme
variablesX,, rn = 23, exp(—t/tp)X, cospan/N) + Xo. The

dispersion relation is altered by the harmonic external potential

1

2 2
- kT K @)

where we measure time in the unit of monomer self-diffusion
time b%C/ksT. The dynamics are faster as compared to the free
chain K = 0). In particular, the center of mass is drifting toward
the center of the potential anth—o = tk = K1 is finite.
Generally speaking, this acceleration is most pronounced for
the long modes (smafl). In particular, the relaxation of modes
longer than the box sizek?r?/N < K) is controlled by the
box and is close tdx.

It is worthwhile considering dynamics in the absence of any
irreversible reaction. Under the hypothesis of Gaussian noise,
any monomer position or relative position obeys Gaussian
statistics. Averages and fluctuations thus completely determine
the probability distributions of these random variables. The
Rouse equation (1) may be solved for the average configuration
in(t)Ocorresponding to a given initial configuratiog(0). It is
most instructive to solve for aentral monomer, thereby
neglecting finite size effects. The average position of a given
monomer depends on the initial position of all monomers
through

B,)0= /" dn’ Ker(jn — n'[, ry(0) 3)

where the kerneKer (x,t) = (1/v4mrkt) exp[—x2/4ki] exp(—Kt)

has a finite radius. Qualitatively, the monomer is drifting toward
the initial center of mass of the chain segment-(n')2 < 4kt
where the information has diffused after timé\t larger times

t = tx the general drift toward the center of the potential
becomes effective. For a given initial configuration, two
monomers separated by a contour leng#maller than WK

thus experience independent drifts at times (much) smaller than
the relaxation time of sectios

From eq 1 we obtain fluctuations around the average. As we
are merely interested in the internal distances, we will explicitly
consider the end-to-end vector distribution of an internal section
of contour lengtts. We take the limit of infinitely long chain
where the end effects are negligible. The fluctuation of one
component (here thecomponent of ,+s — I'y, 05 = (X — X
reads
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wherets = s%/4k is the characteristic relaxation time of the
studied chain section artghx = 2/K ~ R*is the characteristic
time of a section spanning the box. Equation 4 deserves several
comments: (1) As expected, the fluctuation around the average
does not depend on the initial configuration. (2) In the long
time limit, the fluctuationos saturates

tbo

ogem==§\/g%p;—ex4—2

_ 2
o,=b

(4)

(5)

OIFor a confined chain section the fluctuation saturates at the box

size ~b?+/K, while for an unconfined chain section the
fluctuation saturates at the Gaussian fluctuatieb?s. The
saturation is slow,dseq) — a9)/loseq) 0 4/tJt, for an uncon-
fined chain section; it is nonetheless almost completed for a
few ts.1° (3) In early staged, < min(ts, thox), the growth of the
fluctuations is governed by anomalous diffusion and

%=mwg t < min(t, t,,)

Next we discuss the reaction time for two monomers located
a contour lengtts apart along a very long chain. If the spacer
is not confined, the fluctuation saturates after a few spacer Rouse
timests. For the ideal chain there is no barrier against contact,
and the first passage time at contact is hence of akgddihe
modes longer thars only manifest in the nonexponential
relaxation of the fluctuation (at scatg. This obviously also
holds in the free chain case and justifies the neglect of long
modes in the previous subsectitnlf the reaction is limited
by the reaction rate at conta@f the reaction time i§ ~ s¥2rq/

Q where 3-dimensional Gaussian statistics is assumed. The
crossover between the diffusion-limited and reaction controlled
regimes hence occurs f&@v/sto ~ 1. For a confined spacer
the typical distance between stickers is the box size. The
fluctuation of the sticker separation saturates at the box size
after the Rouse time of a polymer strand spanning the fggx,

The reaction time is thus ~ tpox ~ (R/b)*z0. For slow rate at
contact (smalR) t. ~ (R/b)3/Q, and the crossover is located at
QToR/b ~ 1.

