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4 ABSTRACT: We use umbrella sampling to compute the free
5 energy trajectory of a single chain undergoing expulsion from an
6 isolated diblock copolymer micelle. This approach elucidates the
7 experimentally unobservable transition state, identifies the spatial
8 position of the maximum free energy, and reveals the chain
9 conformation of a single chain as it undergoes expulsion.
10 Combining umbrella sampling with dissipative particle dynamics
11 simulations of A4B8 micelles reveals that the core block (A) of the
12 expelled chain remains partially stretched at the transition state, in contrast with the collapsed state assumed in some previous
13 models. The free energy barrier increases linearly with the Flory−Huggins interaction parameter χ up to large interaction energies,
14 where the structure of the otherwise spherical core apparently deforms near the transition state.

15 The self-assembly of block copolymers into micelles is
16 essential for a variety of applications, including viscosity
17 modification of oils,1,2 the formation of complex block polymer
18 phases,3 and controlled drug release.4−6 Many of these
19 applications require micelles to maintain a dynamic equili-
20 brium. Importantly, chain exchange is a fundamental process of
21 micelle relaxation which has been shown theoretically to be the
22 dominant mechanism close to equilibrium.7,8 However, despite
23 substantial experimental progress, an understanding of the
24 molecular level details of the process remains incomplete.
25 Experimentally, chain exchange has been studied with
26 fluorescence spectroscopy,9,10 stopped-flow techniques,11−13

27 and more recently time-resolved small-angle neutron scattering
28 (SANS).14−26 All of these methods provide information about
29 the kinetics of chain exchange for the system ensemble and
30 cannot directly probe the transition state. In the case of SANS,
31 the free energy barrier to chain expulsion, assumed to be the
32 rate-limiting step for chain exchange,8 can be obtained from
33 the measured time constant for exchange, τex, either by
34 examining the temperature dependence of τex or by fitting to a
35 model. The position of the transition state along the “reaction
36 coordinate” should provide insight into the conformation of
37 the block copolymer chain as it undergoes expulsion from the
38 micelle; however, the full free energy profile for chain exchange
39 has only been computed for small-molecule surfactant
40 systems.27 Most exchange experiments have been interpreted
41 in the context of the theory of Halperin and Alexander,8 which
42 describes the process of chain expulsion for block copolymer
43 micelles by assuming that the core block collapses into a
44 globule upon entering the corona. In this theory, their model
45 for the transition state that leads to a free energy barrier scales
46 as γNA

2/3, where γ is the interfacial energy between the core
47 block and the solvent and NA is the core block degree of

48polymerization. Recent studies have found the barrier to scale
49linearly with NA,

14,15,17,34 casting doubt on the postulated
50transition state by Halperin and Alexander. The same linear
51dependence was also reported in the barrier from measure-
52ments of chain diffusion in ordered block copolymer
53melts.28−30 These results raise the possibility that a core
54block is not significantly collapsed upon entering the
55unfavorable domain. As the resolution of experimental
56techniques is not yet sufficient to yield information about
57the conformation of single chains undergoing expulsion, there
58remains a need to develop simulation techniques to access the
59core block conformation at the transition state for chain
60exchange.
61In this work, we introduce a simulation framework to
62evaluate the nature of the transition state to chain exchange
63and thus the foundations of the Halperin and Alexander model.
64Here, we employ an umbrella sampling method to compute
65the free energy landscape for a chain undergoing expulsion
66from a spherical micelle. We utilize a model dissipative particle
67dynamics31,32 (DPD) system of coarse-grained A4B8 block
68polymers in dilute solution, a system originally studied by Li
69and Dormidontova and others.33−35 Notably, we expect this
70model to provide information about chain exchange despite
71lacking molecular-level details because the experimental
72results14,15,17 are independent of the polymer system. DPD
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73 uses soft potentials for bead−bead repulsion, which do not
74 capture in detail steric interactions but provide fast
75 equilibration that is desirable for our work. We do not expect
76 the approximations in DPD to impact the key results. Our
77 micelles have amorphous, roughly spherical cores, so the
78 impact of steric interactions on the structure of the micelle
79 core will not play a role here. The most likely impact of the soft
80 DPD potential is to allow chain crossing, which produces
81 dynamics that are faster than expected in an experiment with
82 an entangled micelle core. Since we examine the thermody-
83 namics rather than kinetics, this does not impact our results.
84 Moreover, experiments of interest17 use molar masses that are
85 low enough that the core blocks are not entangled, rendering
86 the chain crossing a minor issue. Finally, although this level of
87 coarse graining cannot resolve the globule hypothesis due to
88 limitations in excluded volume and chain length, it provides a
89 necessary first step toward understanding the behavior of single
90 chains undergoing expulsion.
91 In this model, monomer beads of mass m are linked by a
92 harmonic bond with equilibrium distance r0 = dp and force
93 constant k = 100kBT/dp

