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Abstract	  

In	  this	  paper	  we	  present	  protocols	  for	  simulating	  micelles	  using	  dissipative	  particle	  dynamics	  

(and	   in	   principle	   molecular	   dynamics)	   that	   we	   expect	   to	   be	   appropriate	   for	   computing	  

micelle	  properties	  for	  a	  wide	  range	  of	  surfactant	  molecules.	  The	  protocols	  address	  challenges	  

in	  equilibrating	  and	  sampling,	  specifically	  when	  kinetics	  can	  be	  very	  different	  with	  changes	  

in	   surfactant	   concentration,	   and	  with	   even	  minor	   changes	   in	  molecular	   size	   and	   structure,	  

even	  using	   the	   same	   force	   field	  parameters.	  We	  demonstrate	   that	  detection	  of	   equilibrium	  

can	   be	   automated	   and	   is	   robust,	   for	   the	   molecules	   in	   this	   study	   and	   others	   we	   have	  

considered.	  In	  order	  to	  quantify	  the	  degree	  of	  sampling	  obtained	  during	  simulations,	  metrics	  

to	  assess	  the	  degree	  of	  molecular	  exchange	  among	  micellar	  material	  are	  presented,	  and	  the	  

use	   of	   correlation	   times	   are	   prescribed	   to	   assess	   sampling	   and	   for	   statistical	   uncertainty	  

estimates	   on	   the	   relevant	   simulation	   observables.	   We	   show	   that	   the	   computational	  

challenges	  facing	  the	  measurement	  of	  the	  critical	  micelle	  concentration	  (CMC)	  are	  somewhat	  

different	  for	  high	  and	  low	  CMC	  materials.	  While	  a	  specific	  choice	  is	  not	  recommended	  here,	  

we	  demonstrate	  that	  various	  methods	  give	  values	  that	  are	  consistent	  in	  terms	  of	  trends,	  even	  

if	  not	  numerically	  equivalent.	  	  
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Introduction	  

The	  formation	  of	  micelles	  in	  aqueous	  surfactant	  solutions	  is	  an	  essential	  component	  of	  many	  

industrial	  processes.	  Micelles	  can	  be	  used	  to	  facilitate	  drug	  delivery,	  act	  as	  friction	  modifiers	  

and	   are	   important	   in	   the	   cleaning	   behaviour	   of	   home	   and	   personal	   care	   goods	   (e.g.,	  

shampoos,	   laundry	   products).1-‐8	   Micelles	   even	   play	   a	   significant	   role	   in	   the	   human	   body	  

where	   they	   are	   crucial	   in	   our	   ability	   absorb	   fat	   soluble	   vitamins.9	   A	   wide	   variety	   of	  

experimental	   techniques,	   including	   nuclear	   magnetic	   resonance,	   electron	   paramagnetic	  

resonance,	   light	  scattering	  and	  small	  angle	  neutron	  diffraction	  have	  be	  used	  to	  monitor	  the	  

formation,	  structure	  and	  composition	  of	  micelles.	  Self-‐assembly	  of	  surfactants	   into	  micelles	  

occurs	  only	  when	  their	  concentration	  exceeds	  the	  critical	  micelle	  concentration	  (CMC)	  of	  the	  

surfactant.	  The	  CMC	  of	  a	  surfactant	  is	  a	  crucial	  property	  and	  an	  important	  metric	  for	  a	  wide	  

variety	  of	  industrial	  applications	  involving	  surfactant	  adsorption	  at	  interfaces,	  such	  as	  foams,	  

emulsions,	  suspensions,	  and	  surface	  coatings.	  The	  CMC	  can	  be	  identified	  experimentally	  from	  

a	  discontinuity	  or	   inflection	  point	   in	  plots	   of	   some	  physical	   properties	  of	   the	   solution	   as	   a	  

function	   of	   surfactant	   concentration.	   Figure	   1	   demonstrates	   the	   changes	   that	   occur	   in	   a	  

solution	   at	   the	  CMC	   for	   sodium	  dodecyl	   sulfate	   (SDS),	   a	   common	   anionic	   surfactant.10	   The	  

CMC	  of	  a	  surfactant	  varies	  with	  temperature,	  pressure	  and	  often	  due	  to	  the	  presence	  of	  other	  

surface-‐active	   molecules.	   It	   can	   be	   determined	   using	   a	   variety	   of	   techniques,	   e.g.,	  

tensiometry,	  conductometry,	  and	  fluorescence	  spectroscopy.11	  The	  CMC	  does	  not	  represent	  a	  

very	  sharply	  defined	  point	  at	  which	  all	  observables	  exhibit	  a	  transition,	  a	  characteristic	  of	  so-‐

called	  first	  order	  phase	  transitions.	  Consequently,	  experimental	  values	  may	  vary	  depending	  

on	  the	  measurement	  technique	  adopted.	  	  
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Molecular	   simulation	   offers	   a	   complementary	   method	   to	   experiment	   and	  

phenomenological	   theory	   in	   the	   study	   of	   micelles,	   allowing	   molecular	   level	   resolution,	  

dynamics,	  and	  certain	  thermodynamic	  quantities	  to	  be	  determined.	  A	  number	  of	  techniques	  

have	  been	  applied	  to	  the	  computational	  study	  of	  micelles	  over	  the	  past	  three	  decades	  ranging	  

from	   physics-‐type	   models	   in	   which	   only	   the	   essential	   features	   are	   retained	   to	   atomistic	  