B. Confined Excluded Volume Chain.In the following, we
stick to more general qualitative arguments supported by the
internal cyclization in a harmonic box model just discussed in
order to take into account excluded volume correlations and
hydrodynamics for binding kinetics under confinement. In a
recent note, we showed that the interplay between excluded
volume correlations and hydrodynamic interactions can produce
an optimal confinement where the binding is fastédn the
following we briefly review these results. The interested reader
will find more details in ref 18. The blob size separates
hydrodynamics and Rouse dynamics. By crowding polymer
segments with confinement, a swollen chain turns to a series
of blobs. The reaction kinetics is described based on the blob
reactions with the coarse-grained blob reaction rate.

We consider a long isolated chain swollen in good solvent
with two binding groups a distanssapart in its middle (Figure
1). For binding to take place, the groups must overcome an
excluded volume barrieW scaling as exM/kgT) ~ s"%. The CDV

(6)
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Table 1. Summary of g, and Internal Contact Exponents @ Obtained from Ref 5

o1 02 03 (o2 (3 (o3 og 010 012 014 020
0.0786 0 —0.2033 —0.4791 —0.8490 —1.2918 —2.377 —2.1355 —3.3522 —4.9302 —10.087
v0 V02,2 V02,4 v02,6 V04,4 v010, 10 v0g, 12 v0s, 14 v04, 16 v02, 18

0.4791 0.8127 1.085 1.419 5.816 4.3578 3.865 3.22 1.9277

typical reaction time, ~ s* %z, for a long spacer can be quite  probability andQ,. The reaction time in the osmotic regime is
larger than the longest relaxation time of the spacer configu- therefore summarized (in units of):

ration, ts ~ szg, Whererg is the diffusion time of a monomer.

If the reaction is limited by reaction rate at cont&@{® the g0z g > G209 BRC

reaction time is inversely proportional_ to the probability for L~ 5393“2 g< sl/(+262) BDL ©)
reactants to be about one monomer size apart: '

At low osmotic pressurdl, for which g > sV/(1+20)  the
reaction time decreases upon increasing the density @s
) . , g %2732 However, at high osmotic pressure, the reaction time
1. Osmotic ConfinemenSome sort of confinement of a increases upon increasing the density; a8g%-2. This means

labeled chain can be achieved in solution by other identical that the binding rate goes through a maximum at the cross over
chains screening excluded volume interactions. There however, 9 9 9

the labeled chain only shrinks back at most to its Gaussian size.ggg sB|zReC to BDL. The binding kinetics are fastest at optimum
This we term osmotic confinement. It has an interest in its own :

as the polymers of the bath may be chemically different without  gla+20)
necessarily inducing the collpase of the labeled chain in a Yopt

common good solvent. It is also convenient to discuss it here
as a similar regime will appear under moderate geometric
confinement.

The solution of spectator chains in good solvents at density
c imposes an osmotic pressufe = kgTc®3~1, This sets a
correlation length for density fluctuations associated with the
contour lengthg. By definition, the subsection of sizg
contributes an internal density of orderhenceg ~ ct/(1-3),

At large enough concentration, the internal section of contour
lengths (> @) turns into an ideal chain afg swollen blobs of
massg. The self-diffusion time of a blob is, ~ g*17, due to
the hydrodynamic interactions. The spacers are divided #to (
0) blobs. The typical radius swept by the segment of contour Ry~ sl/ng*l/ZN SINT (12)
lengths is rs ~ (5g)Y2y". Because hydrodynamic interactions
are screened at length scales larger than the blob size, the trai
of §/g blobs experiences Rouse dynamics (free draining) at scale
larger than the blob size. The longest relaxation time of the
spacer iss ~ (§/g)%tp. Thus,ts increases due to the screening
of hydrohynamic interactions with increasing concentration.