2; kBT and dp are units for energy and
94 distance, respectively. The solvent (S) is modeled by single B-
95 type monomer beads. Characteristic of the DPD model, the
96 interaction force between beads is the pairwise sum of a
97 conservative force, fC, a random force describing thermal
98 fluctuations, fR, and a dissipative or frictional force, fD, which
99 acts as a thermostat to conserve the system energy.
100 The functional forms of these forces are described
101 elsewhere;31,32 they are short-ranged with a cutoff distance rc
102 = dp. Similar to previous work,33,34 a frictional force with
103 magnitude ξ = 3.0kBT/dp

2 and a time step Δt = 0.04 (mdp
2/

104 kBT)
1/2 were used. In these simulations, 81 000 beads were

105 placed randomly in a cubic box of side 30dp with a polymer
106 volume fraction φ = 0.05. Periodic boundary conditions were
107 implemented, and the repulsive interaction parameter for like
108 particles, aAA = aBB = aBS, was set to 25kBT/dp

2.32 In the
109 following, we omit the units of kBT/dp

2 for conciseness. The
110 system was equilibrated for a value of excess interaction energy
111 for contacts between A and B beads (Δa = aAB− aAA) of 15 by
112 slowly increasing Δa and monitoring the system until the
113 aggregation numbers were stable (t ≈ 106, or 2.5 × 107 steps).
114 The system was then placed in the strong segregation regime,
115 where the excess interaction energy was then set to larger
116 values from 22.5 to 40 to halt chain exchange during the
117 umbrella sampling procedure, essentially freezing the distribu-
118 tion of aggregation numbers Q. Importantly, we use larger
119 values of Δa than past simulations of chain exchange
120 kinetics,33,34 which were limited to lower interaction energies
121 to allow micelles to equilibrate within a reasonable simulation
122 time. Our work is intended to mimic experimental systems, in
123 which micelles often cannot fully equilibrate as the necessary
124 relaxation processes are too slow.18,21,36,37

125 A single aggregate was selected for umbrella sampling from
126 the frozen micellar system at the designated interaction energy.
127 First, a cluster analysis using a cutoff distance between core
128 beads of 1.8 was performed to find the distribution of
129 aggregation numbers Q.33 A locally equilibrated micelle was
130 then chosen with Q = 36, which was always within 10% of the
131 weight-average aggregation number of the frozen Q distribu-
132 tion, and all other micelles in the system were replaced by
133 solvent beads. Notably, Q = 36 would likely be below the
134 global equilibrium aggregation number Qeq for the system. It is
135 possible to determine Qeq by computing the escape free energy

136as a function of micelle size;45 however, it is not necessary for
137our micelle to be at equilibrium as we are interested in the
138single-chain behavior rather than the system ensemble.
139Following Halperin and Alexander,8 the reaction coordinate r
140was defined as the distance between the center-of-mass of the
141micelle core and the position of the A−B chain junction. As
142 f1shown in Figure 1, a harmonic force with k = 12.0 was exerted

143via the colvars module38 in LAMMPS39 to bias the system such
144that a randomly chosen chain was held at a selected distance
145away from the micelle center-of-mass. If another chain
146exchange event occurred during the course of the umbrella
147sampling window, the data were discarded due to an incorrect
148center-of-mass calculation, and the simulation was repeated.
149The value of the reaction coordinate r was calculated every 103

150time steps, and distances for subsequent umbrella windows
151were chosen such that the resulting histograms overlapped and
152the simulations yielded information for all observable distances
153 f2of r, as illustrated in Figure 2. These histograms were shown to
154be self-consistent, as determined by a procedure derived from
155the Kolmogorov−Smirnov test (Figure S1),40 indicating that

Figure 1. Schematic of the umbrella sampling procedure. (a) The
equilibrium state of a micelle and the beginning point of the umbrella
sample. (b−d) Separated simulations with biasing potentials added to
hold the junction of the chain (b) closer to the micelle center-of-mass
than is likely at equilibrium, (c) slightly further away than the
equilibrium state, and (d) at a much larger distance than the
equilibrium state. Insets in (b−d): Schematic of the number of points
in the simulation that have approximately a distance r between the
micelle center-of-mass and the biased chain center-of-mass.