models	   based	   on	   realistic	   potentials.12-‐19	   A	   number	   of	   excellent	   lattice-‐based	   models	   also	  

exist.18-‐19	  Micelle	  formation	  is	  a	  difficult	  process	  to	  simulate	  with	  all-‐atom	  methods	  due	  to	  the	  

time	   scales	   involved.	   Dissipative	   particle	   dynamics	   (DPD)	   has	   proven	   to	   be	   an	   effective	  

method	  to	  address	  the	  length	  and	  time	  scales	  necessary	  for	  a	  number	  of	  important	  aspects	  of	  

micelle	  formation	  and	  properties	  and	  is	  being	  employed	  in	  an	  increasing	  number	  of	  studies	  

concerning	  micelles.20-‐24	  Recently	  Vishnyakov	  et	  al.,	  have	  used	  DPD	  in	  the	  prediction	  of	  CMC	  

values	  for	  model	  surfactants,	  and	  Lee	  et	  al.,	  studied	  the	  effect	  of	  chain	  rigidity	  on	  the	  CMC	  of	  

surfactant	   molecules.20,	   21	   This	   work	   provides	   in	   our	   opinion	   an	   example	   of	   current	   best	  

practice	  of	  CMC	  determination	  by	  DPD.	  	  

The	  overall	  ambition	  of	  our	  current	  work	  programme	  is	  to	  employ	  high	  performance	  

computing	  and	  the	  growing	  body	  of	  experimental	  data	  to	  develop	  and	  optimize	   interaction	  

parameters	  (force	  fields)	  so	  that	  models	  can	  be	  systematically	  improved	  and	  validated	  to	  the	  

point	   they	   are	   useful	   for	   predictive,	   i.e.,	   chemical	   engineering	   applications.	   This	   type	   of	  

approach	  has	  been	  adopted	  with	  surprising	  effect	  in	  quantum	  chemistry	  as	  well	  as	  in	  small	  

molecule	   force	   field	  construction	  (for	  example,	   in	   the	  Gaussian-‐n	  approaches	  and	  the	  OPLS	  

force	  field	  family	  respectively).25,26	  Other	  notable	  examples	  that	  mesh	  well	  with	  our	  ambition	  

are	  recent	  efforts	   to	  develop	  parameterisation	  methodology	  and	  software	  tools	  such	  as	  the	  

Force	  Balance	  approach	  of	  Wang,	  Martinez	  and	  Pande.27	  	  	  
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To	  support	  this	  ambition,	  this	  paper	  is	  concerned	  with	  the	  establishment	  of	  a	  protocol	  

for	  micelle	  simulation	  and	  CMC	  determination	  that	  can	  be	  broadly	  and	  consistently	  applied	  

on	  a	  wide	  range	  of	  surfactant	  materials.	  By	  broadly	  applicable	  we	  mean	  the	  protocol	  should	  

work	   for	   a	   wide	   variety	   of	   molecules	   (e.g.,	   large	   and	   small;	   charged/uncharged;	  

branched/linear).	   Consistent	   application	   of	   our	   protocol	   is	   hoped	   to	   allow	   results	   from	  

different	  research	  groups	   to	  be	  more	  easily	  combined	  (meta-‐studies)	   for	  community-‐based	  

efforts.	   Our	   protocol	   consists	   of:	   methodology	   choices;	   specification	   of	   observables	   of	  

interest;	  construction	  of	  starting	  coordinates;	  establishment	  of	  equilibration;	  determination	  

of	   adequacy	   of	   sampling.	   As	   this	   is	   our	   first	   attempt	   at	   developing	   a	   protocol	   for	   micelle	  

simulation,	  we	  have	  limited	  the	  study	  to	  non-‐ionic	  linear	  surfactant	  molecules.	  We	  will	  apply	  

the	   protocol	   to	   charged	   surfactant	   molecules	   and	   those	   with	   more	   complex	   molecular	  

structure	   in	   subsequent	   communications.	  The	  outlined	  protocol	   is	   a	  necessary	   first	   step	   to	  

developing	  force	  field	  parameters	  that	  can	  be	  validated	  against	  experiment	  for	  a	  wide	  range	  

of	  molecules.	  With	  the	  consistent	  development	  of	  new	  force	  fields	  comes	  the	  opportunity	  to	  

study	  outstanding	  issues	  in	  micelle	  physics.	  

In	  the	  following	  Methodology	  section	  we	  survey	  various	  aspects	  of	  the	  protocols,	  and	  

the	   rationale	   for	   specific	   choices	   made	   therein.	   In	   the	   Results	   section,	   we	   apply	   these	  

protocols	   to	   three	   (idealized)	  molecules	  with	   relatively	   low,	  medium	  and	  high	  CMC	  values.	  

Finally,	  in	  the	  Discussion	  section	  we	  summarize	  the	  key	  findings	  and	  recommendations.	  
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2.	  Methodology	  

In	   this	   section	  we	  describe	   the	  elements	  of	   the	  micelle	  simulation	  protocols.	  These	   include	  

the	   choice	   of	   clustering	   method,	   simulation	   observables,	   system	   size	   considerations,	  

equilibration	   detection,	   sampling	   and	   uncertainty	   estimation,	   and	   determination	   of	   CMC.	  