We can qualitatively think of the binding process as internal
binding ofblobsin a chain with a binding rat&®, ~ g2, !
atblob contact!” The extra factog?z arises from the excluded
volume barrier. For large enough concentration, this no longer
depends on spacer sigand is mainly determined by the (much) NV 13 200)
smaller concentration blob sizg(see Appendix). Re

Depending on the value oQ, we may define the two To find an optimum, the conditioR; > Ry should hold. The

regimes: blob-diffusion limited (BDL) and blob-reaction con- spacer lengtls should be short enough to satisfy the condition:
trolled (BRC). As time goes on after a contact, the spacer spans ) . . )
( ) g b P N > $32-VCA20)] The reaction timé, eq 9 can be written

an increasing volumg® (t/zy)%4. Note that the explored volume | ) Co .
grows sublinearly with time; thus, the short time exploration is N {€rms of the confinement cavity size using eq 11. In BRC
and BDL regimet, ~ R%5 andt, ~ R7975 respectively. The

dense. The average cumulative time in contact after time > R X . e
increases with time thry) Y4y, for short times { < t) and negative kinetic exponent in BDL regime-(.75) indicates the

tr ~ Q— ls3v+1/02 (7)

(10)

The exponentsf, may be approximated ag), = 0.479 (see
Table 1); thus, the exponent for optimum is close to 1/2.

2. Geometrical Confinemenitlore explicit confinement can
be achieved by a geomtric constraint (e.g., FiguredaIf a
chain of total lengthN is confined within a sphere of radil®
< N, the local scalg is fixed by the imposed monomer density

NIR~ gt (11)

and decreases upon confinement. This sets the “critical” cavity
size

Tor strong confinement below which the spacer is reflected by
Sthe boundary.

At moderate confinement (Figure 1a,d) where the cavity size
is still larger than the critical size for the spacer confinement
(Ro < R < N) the osmotic regime described previously applies.
There is an optimum confinement at crossover from BRC to
BDL when the blob size igjop (€q 10), which corresponds to
the cavity size:

(13)

increases linearly for > t.. Thus, the reaction probability{t) reaction is slower as the confinement cavity si_ze is smaller.
attime ¢ <ty after the first blob contact isAt) ~ (t/z5)Vg™ In the strong confinement regim®& (< Ry) (Figure 1b.c),
v0, which holds up td = ts where the spacer is so long that it is reflected by the confining
boundary. For too short spacer all solvent can be (formally)
P (S/g)llzg—vez (8) expelled before reaching the strong confinement regime for the

spacer. This imposes the physical constraint s¥2 for the
If Quis large (6/g)¥2g~"% > 1), the first blob contact ensures  existence of the strong confinement regime for the spacer. The
binding. The reaction time is the first passage time of the binding longest relaxation time is set by the box sieas R/g")*z.
blobs at contact (BDL)t, ~ ts~ (5/g)%rp. Otherwise, the spacer  Long spacersN < s¥2-1RE26)) experience the strongly
relaxes its configuration at all scales, and several attempts areconfined BRC regime, and the reaction timé is (R'g")3g"%y,.
required for the blob reaction. This results in the BRC reaction The blob size can be still large (Io@,) even though the spacer
timet, ~ (s/g)2° 11y, ~ (5/0)32g"P=1y, reflecting the blob contact s reflected by the wall. The crossover to BDL occurs at CDV
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R(Cs) ~ NOHO(1+3007) (14)

and it is smaller thamy. For smaller cavity size, BDL regime
applies and no optimum appears in strong confinement. The
binding rate become faster in both BRC and BDL regime with
increasing confinement.

RLH0(@r—1) N0 | A5 R > R(CS) BRC

t ~ R BV -DIN\p/@—1) QLTS R> RS) BDL

(15)

We summarize the kinetic regimes in the lower panel of Figure
1. The reaction timé vs the cavity sizeR in log—log scale {

0 R after eqs 11 and 9 (osmotic regime) and eq 15 (strong
confinement regime). The exponghiindicated as the slope)

is approximately 4.5, 1.75;-0.75, 2.5 for BDL and BRC in
strong confinement and BDL and BRC in osmotic regimes,
respectively.R, separates osmotic and strong confinement
regimes, andR; separates blob reaction controlled (BRC) and
blob diffusion limited (BDL) regimes.