Figure 2. Histograms of observed values of the reaction coordinate r
over the course of the simulation for Δa = 25. Each color represents a
different umbrella window.
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156 our sampling was sufficient. The potential of mean force was
157 extracted from the observed histograms through the weighted
158 histogram analysis method (WHAM),41,42 similar to what has
159 been done in hydration studies of proteins.43 The results were
160 shown to be insensitive to the number of histograms (Figure
161 S2), and error analysis was performed via bootstrapping. The
162 simulation trajectories were confirmed to be reversible by a
163 reverse pulling simulation (Figure S3) as performed for past
164 simulations of surfactant micelles.44,45

f3 165 Figure 3 shows that there is a sharp increase in free energy as
166 the chain junction departs from the core−corona interface at r

167 ≈ 2.35 (the zero-free-energy or reference state). Below the
168 equilibrium value of r, the corona block is pulled into the core
169 along with the chain junction, and the unfavorable contacts
170 between the core and corona beads result in an increase in
171 internal energy of the system. Similarly, as the distance
172 between the chain junction and micelle center-of-mass
173 increases, the interaction between the core beads and the
174 solvated corona beads adds an internal energy penalty. In this
175 case, however, corona crowding adds an additional entropic
176 penalty. The point of highest free energy, designated the
177 transition state, occurs near a value r* ≈ 5.0 in all cases,
178 recalling that all micelles have the same aggregation number
179 and therefore the same core radius.
180 To compare the results in Figure 3 to experiment, we
181 applied Kramers’ rate theory to the computed free energy
182 profiles. Here, we converted from DPD to real units using Rcore
183 ∼ 90 Å and D ∼ 10−11 cm2/s as calculated from the Rouse
184 model, taking experiments by Choi et al. as a model system.46

185 We found a time scale of chain exchange on the order of
186 minutes to days for varying Δa (Figure S4). This is similar to
187 the observed experimental chain exchange times, an encourag-
188 ing result given that this analysis is far from a rigorous
189 comparison.
190 To analyze the core chain conformation at the transition
191 state, we calculated the radius of gyration, Rg, for the perturbed
192 core chain as a function of r. Here, we isolate the data for Δa =

19325; however, the same trend holds for all interaction energies
194studied (see the Supporting Information for other values of
195 f4Δa). As seen in Figure 4, the radius of gyration initially

196increases as the chain is being expelled, likely due to chain
197stretching as part of the chain remains in the core to minimize
198the internal energy penalty of exposure to corona. The radius
199of gyration begins to rapidly decrease as r is increased beyond
200the transition state. Notably, however, the core chain is still
201partially expanded at the transition state, but the radius of
202gyration decreases to its minimum while the chain junction is
203within the micelle corona, which extends to r ≈ 6.5. This
204system with NA = 4 is too small to collapse completely to form
205a globule, however, consistent with prior DPD work.47 This is
206a limitation of this model system and indicates that we cannot
207really assess the validity of the postulated globular transition
208state.8 The observed transition state, where the perturbed core
209block stretches to remain partially shielded in the spherical
210core, does not necessarily reflect what occurs in solutions of
211longer chains that fully collapse in a bad solvent. In the future,
212we plan to use this technique to examine micelles with longer
213chains to address this important point.
214It is evident that both the free energy increase upon chain
215expulsion and the height of the barrier are strongly dependent
216on the excess interaction energy Δa, as a higher interfacial
217energy leads to a larger enthalpic penalty for exposure of core
218 f5beads to solvent. Figure 5a shows that the height of the free
219energy barrier in Figure 3 increases approximately linearly with
220Δa, with a slope of 0.43. Here, we can conclude that an
221increase in Δa or χ will yield a monotonic increase in the free
222energy barrier. Notably, there is a slight deviation from the
223linear trend at high interaction energies (Δa ≥ 40). It is
224possible that this difference is due to the deformation of the
225micelle core at the transition state seen in the inset of Figure
2265a. Although the unperturbed micelle remains spherical at Δa
227= 40, the micelle core distorts near the transition state to
228accommodate the displacement of the core block. This reduces
229the energetic penalty of exposure of core beads to the micelle
230core even as it extends toward the transition state.

Figure 3. Free energy profiles of chain expulsion from a micelle with
Q = 36 as a function of the distance between the center-of-mass of the
micelle and the junction of the chain being expelled (r). From bottom
to top: Δa ranges from 22.5 to 40 in increments of 2.5. The dash−dot
line designates the average distance around equilibrium, and the
dashed line is the approximate outer radius of the micelle, i.e., the
extent of the micelle corona.