Finally,	  details	  of	  the	  simulation	  carried	  out	  in	  our	  study	  are	  presented.	  For	  the	  underpinning	  

DPD	  methodology,	  we	  refer	  to	  the	  many	  detailed	  descriptions	  in	  the	  literature.28-‐30	  The	  DPD	  

formalism	  used	  for	  this	  study	  follows	  that	  of	  Groot	  and	  Warren.29	  	  	  

Clustering	   procedure.	   The	   description	   of	   a	   protocol	   that	   will	   support	   systematic	  

improvement	   of	   force	   field	   parameters	   for	   surfactants	   begins	   with	   a	   discussion	   of	   how	  

surfactant	  aggregates	  will	  be	  identified.	  The	  method	  chosen	  should	  be	  simple	  to	  implement	  

with	  a	  minimal	  set	  of	  associated	  parameters,	  it	  should	  be	  based	  only	  on	  particle	  coordinates	  

at	   a	   single	   point	   in	   time,	   rather	   than	   velocities	   or	   on	   trajectory	   history,	   it	   should	   be	  

deterministic	  and	  unique	  in	  that	  a	  given	  set	  of	  particle	  coordinates	  should	  produce	  a	  single	  

partitioning	  of	  material.	  Furthermore,	  to	  support	  the	  goal	  of	  generating	  improved	  force	  field	  

parameters	   for	   a	   large	  variety	  of	  molecules,	   it	   should	  work	  equally	  well	   for	  many	   types	  of	  

molecules,	  large	  or	  small,	  ionic	  or	  nonionic,	  linear	  or	  branched.	  	  	  	  

Most	   clustering	   algorithms	   are	   based	   on	   some	  measure	   of	   intermolecular	   distance.	  	  

This	  may	  be	  based	  on	  distances	  between	  centers	  of	  mass	  or	  geometry,	  distances	  between	  tag	  

sites	  (special	  sites	  within	  each	  molecule	  used	  for	  this	  purpose),	  distances	  between	  the	  closest	  

pair	  of	  any	  sites	  between	  the	  two	  molecules,	  or	  distances	  between	  the	  closest	  pair	  of	  some	  

subset	   of	   the	   sites	   (such	   as	   the	   solvophobic	   sites)	   in	   the	   two	   molecules.	   Lee	   et	   al.,	   and	  

Vishnyakov	  et	  al.,	  assumed	  two	  molecules	  belonged	  to	  the	  same	  cluster	  if	  any	  two	  of	  their	  tail	  

or	  middle	  beads	  overlapped,	  for	  example.20,	  21	  
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	  For	  small	  molecules,	  the	  differences	  among	  these	  approaches	  are	  usually	  superficial,	  

since	  essentially	  all	   sites	  within	  a	  small	  molecule	  are	  close	   to	   its	  molecular	  center,	  but	   this	  

will	  not	  be	  the	  case	  for	  larger	  molecules.	  Therefore,	  since	  the	  use	  of	  the	  molecular	  center	  of	  

mass	   or	   geometry,	   or	   of	   a	   specific	   tag	   site	   is	   not	   extendable	   to	   larger	   molecules	   we	   only	  

considered	   criteria	   based	   on	   all	   or	   a	   subset	   (solvophobic)	   of	   the	   molecular	   sites.	   A	  

comparison	   of	   these	   two	   clustering	   approaches	   is	   shown	   in	   Figure	   2.	   The	   left	   side	   of	   the	  

figure	  shows	  the	  results	  of	  clustering	  based	  on	  all	  sites	  of	  each	  molecule,	  with	  two	  molecules	  

considered	   to	  be	   in	   the	   same	  cluster	   if	   any	  pair	  of	   sites	   is	   sufficiently	   close.	  The	   right	   side	  

shows	  the	  results	  of	  using	  the	  same	  particle	  coordinates,	  but	  based	  on	  considerations	  of	  just	  

the	  solvophobic	  sites.	  The	  number	  of	  clusters	  is	  significantly	  larger	  and	  their	  size	  (number	  of	  

constituent	   surfactant	  molecules)	   significantly	   smaller	  when	  only	   the	  solvophobic	   sites	  are	  

used.	  	  Inspection	  shows	  that	  clustering	  based	  on	  the	  solvophobic	  material	  resolves	  the	  larger	  

aggregates	   into	   smaller	   distinct	   micellar	   groups,	   each	   characterized	   by	   compact	   isolated	  

regions	  of	   solvophobic	  material.	   This	   latter	  picture	  better	   supports	   the	  notion	  of	   a	  micelle	  

and	   it	   allows	   characterization	   of	   the	   sizes	   and	   shapes	   of	   supra-‐micellar	   aggregates.	   This	  

choice	   of	   clustering	   based	   on	   solvophobic	   versus	   all	   sites,	   of	   course,	   profoundly	   affects	  

subsequent	   classification	   of	   material	   into	   micelles	   versus	   free	   monomers	   and	   small	  

submicellar	   clusters	   of	   surfactant,	   as	   well	   as	   resulting	   estimates	   of	   micelle	   shape	  

distributions,	   micelle	   mean	   aggregation	   number	   and	   CMC.	   Another	   parameter	   of	   the	  

clustering	  algorithm	  is	  the	  site-‐based	  cutoff	  distance	  used	  to	  determine	  if	  two	  molecules	  are	  

considered	   close	   enough	   to	   be	   in	   the	   same	   cluster.	   	   We	   have	   used	   the	   DPD	   interatomic	  

interaction	   distance	   (rc)	   for	   this	   parameter,	   since	   it	   defines	   intermolecular	   contact	   in	   an	  
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energetic	   sense	   and	   offers	   a	   natural	   distance	   scale.	   Small	   variations	   of	   the	   cluster	   cutoff	  

distance	  parameter	  from	  this	  value	  have	  not	  produced	  noticeable	  changes	  in	  results.	  	  	  