Langevin dynamics simulations of single beagpring chains
separately (a) under the influence of a harmonic confining
potential and (b) geometrically confinged in spherical cavities
were performed to verify qualitative aspects of the reaction
kinetics. Simulation details are presented in Appendix B. For
various strengths of the confining potentikl,(eq 1), as well
as for various sizes of cavitieR, we measure the internal
cyclization time.t;, for chains of lengtiN = 102 with stickers
at positions 26 and 77s(= 50). We consider both ideal
(phantom) chains (no excluded volume interactions apart from
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In Figure 2b, we show; vs R for both ideal and excluded
volume chains as well as for an equivalent “ideal gas” of two
sticker particles with no bonds (but with a finite cutoff for the
sticker—sticker attractive interaction). For the ideal gas, we see
thatt, ~ R® as expected for a trivial dependence on concentra-
tion. For the ideal chain, saturates abov® = 10 where
confinement becomes irrelevant due to connectivity. Befow
=7, the spacer is reflected by box boundary, and the reaction
time t,; scales withR ast, ~ tyox ~ R* As predicted in section
2.1, connectivity makes the curve steeper. At smaller cavity size,
the increased sensitivity is due to the long-range stickécker
interaction: stickers attract each other at a distance of 4 (the
pair potential cutoff; see Appendix B). When the average
distance between stickers is comparable to the range of
attraction, the reaction becomes potential driven and thus
deterministic. This increases the sensitivity Rifior the ideal
gas; these data establish that the ideal chain is more sensitive
to Rthan the ideal gas, which we attribute to connectivity rather
than to the attractive interaction alone. For the excluded volume
chains, we observe a mininutnat aboutR = 4, below which
t, increases severely with decreasify due to increased
restriction of monomer mobility (monomers are effectively
frozen at this concentration.) Abowe= 4, t, shows transitions
from a regime in which; ~ R tot, ~ R* and again td, ~ R
The steep changes at intermediate cavity size qualitatively agree
with the theory for long spacers.

Because hydrodynamics are not explicitly included, the
simulations do not reflect the most important aspect of the
theoretical predictions, namely the maximum reaction rate
between BRC and BDC regimes. Ongoing simulations are

nearest neighbors along the contour) and excluded volumeUnderway to investigate this aspect, but they are enormously
chains. As these are Langevin dynamics simulations, Rouse€XPensive due to the need to include explicit solvent particles.

dynamics is expected to hold. In Figure 2a, we shove K for
ideal chains. We obsente~ R* (~K~1) over an intermediate
domain ofK, as expected.

10°

2 ,/"/
10 ’ /-
& 10! ,f"/
-/
100 ,'"/\
ey @
107! "/ Ideal =
107! 10° 10!
K—1/4
10* | L
10° ey
et % %'y;”’!

i (®)
<2 Excl. vol. chain ¢
{ Ideal chain =

Ideal gas ©

10
R

Figure 2. Results from Langevin dynamics simulations for chains of
lengthN = 102 with two stickers separated by a spacer of lersgth

50 in the middle of the chain. (a) Reaction time vs confining potential
strength (eq 1) for an ideal chain. (b) Reaction time vs cavity radius
for geometrically confined excluded volume and ideal chains. Horizontal
line denotes saturation of, and arrows indicate the respective
unperturbed radii of gyration. Numbers labeling each line denote
scalings withR. In both (a) and (b), each point is an average of 1000
independent trajectories.