Figure 4. Radius of gyration of the core block along the reaction
coordinate for chain expulsion, the distance between the center-of-
mass of the micelle, and the junction of the chain being expelled. Each
point represents one umbrella window. Error bars are the standard
deviation for observations over the course of the umbrella sample.
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231 A second point is that the extrapolated barrier for Δa or χ =
232 0 from the data in Figure 5a is positive, where we would expect
233 the barrier to be zero if there were no excess interaction energy
234 for A−B contacts. In fact, Ma and Lodge,15 and later Wang et
235 al.,20 discussed a possible offset from a zero free energy barrier
236 at χ = 0, as no micelles should form for a block polymer where
237 the core block is at, or above, the theta point (χ ≥ 0.5). Thus,
238 there is reason to expect that the barrier might not remain
239 linear in Δa as the demicellization transition is approached.
240 Note also that the extrapolation is substantial, as the umbrella
241 sampling method can only be implemented at large Δa values
242 where chain exchange is rare. Additionally, the simulations are
243 intended to mimic the experimental situation for many block
244 copolymer micelles, which tend not to be in equilibrium. In a
245 system with larger excess free energy, the equilibrium
246 aggregation number is expected to increase, but the current
247 system is frozen at lower Q.
248 The free energy barrier to chain exchange ranges from 11 to
249 18 kT with increasing interaction energy. To resolve the
250 contribution that is due to an increase in energy, we examined
251 the increase in energy due to contacts of the core block upon
252 expulsion into the solvent. Here, the energy due to pairwise
253 contacts in each case (as a free chain and within the micelle) is
254 calculated as
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258 where N is the number of beads and rij is the distance between
259 beads i and j. The excess energy due to contacts, ΔEcontacts or

260Ecore,micelle − Ecore,free, is displayed in Figure 5b. For comparison,
261the increase in free energy at large values of r (designated Flast
262in Figure 5b), where the chain is fully expelled, is also shown.
263This increase in free energy, compared to the reference state
264where the chain junction lies at the core−corona interface,
265reflects the combined effects of a relief of corona stretching
266and the energetic penalty of the free chain in solution as well as
267a change in free energy per chain for the micelle as Q is
268decreased.
269From Figure 5b, it is clear that ΔEcontacts accounts for the
270large majority of the free energy barrier to chain expulsion.
271This contribution increases with interaction energy, from 73%
272for Δa = 22.5 to 94% for Δa = 40. This is likely because the
273other main contribution to the free energy barrier is due to
274chain stretching at the transition state, which should not be
275strongly dependent on interaction energy for micelle cores that
276remain spherical at the transition state. Moreover, we find that
277ΔEcontacts is not significantly different from Flast, supporting the
278conclusion that an increase in entropy due the relief of corona
279chain stretching is a relatively minor contribution to the total
280change in free energy. We do note that the chosen aggregation
281number of Q = 36 is likely to be below the optimal aggregation
282number for this system and for most experimental systems, and
283one should therefore expect an additional increase in free
284energy per chain of the micelle upon expulsion because the
285ensemble is moving further away from equilibrium.
286In summary, this work demonstrates that umbrella sampling
287can be used to compute the free energy profile for chain
288expulsion in a block copolymer micelle. As the chain is expelled
289through the corona, the core block initially stretches until it
290begins to shrink at the transition state due to internal energy
291considerations. The free energy barrier to chain exchange was
292found to increase linearly with the Flory−Huggins interaction
293parameter χ, validating past experimental and theoretical
294results; however, at large interaction penalties, the transition
295state may involve a deformation of the micelle core, causing a

Figure 5. Effect of interaction energy on free energy contributions to chain expulsion. (a) Blue points designate the free energy barrier for chain
exchange, with the dashed line indicating a linear fit to the first 6 points. The gray dashed line marks the approximate boundary beyond which
micelles do not form. Inset: Configuration of a micelle close to the transition state for the largest interaction energy case (Δa = 40), rendered by
VMD (solvent beads are omitted). Core beads are shown in red and corona beads in blue. Transparency is decreased for the chain being expelled.
(b) Yellow bars represent the increase in energy due solely to contacts of the core block with solvent upon expulsion, and red indicates the change
in free energy once the chain is fully expelled from the micelle compared to the minimum free energy state.
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296 deviation from this linear trend. This work provides insight
297 into the behavior of single chains during expulsion from block
298 polymer micelles and a pathway for future studies evaluating
299 discrepancies surrounding the process of single-chain exchange
300 and the proposed transition state.
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