Simulation	  observables.	  A	  number	  of	  important	  observables	  can	  be	  derived	  after	  the	  

clustering	  procedure	  has	   been	  performed	  on	   a	  molecular	   configuration	  produced	  during	   a	  

simulation.	   These	   include	   the	   total	   number	   of	   clusters	   and	   cluster	   shape	   and	   size	  

distributions.	   Clusters	   can	   be	   classified	   as	   either	   micellar	   or	   submicellar	   based	   on	   the	  

number	  of	  surfactant	  molecules,	  using	  a	  surfactant	  number	  cutoff.	  The	  choice	  of	  this	  cluster	  

size	   cutoff	   parameter	   is	   an	   important	   and	   controversial	   issue	   that	  will	   be	   addressed	  with	  

examples	  later	  in	  this	  paper.	  Often	  there	  is	  a	  deep	  minimum,	  or	  even	  a	  gap,	  in	  the	  cluster	  size	  

distribution.	  In	  this	  case	  the	  distinction	  between	  submicellar	  aggregates	  and	  actual	  micelles	  

is	  obvious,	  and	  analysis	  results	  can	  be	  insensitive	  the	  exact	  choice	  of	  the	  size	  parameter.	  	  	  

However,	  we	  have	   observed	  many	   cases	  where	   there	   is	   no	   such	   obvious	  minimum,	  

and	  the	  choice	  of	  cutoff	  value	  could	  be	  surfactant	  concentration	  dependent,	  may	  depend	  on	  

the	  particular	  surfactant	  molecule	  being	  simulated,	  and	  may	  depend	  on	  choice	  of	  force	  field	  

parameters.	   The	   value	   of	   the	   cutoff	   can	   affect	   subsequent	   computation	   of	   the	   CMC	   since	  

many	  metrics	  are	  based	  on	  the	  concentration	  of	  submicellar	  material,	  and	  can	  also	  affect	  the	  

mean	  aggregation	  number	  since	  small	  clusters	  may	  be	  classified	  differently	  depending	  on	  the	  

value	  of	  the	  size	  cutoff.	  	  	  

Once	   clusters	   have	   been	   classified	   as	   micellar,	   aggregates	   of	   these	   micelles	   can	   be	  

identified	  and	  characterized	  with	  respect	  to	  their	  size	  and	  shape.	  Another	  useful	  metric	  that	  

can	  be	  computed	  after	  clusters	  have	  been	  identified	  is	  what	  we	  term	  the	  cohabitation	  order	  

parameter,	   Q1	   (Equation	   1	   and	   Supporting	   Information,	   section	   A,	   for	   definition).	   This	  

provides	  useful	  information	  about	  the	  cluster	  size	  distribution.	  	  
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𝑄! =

1

2

𝑠
!

𝑠
− 1 	  

(1)	  

Note	   that	   𝑠 	  is	   the	   mean	   aggregation	   number	   and	   𝑠! 𝑠 	  is	   the	   weight-‐averaged	  

aggregation	  number.	  For	  uniformly	  dispersed	  surfactant,	  all	  surfactant	  molecules	  are	  free,	  or	  

exist	   in	  very	  small	  clusters,	  so	  the	  value	  of	  Q1	   is	  small	  at	   the	  beginning	  of	  a	  simulation	  and	  

grows	   as	   the	   clusters	   form.	   When	   larger	   clusters	   break	   apart,	   the	   value	   of	   Q1	   decreases.	  

Therefore,	   Q1	   is	   a	   useful	   observable	   for	   monitoring	   the	   approach	   to	   equilibrium	   and	   its	  

temporal	   behavior	   can	   be	   related	   to	   processes	   such	   as	   micelle	   growth,	   degradation	   and	  

merging.	  

System	   size.	   There	   should	   be	   enough	   material	   in	   the	   simulations	   to	   characterize	  

adequately	  all	  the	  important	  observables.	  For	  example,	  since	  the	  number	  of	  micellar	  clusters	  

is	   important	   for	   characterizing	   both	   the	   CMC	   and	   the	   mean	   aggregation	   number,	   our	  

experience	  is	  that	  simulations	  should	  have	  enough	  material	  to	  form	  at	   least	  five	  micelles	  at	  

the	   total	   surfactant	   concentrations	   where	   micelles	   form.	   In	   our	   experience	   trial	  

concentration	   scans	   are	   necessary,	   perhaps	   with	   a	   smaller	   simulation	   boxes,	   in	   order	   to	  

determine	  the	  appropriate	  system	  size	  needed	  for	  production	  simulations.	  

Equilibration.	  Simulations	  are	  usually	  started	  with	  molecular	  configurations	  that	  may	  

be	   far	   from	  equilibrium	  with	   respect	   to	  aggregation	  behavior,	   such	  as	  uniformly	  dispersed	  

surfactant	  molecules.	  Over	  time,	  micellar	  aggregates	  will	   form	  and	  their	  numbers	  and	  sizes	  

will	  change.	  	  For	  obtaining	  thermodynamic	  averages,	  however,	  data	  should	  not	  be	  used	  until	  

the	   system	   has	   equilibrated.	   An	   automated	  way	   to	   signal	   when	   the	  molecular	   system	   has	  

reached	  equilibrium	  is	  very	  important	  in	  situations	  where	  hundreds	  of	  simulations	  are	  being	  