100

[ll. Multiple Binding

A. Formation of Higher Order Vertices. Internal cycliza-
tion, presented above, corresponds to the fusion of two 2-leg
vertices into a 4-leg vertex. In internal micellization, for exam-
ple, sticking groups assembile in clusters with higher order aggre-
gation numbers corresponding formally to higher order verfices
(Figure 3a). Ap-leg vertex is governed by the vertex exponent
op. For example, the contact exponéatobeysvf, = —o4. Up
to very recently, little was known regarding the values of the
vertex exponents besidesexpansions that only correctly
describe low-order vertices. In a very recent simulation, Grass-
berge? measured partition functior, of polymer stars up to
80 arms. These results allow one to extragtthroughz, ~
N7»~1 with yp, — 1 = op + po1. The obtained values aof, are
displayed in Table 1 fop ranging from 1 to 20. There is fair
agreement between the simulation and values of the exponents
obtained after resummation of theexpansion by von Ferbé?.

For large number of arns the Daoud-Cotton limi should
apply, which predictsy, — 1 O — p*2 Taking numerical
estimates from Grassberdethe best fit to the higher order
vertices (up to 60 where the legs are still fairly large) gives the
prefactor 0.2:y, — 1 = op + por~ —0.2p%2.

The Daoud and Cotton model is simple enough to allow for
a detailed study of a polymer star immersed in a semidilute
solution with a concentration blob sizg(see Figure 3b). The
corona has locally the structure of a semidilute solution where
the blob sizeg(r) corresponds to the local blob size. Chains in
the corona are stretched at scales larger than the blob radius
&(r). Each blob is spanned by one leg (at the scaling level).
Assuming that a finite fraction of the legs starts beyond the
distance, the blob size grows with the distance to the cent&bv
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b)

0 1000 2000 3000 4000
time

(b)

Geometrical Boundary

Figure 3. (a) lllustration of high order vertex formation. (b) gxarm
micelle under confinement. For large number of arms, the Daoud
Cotton limit appliesro andry, stand for the size of hydrophobic core
and the radius, respectively. The blob size saturatgs=atr,, due to
the imposed boundary.

as r/\/;_) and saturates d@t ~ g” in the sea of blobs. In the sea

of blobs, the blob size is roughly constant and seg toy the
osmotic pressure. This happens for a distance from the center
r> bg”x/;_). Beyond this distance the arms are still stretched,
and we may consider the star as a molten star of blobs up to a
distancebg’p (for long enough chains) beyond which the
accumulated stretching energy per leg is less than the thermal
energy. The stretching energy of this region where foreign
monomers do not penetrate is dominated by the lower boundary

and amounts t@/p—) per leg. The free energy of the star remains Fi 4L i d s simulati its for internal micelli

: : -~ i<Figure 4. Langevin dynamics simulation results for internal micelli-
hence _doml.nated by the internal corona where the blob size 'S zation of a 10-sticker heteropolymer: One representative trajectory from
not uniform: the R = 9 data set. (a) Trace of stickesticker attractive potential

Ugs. (b) Snapshots of the (i) open cail, (ii) two-core metastable
rmdr 12 ,rodr 1/2 I'm
F/p S ﬁo —E =p ﬁo T =p In(l + r—o) (16)

intermediate, and (iii) the final stable single-core micelle.

high even for moderate spacers. We thus expect intermediate
aggregates to be metastable. Under osmotic confinement the

ST . barriers can be drastically reduced as they go with a high power
of the largest blob which is set up by concentration due to the of concentration for high vertices. The discussion of BRC vs

confinement. Iffr > To, thenrm/ro ~ gv“/—’ and eq 16 takes . BDL parallels that for internal cyclization. At low densities,
the standard form if the (weak) vertex dependence correspondingiatics of the fusion is in BRC regime and the binding 1@te

to arm stretching is dropped under the logarithm. The blob size o6 (s the energy barrier for cluster formation with higher order
saturates at a smaller radius as the confinement cavity size

d h 't ; 5032 | vertices: Q, ~ g%r'1,"L. The optimum shifts to higher
ecreases. The total free energy of fharm star is~p** log- densities for higher order vertices and can be obtained from eq