performed.	  	  
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The	  clustering	  procedure	  can	  either	  be	  done	  on	  the	  fly	  as	  the	  simulation	  proceeds,	  or	  

by	   post-‐processing	   coordinates	   saved	   in	   trajectory	   files.	   Either	  way,	   the	   time	   series	   of	   the	  

observables	   of	   interest	   can	   be	   acquired.	   Figure	   3	   shows	   an	   example	   of	   this	   where	   the	  

observable	   is	   the	   number	   of	   surfactant	   molecules	   in	   submicellar	   clusters.	   Since	   the	  

simulation	   starts	  with	  uniformly	  dispersed	   surfactant	   this	  metric	   drops	   rapidly	   during	   the	  

equilibration	  phase	  from	  an	  initial	  value	  of	  about	  1300	  and	  settles	  to	  fluctuate	  near	  values	  of	  

about	   100.	   We	   have	   found	   the	   following	   analysis	   protocol	   useful.	   First,	   time	   series	   data	  

(collected	   every	   500	   DPD	   time	   steps)	   is	   organized	   into	   blocks	   of	   10	   samples	   each,	   and	  

averages	  and	  standard	  deviations	  are	  calculated	  for	  each	  block.	  A	  sliding	  window	  of	  20	  such	  

blocks	  is	  considered,	  and	  a	  weighted	  linear	  least	  squares	  (WLLS)	  fit	  is	  calculated	  using	  the	  20	  

block	   averages	   with	   the	   weights	   set	   by	   the	   20	   block	   standard	   deviations.	   This	   procedure	  

essentially	  fits	  a	  straight	  line	  to	  the	  observable	  as	  a	  function	  of	  time,	  over	  a	  sliding	  window	  of	  

200	  samples	  (corresponding	  to	  200	  000	  DPD	  simulation	  time	  steps).	  The	  error	  in	  the	  slope	  

can	  be	   calculated	   from	   the	   standard	  deviations	  used	   in	   the	  WLLS	   fit.	  When	   the	   simulation	  

starts,	  the	  system	  is	  far	  from	  equilibrium	  and	  many	  observables	  show	  a	  systematic	  trend.	  In	  

this	   non-‐equilibrated	   regime,	   the	   slopes	   of	   the	  WLLS	   fits	   will	   be	   statistically	   significantly	  

different	   from	   zero	   and	   of	   some	   uniform	   sign.	   However	   in	   an	   equilibrated	   system	   the	  

observables	  show	  random	   fluctuations	  about	  constant	  mean	  values.	   In	   terms	  of	   the	  sliding	  

window	  WLLS	   fits,	   the	   system	   is	   considered	   to	  be	  equilibrated	  when	   the	   slope	  are	   zero	   to	  

within	   the	   statistical	   uncertainty,	   and	   remains	   that	   way	   for	   20	   consecutive	   blocks.	   This	  

automated	  equilibration	  criterion	  obviously	  depends	  to	  some	  extent	  the	  choices	  made	  for	  the	  

number	  of	  time	  steps	  per	  sampling	  period	  (500),	  the	  number	  of	  sampling	  periods	  per	  block	  

(10),	  the	  number	  of	  blocks	  used	  in	  the	  sliding	  window	  (20),	  and	  the	  number	  of	  consecutive	  
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blocks	   (20)	   needed	   for	   the	   system	   to	   be	   considered	   at	   equilibrium.	   Ideally,	   the	   sliding	  

window	  should	   represent	   at	   least	   a	   correlation	   time	   in	   the	  amount	  of	   simulation	  data,	   but	  

this	   is	   not	   usually	   known	   during	   the	   equilibration	   process,	   so	   these	   parameters	   must	   be	  

refined	   heuristically.	   They	   are	   likely	   to	   be	   somewhat	   dependent	   on	   the	   molecule	   and	  

thermodynamics	   conditions,	   but	   the	   values	   reported	   above	   work	   for	   the	   simulations	  

described	  in	  this	  article.	  	  	  	  

Sampling	  and	  uncertainty	  estimation.	  After	  the	  equilibration	  phase	  is	  complete,	  the	  

time	  series	  data	   for	  the	  observables	   is	  accumulated	  and	  analyzed	  to	  compute	  averages	  and	  

standard	   deviations.	   Since	   the	   data	   is	   temporally	   correlated,	   this	   correlation	   needs	   to	   be	  

taken	  into	  account	  in	  estimating	  statistical	  uncertainty.	  Therefore,	  autocorrelation	  functions	  

and	   their	   associated	   correlation	   times	   are	   computed	   and	   used	   to	   estimate	   standard	  

deviations	   of	   the	   mean	   (Supporting	   Information,	   section	   D).	   For	   example,	   the	   following	  

equations	  provide	  the	  average	  number,	  Mf,	  and	  statistical	  uncertainty,	  δ(Mf),	  in	  the	  number	  of	  

surfactant	  molecules	  in	  a	  simulation	  with	  M	  total	  surfactant	  molecules:	  

	   𝑀! = 𝑀𝜒	  

𝛿 𝑀! = 𝑀 𝜒 − 𝜒 ! 2𝜏 𝐷

!/!

	  

(2)	  

(3)	  

where	  χij	  is	  an	  indicator	  function	  which	  is	  one	  if	  molecule	  i	  is	  in	  a	  submicellar	  sized	  cluster	  at	  

time	   tj	   after	   the	   end	   of	   the	   equilibration	   phase	   of	   the	   simulation.	   	  𝜒	  is	   the	   average	   of	   this	  

indicator	   function	  over	  all	   surfactant	  molecules	  and	  over	   the	  duration,	  D,	  of	   the	  simulation	  

and	  gives	  the	  probability	  that	  a	  surfactant	  molecule	  is	  in	  a	  cluster	  of	  submicellar	  size.	  Also	  in	  

this	  expression	  is	  the	  standard	  deviation	  of	  this	  indicator	  function	  and	  the	  correlation	  time,	  τ,	  

for	   this	  observable.	   	  D/2τ	   is	   the	  effective	  number	  of	  uncorrelated	  samples.	  The	  correlation	  
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time	   is	   computed	  as	   the	   following	   integral	   over	   the	   estimate	  of	   the	  normalized	   fluctuation	  

correlation	  function:	  
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1

2
+
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𝑁

!!!

!!!
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(4)	  

(5)	  

where	  Δt	   is	  the	  time	  period	  between	  measurements	  of	  χ	  and	  D=NΔt.	  An example of the result 

this process is shown in Figure 4.  

In	   addition	   to	   being	  useful	   for	   estimating	  uncertainties	   in	   time	   averaged	  quantities,	  

the	  correlation	  times	  for	  the	  various	  observables	  can	  also	  provide	  insight	  into	  the	  time	  scales	  

for	   the	  underlying	  physical	   processes	   in	  micellar	   kinetics.	   The	  widely-‐accepted	  Aniansson-‐

Wall	   step-‐wise	  association	  model	  predicts	   two	   time	  scales,	  τ1	   and	  τ2	   (in	  real	   systems	   these	  

are	   typically	   of	   the	   order	  μs	   and	  ms	   respectively).31-‐33	   The	   fast	   τ1–process	   corresponds	   to	  

monomer-‐micelle	   exchange	   kinetics	   and	   the	   slow	   τ1–process	   corresponds	   to	   complete	  

micellar	   turnover.	   The	   separation	   of	   time	   scales	   arises	   because	   in	   stepwise	   association	  

monomer-‐micelle	   exchange	   events	   do	   not	   change	   the	   total	   number	   of	  micelles.	   Therefore,	  

one	   has	   to	   wait	   for	   the	   fluctuations	   to	   take	   the	   micelle	   aggregation	   number	   through	   the	  

minimum	   in	   the	   aggregation	   number	   distribution,	   which	   is	   a	   slow	   Kramers-‐like	   barrier-‐

crossing	  process.	  Alternatively,	  on	   the	   time	  scale	  of	   the	  τ1–process,	  one	  might	  also	  observe	  

micellar	  fusion	  or	  fission	  events	  which	  also	  relax	  the	  number	  density.34	  Our	  simulations	  are	  

faithful	  to	  these	  kinetics,	  and	  all	  these	  processes	  can	  be	  observed	  in	  principle.	  	  	  
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Metrics	   for	   assessing	   the	   degree	   to	   which	   surfactant	   material	   reorganizes	   among	  

micellar	  clusters	  are	  described	  in	  the	  Supporting	  Information,	  section	  A.	  A	  particularly	  useful	  

metric	  is	  the	  normalized	  cohabitation	  correlation	  function,	  defined	  as	  follows:	  

	  
𝑞 |𝑡 − 𝑡!| =

𝜃!" 𝑡 𝜃!"(𝑡
!)!

!!!!!

𝜃!"(𝑡)
!

!!!!!

	  
(6)	  

where	  θij	  is	  a	  cohabitation	  function	  that	  is	  one	  if	  surfactant	  molecules	  i	  and	  j	  are	  in	  the	  same	  

cluster	   and	   zero	   if	   they	   are	   not.	   The	   correlation	   function	   gives	   the	   conditional	   probability	  

that	  two	  surfactant	  molecules	  are	   in	  the	  same	  cluster	  at	   time	  t’	  given	  that	  they	  were	   in	  the	  

same	  cluster	  at	  time	  t.	  	  	  

For	   equilibration	   and	   thorough	   sampling	   it	   is	   desirable	   to	   simulate	   long	   enough	   to	  

observe	  all	  the	  physical	  processes	  that	  might	  occur	  in	  actual	  micellar	  systems.	  However,	  this	  

may	   not	   be	   possible	   and,	   in	   fact,	   it	   may	   not	   even	   be	   necessary	   to	   obtain	   an	   equilibrium	  

distribution	  of	  micellar	  size	  and	  shape	  characteristics.	  But	  one	  should	  always	  endeavour	  to	  

access	   the	   τ2–processes	  which	   allow	   the	  micelle	   number	   density	   to	   equilibrate,	   otherwise	  

there	  is	  a	  danger	  of	  sampling	  bias.	  A	  simple	  way	  to	  monitor	  this	  is	  to	  track	  the	  total	  number	  

of	  micelles.	  

Estimating	   the	   critical	   micelle	   concentration.	   Micellization	   is	   a	   “pseudo”	   phase	  

transition	   rather	   that	   a	   true	   first	   order	   phase	   transition	   (see	   Figure	   1).34,35	   Therefore,	  

different	   experiments	   that	   monitor	   and	   measure	   different	   observables	   might	   suggest	  

different	   transition	   points	   for	   the	   onset	   of	   micelle	   formation.11	   Correspondingly,	   different	  

observables	  measured	  from	  simulations	  may	  also	  suggest	  different	  transition	  characteristics.	  