(gvx/f)). Nonetheless, the outer layer of the molten blob legs 1g by replacingd, by 6,. The optimum can be reached for a
determines long-ranged interactions and may not be negligible nymper of fusion with reasonable spacer sizes. As an example,
for short legs. It merely multiplies the argument of the log by oy fusion of a doubletif = 2) and an isolated stickep(= 1),
a constant of ord_er unity. The excluded volume barrie_r for higher 621 = 0.813 andgoy ~ s>38% whereas for two doubletss,,
order vertice fusionp + p' is thus expected to grow with vertex , ='1.419 andgop: ~ 260 This formulation applies to vertices
order as 0.2((+ p')*?log(@'v/p+p)) — p*?log(@'vp) — p'¥2 of any order but does not directly allow one to discuss
Iog(gvx/a)). corrections as the effect of the outer corona belonging to the
For vertices of order less than about 20, the Daoud and Cottonsea of blobs. At high densities, a number of fusions are governed
model cannot be expected to be accubakestead, we may by blob diffusion and are thus independent of the vertex
proceed as we did for internal cyclization. The fusion of two exponents. The corresponding binding rates are essentially the
higher order vertices of ordgrandp’ follows rules similar to same in BDL regime. Confinement may thus partially destroy
internal cyclization, with the corresponding contact exponent the hierarchy of fusions that prevails for free chains with large
Opp given byvOpy = —0p+p + 0p + 0p. spacerss. As for internal cyclization the spacer size plays no
As can also be seen from Table 1, the barrietd) @gainst role under strong confinement where the spacer is reflected by
fusion of higher order vertices in dilute solution can be quite the boundary, and no optimum confinement is expected. CDV

wherer, is size of the hydrophobic core ang is the position
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30000 P Ta— crossover from the blob reaction controlled to the blob diffusion
25000 R=10 — limited regimes at moderate confinement where the spacer is
20000 g:g -~ not yet squeezed. For somewhat longer spacers, the minimum

g 8.0 - turns into a local minimum, while a new local maximum appears
2 15000 | 75 - at the onset of spacer confinement. The binding is fastest at
® 10000 maximum compression. For long spacers the crossover from

5000 the blob reaction controlled to the blob diffusion limited regimes

P falls in the strong confinement regime where the spacer is
‘2220 ’_180 T 100 100 squeezed and the reaction time monotically decreases upon

confinement. When hydrodynamics are accounted for in the

. . o tricritical regime (close to thé-point), binding kinetics is always
Figure 5. Lifetime distributions of two-core metastable states for

; i ; o ; SO ; blob diffusion limited, and only the local maximum remains.
various confining cavity radii from Langevin dynamics simulations of L . . -
10-sticker chains. Similar results were obtained in the case of the formation of

higher order aggregates. The optimal confinement shifts to

Simulations also confirm the presence of barriers to the higher densities for Iarger3§ggrega.tes. For spacer lesgth
formation of higher order vertices (again, details appear in Petween aggregat@py ~ s> for fusion of azgléaublet and a
Appendix B). An example collapse trajectory of a 10-sticker Singulet, whereas for two dou?!g%m_“’ $>2% and for a
heteropolymer is depicted in Figure 4, for which the size of the quadruplet and sextuplebp: ~ 7195 which corresponds to a
cavity isR = 9. Figure 4a shows a trace of the attractive B high polymer volume fraction for reasonable spacer length.
potential energy over a 40@Qrajectory. The appearance of ~Beyond optimal confinement, and more generally in the Blob
metastable intermediates is obvious from this plot. Snapshotsdiffusion limited regime, the reaction no longer depends on the
(Figure 4b) reveal the nature of the metastable intermediates:Vertex degree. At a given confinement several low-order vertices
the two-core intermediate is stable for many thousandsiof may form at very similar rates. In contrast, at low or no
this particular trajectory. The two-core metastable intermediate confinement when barriers against fusion are relevant some
is separated from the single-core stable ground state by anintermediate size metastable clusters are predicted and also found
energy barrier related to the higher order vertex exponent N Simulations (run with Rouse dynamics).
introduced above. For our scaling analysis to apply, length scales should be
fairly separated. The radius of the spacer should hence be

We can obtain a qualitative understanding of the effect of ; .
confinement on this barrier by asking how confinement alters rr_larkedly smaller than that of the whole chain. The optimal blob

the lifetime of this metastable state. For e&;we performed Slze shoult_j be swpllen. In t_hr_e weak coupling limit for exclude_d
a histogram analysis of the observed-B potential energy. volyme _th's requires a m'.”'m?" .b|0b size (10 mOonomers 1s
Because each run was terminated at an arbitrary time after firsttyp'cal); in the strong coupling I”.mt (relevant for most S|mula-.
detecting the single-core state, the histograms represent rav\;'ons) small blobs are aC‘.“?"y slightly overswollen and there is
counts of how often a BB energy in each bin was observed. no true lower blob size limit.

We show these raw histograms in Figure 5. From these data,
we can see that confinement significantly alters the metastable
lifetimes in the BRC regime: the smaller the confining cavity’s
radius, the larger the polymer concentration. Thus, the energy
barrier separating the two-core intermediate from the single-
core configuration is reduced, akin to the prediction of eq 16.
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Further confinement brings the system into the BDL regime research.
where the energy barrier is irrelevant. Appendix A. Contact Exponents
IV. Conclusions Contact exponents were introduced by des Cloizeaux for the

contact probability between points of a single chéfirThe

Internal cyclization was shown to depend on confinementin ¢ontact probability that two extremities of a segment inside a
a rather complicated way depending on the quality of solvent gingle chain are at a relative distancés

and the degree of confinement. In the simulation, Rouse

dynamics and excluded volume statistics are implemented which P,(X) ~ (R)dea(x/R) (A1)
leads to a monotonic decrease of the cyclization time upon . ) .
confinement. An intermediate regime is detected where the WNere the scal®is the swollen size of the segmef{(2) is a

variation of the reaction time is steepest, in agreement with univgrsal function which depends on the location of the
theory. considered segment along the chain.

When hydrodynamic interactions are accounted for theoreti- F.2) ~ 7P (z—0) a=0,1,2 (A2)
cally, a much richer behavior of the reaction time is predicted.
Several effects are competing upon confinement. At weak The des Cloizeaux contact exponefy distinguishes three
confinement reduction of excluded volume fastens the reaction different pair types shown in Figure 6. By conventia= 0
(BRC). At somewhat stronger confinement (BDL, no spacer corresponds to the two extremities of a chain 1 to the contact
reflection) screening of hydrodynamic interactions slows down Of one extremity inside the chain aad= 2 to that of the internal
the kinetics. At strong confinement (spacer reflection), relaxation points. The larger exponent for the internal points is due to the
times of long spacer modes saturaté,gt(the relaxation time  excluded volume effect.
of a strand spanning the box with Rouse/Zimm dynamics), and ) ) ) o
the kinetics is accelerated again. For short spacers the reactiorf*PPeNndix B. Simulation Description
time goes through a minimum at some optimal confinement To characterize some aspects of the kinetics under confine-
where the binding is fastest. The optimum is located at the ment, Langevin dynamics simulations were performed on Iir&ﬁg(/
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a) b) c) W’\/i(t)-Wj(t')D= 66ij6(—t')kBTI“ (B5)

The particle equations of motion are integrated using the
velocity-Verlet algorithn?’ with a time stepAt of 0.01r and
with a friction ' = 1.0.