Moreover,	   simulations	   are	   performed	   on	   relatively	   small	   systems,	   which	   can	   result	   in	  

broadening	   of	   transitions	   that	   are	   expected	   to	   be	   true	   phase	   transitions	   in	   the	  
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thermodynamic	  limit.	  These	  issues	  complicate	  the	  extraction	  of	  micellization	  properties	  from	  

simulation.	  	  	  	  

	  	   An	   idealized	   view	   of	   micellization	   is	   depicted	   in	   Figure	   5.	   	   Consider	   the	   gradual	  

addition	   of	   surfactant	   molecules	   to	   solvent.	   At	   very	   low	   concentration,	   there	   is	   no	  

aggregation	   of	   surfactant.	   In	   this	   regime,	   the	   free	   surfactant	   concentration	   is	   equal	   to	   the	  

total	   surfactant	   concentration.	   At	   this	   low	   concentration,	   there	   are	   no	   micelles.	   With	  

increasing	   total	   surfactant	   concentration,	   at	   some	  point	   (the	   critical	  micelle	   concentration)	  

micelles	  begin	  to	  form.	  As	  more	  surfactant	  molecules	  are	  added	  to	  the	  mixture,	  they	  do	  not	  

cause	  an	   increase	   in	   the	   free	  surfactant	  concentration,	  but,	   rather,	  cause	  an	   increase	   in	   the	  

amount	   of	   material	   in	   micelles.	   The	   micelles	   in	   this	   idealized	   scenario	   have	   a	   relatively	  

narrow	  size	  distribution	  determined	  by	  molecular	  properties	  of	   the	  surfactant	  and	  solvent.	  

Therefore,	   any	   additional	   surfactant	   causes	   the	   production	   of	   more	   micelles	   rather	   than	  

merely	   larger	   ones,	   resulting	   in	   a	   linear	   increase	   in	   the	   micellar	   population	   with	   total	  

surfactant	  concentration,	  but	  no	   increase	   in	   the	  mean	  micelle	   size	  or	   in	   the	   free	  surfactant	  

concentration.	  In	  this	  scenario,	  surfactant	  molecules	  are	  either	  free	  (monomers	  or	  very	  small	  

clusters)	   or	   in	   very	   much	   larger	   micelles,	   and	   the	   onset	   of	   micelle	   formation	   is	   sharp.	   In	  

actual	  simulations,	  however,	  there	  is	  often	  a	  broad	  distribution	  of	  surfactant	  cluster	  sizes	  and	  

it	   can	   be	   difficult	   to	   determine	   at	   which	   size	   they	   should	   be	   called	  micelles.	   Even	   for	   the	  

micelles,	  there	  may	  be	  a	  broad	  distribution	  of	  sizes.	  The	  free	  surfactant,	  or,	  rather	  that	  which	  

exists	   in	   submicellar-‐sized	   clusters,	   may	   not	   be	   constant	   with	   increasing	   total	   surfactant	  

concentrations.	   Since	   a	   finite	   size	   simulation	   box	   can	   contain	   only	   an	   integer	   number	   of	  

micelles,	   there	  may	  be	  a	   free	  energy	  barrier	   for	  the	   formation	  of	  micelles	   from	  submicellar	  

material	   requiring	   that	   the	   total	   surfactant	   concentration	  must	   exceed	   the	  CMC	  before	   the	  
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first	  ones	  are	  observed.	  Finally,	  although	  we	  are	  primarily	  concerned	  with	  the	  formation	  of	  

spherical	  micelles,	   there	   are	  other	   types	  of	  micelles	   that	  develop	  at	  higher	   total	   surfactant	  

concentrations,	  such	  as	  rod-‐like	  and	  worm-‐like	  micelles.	  The	  transitions	  forming	  these	  types	  

of	  micelles	  can	  be	  very	  close	  to	  that	  for	  formation	  of	  the	  spherical	  ones,	  further	  complicating	  

the	  situation.	  	  	  	  

Nonetheless,	  the	  idealized	  behavior	  of	  micellization	  (Figure	  5)	  suggests	  different	  ways	  

to	  extract	  the	  CMC.	  Once	  a	  minimum	  micelle	  size	  is	  established,	  one	  may	  determine	  bounds	  

on	   the	   CMC	   by	   looking	   for	   the	   lowest	   concentration	   that	   has	   at	   least	   one	  micelle	   and	   the	  

highest	   concentration	   that	   has	   none.	   On	   the	   assumption	   that	   the	   free	   surfactant	  

concentration	  is	  constant	  for	  total	  concentrations	  above	  the	  CMC,	  one	  may	  also	  measure	  the	  

submicellar	  surfactant	  concentration	  at	  total	  concentrations	  where	  micelles	  are	  observed,	  or	  

look	  for	  the	  highest	  submicellar	  concentration	  observed	  near	  the	  lowest	  total	  concentration	  

that	   presents	   micelles.	   One	  may	   perform	   linear	   fits	   of	   the	   submicellar	   concentration	   as	   a	  

function	  of	   the	  total	  surfactant	  concentration	  above	  and	  below	  an	  estimate	  of	   the	  CMC	  and	  

detect	   a	   crossing	  point.	  With	  any	  of	   these	  approaches	  based	  on	   submicellar	   concentration,	  

even	   the	   computation	   of	   this	   concentration	   may	   not	   be	   straightforward.	   Santos	   and	  