We consider confinement via either a harmonic confining
potential as introduced in eq 1, represented by the conktant

6 6, 0. or by a geometrically confining spherical cavity of radiRs
Figure 6. des Cloizeaux’s contact exponerfls, 61, andf, correspond For harmonic conflnement, each monomer is SUbjeCt to the one-
respectively to the contact of two extremities of a chair~(0), to the body potential:
contact of one extremity inside the cham € 1), and to that of the
internal points & = 2) (6, > 6, > 6,). Configurations at contact have Kr?
statistical weight reduced by the fac®f: (i = 0, 1, 2) which reflects uyr) =—- (B6)
the excluded volume barrier. 2

heteropolymers in rigid spherical cavities. Two situations are Wherer is the distance from the origin. In the case of geometrical
considered: internal binding in chains with two stickers and confinement, the confining sphere walls interact with each
internal aggregation chains with 10 stickers. In the first case, monomer through a repuslive @ potential:

we consider polymer chains of length—= 102 with two stickers

10 4
(B-monomers) separated by spacer length 50. The sequence 27€ 0 2[2(0_‘”) — (G_W) _|_:_3] r <o,
structure of such a chain is expressed agBAs5oBA s, where Uig4(r) = Y1S\r r 5 (B7)
“B”-type monomers are attracted to each other under reaction 0 r= o,

conditions. The second setup aims for the kinetics of higher o )
order vertices, and here we consider heteropolymers with theWherer is distance from the particle to the wall:
sequence (58)10A9 r=R— |r| (58)
Reaction conditions are defined such that, upon contact, the - !
B-type monomers aggregate irreversibly, while members of For each value of eithe or R, 1000 independently realized
nonbondeq AA gnd A-B pairs repgl one another equally. j,itia| conditions are simulated, beginning from a relaxed open
Repulsive '”teraCF'OQS are modeled using the Weélsandier- coil. The procedure for a single collapse trajectory is as follows.
Andersen potenti: A run is initialized by first growing a single chain in a box as
A2 (6 1 a nonreversal random walk with a step length 0.97. In the
_ 46’(—) - (—) + Z] r<2Y%% case of geometrical confinement, the walk is confined within
Uwealr) = ' ' 16 (B1) the cavity (i.e., no monomer is allowed to venture a distance
r>2"o more tharR from the origin). Any particle overlaps are removed
by performing a few thousand integration time steps with a
pairwise force cap that increases incrementally each time step
until it is no longer triggered. The chains are further relaxed
for 5000 more integration steps. At this instant, the quench into

B—B attractive interactions are modeled using the standard
Lennard-Jones potentidl), 5(r), with a well depthe of 10.0
and cutoff atr = ro = 4.00. A shift is added tdJ,; such that

Ui(rg) = 0: selective solvent conditions is performed via instantaneously
a2 (0\6  [o\12 [o)\e “switching on” attraction in B-B pairs. This NVT MD integra-
U (r) = 46[(?) - (F) + (r_) (r_) ] Z I (B2) tion is typically run until a predefined stopping condition is met.
L ¢ ¢ P For the two-sticker chains, we choose this condition to be when
0 ¢ the distance between the two B-type monomers is less than 1.5.

A standard Lennard-Jones reduced unit system is adopted inFor 10-sticker chains, we terminate when all stickers belong to

which the particle mass is unityn(= 1) and length is measured ;)/lnPezrzn(;((:}i"ar core. All iﬂwulatlons were frun or&_gtl\:/IDl g\thlon
in units of particle diameteks, and energy in units of. Time processors. runs were performe e

is measured in units af = ov/ Mle. This simple prescription is
similar to that used to drive phase separation in homopolymer _ _
collapse simulation$~2> and in simulations of polysoap 8 \é\/(')l,erp/lsghgr; 'Eﬁmslfg;\él-]g (ifslgm- Phys1974 60, 866.
. . . . 9 . I, M. . Y y .

intramolecular micellizatioA? Particles are connected to each (3) de Gennes, P. G. Chem. Phys1992 76, 3316.

other along the backbone of a chain using via the FENE/WCA (4) Duplantier, B.J. Stat. Phys1989 54, 581.
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