Panagiotopolous	   (2016)	  have	   shown	   that	   in	   computing	   the	   submicellar	   concentration	   as	   a	  

surrogate	  for	  the	  CMC,	  one	  must	  correct	  the	  volume	  considered	  to	  be	  accessible	  to	  the	  free	  

surfactant	  by	  a	  factor	  somewhat	  more	  than	  one	  would	  expect	  based	  on	  the	  space	  occupied	  by	  

the	  micellar	  material.19	  	  	  	  

The	  idealized	  micelle	  behavior	  also	  suggests	  one	  may	  perform	  a	  linear	  fit	  of	  the	  total	  

number	  of	  micelles	  as	  a	  function	  of	  total	  surfactant	  concentration	  and	  extrapolate	  this	  fit	  to	  

find	   the	   zero	   intercept,	   representing	   the	   highest	   total	   surfactant	   concentration	   where	   no	  
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micelles	   are	   seen.	   Some	   research	   has	   looked	   for	   a	   discontinuous	   response	   in	   some	  

observable	   as	   a	   function	   of	   surfactant	   concentration.	   Santos	   and	   Panagiatopolous	   (2016)	  

have	  performed	  grand	  canonical	  ensemble	  simulations	  (constant	  chemical	  potential,	  volume	  

and	  temperature)	  and	  looked	  for	  a	  discontinuous	  change	  in	  the	  slope	  of	  the	  internal	  pressure	  

as	  a	  function	  of	  surfactant	  concentration.19	  One	  may	  also	  look	  for	  changes	  in	  the	  partial	  molar	  

volume	  of	   the	   surfactant	   in	   isobaric	   (constant	  particle	  number,	  pressure	  and	   temperature)	  

simulations	  as	  one	  increases	  the	  total	  surfactant	  concentration	  from	  below	  to	  above	  the	  CMC.	  

The	  partial	  molar	  volume	  of	   the	  surfactant	  can	  be	  calculated	   from	  a	   linear	   fit	  of	   the	  excess	  

volume	  per	  solvent	  bead,	  Vex/Ns	   ,	   to	  the	  surfactant	  composition,	  x,	  expressed	  as	  the	  ratio	  of	  

the	  number	  of	  surfactant	  beads	  to	  the	  number	  of	  solvent	  beads:	  

	   𝑉!"

𝑁!

=
𝑣!

𝑛
− 𝑣 𝑥 + (𝑣! − 𝑣)	  

(7)	  

where	   vm	   and	   vs	   are	   the	   partial	   volumes	   of	   surfactant	   molecules	   and	   solvent	   beads,	  	  

respectively,	  and	  vs	  −	  v	  is	  the	  difference	  between	  the	  volume	  of	  a	  solvent	  bead	  in	  the	  mixture	  

and	  that	  in	  pure	  solvent,	  which	  is	  very	  close	  to	  zero	  for	  dilute	  solutions.	  n	   is	  the	  number	  of	  

beads	   per	   surfactant	   molecule.	   The	   slope	   of	   such	   a	   linear	   fit	   provides	   vm.	   A	   detailed	  

explanation	  concerning	  the	  calculation	  of	  the	  partial	  molar	  volume	  is	  given	  in	  the	  Supporting	  

Information,	  section	  C.	  	  

	  	  Both	  of	   the	  approaches	  of	   looking	   for	  changes	   in	   the	  behaviour	  of	   the	  pressure	   (in	  	  

constant	  volume	  simulations)	  or	   in	  volume	  (in	  constant	  pressure	  simulations)	  with	  respect	  

to	   surfactant	  concentration	  are	  based	  on	   the	   fact	   that	   the	  volume	  occupied	  by	  a	   surfactant	  

molecule	   is	   different	   if	   it	   is	   surrounded	   by	   solvent	   than	   if	   it	   is	   part	   of	   a	  micelle.	   Another	  

approach	  of	  this	  sort	  is	  to	  compute	  the	  surfactant	  chemical	  potential,	  which	  underpins	  many	  
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of	   the	   phenomenological	  measures	   shown	   in	   Figure	   1	   (for	   example,	   adsorption	   isotherms	  

and	  interfacial	  tensions).	  As	  a	  function	  of	  surfactant	  concentration,	  the	  chemical	  potential	  of	  

the	  surfactant	  is	  expected	  to	  rise	  until	  the	  CMC	  is	  reached,	  then	  level	  off	  (or	  at	  least	  increase	  

much	  less	  rapidly)	  past	  the	  CMC.10	  Methods	  that	  seek	  to	  measure	  a	  small	  change	  in	  pressure,	  

molar	  volume	  or	  chemical	  potential	  are	  challenging	  since	  the	  change	  being	  measured	  may	  be	  

quite	  small	  and	  high	  precision	  is	  required.	  They	  may	  have	  an	  advantage	  over	  methods	  that	  

measure	   surfactant	   cluster	   characteristics,	   however,	   in	   that	   they	   do	   not	   depend	   on	   the	  

somewhat	   arbitrary	   choices	   of	   clustering	   algorithm,	   clustering	   distance	   parameter,	   or	   the	  

cluster	  size	  parameter	  that	  separates	  micellar	  from	  submicellar	  clusters.	  	  	  	  	  	  

Many	  approaches	   for	  extracting	  the	  CMC	  rely	  on	  the	  need	  to	  perform	  simulations	  at	  

extremely	   low	   surfactant	   loadings.	   This	   may	   present	   practical	   problems,	   since	   there	   are	  

likely	   to	   be	   very	   small	   numbers	   of	   micelles,	   or	   they	   may	   be	   transient,	   making	   precise	  

measurements	   difficult.	   To	   help	   address	   this,	   an	   alternative	   operational	   definition	   for	   the	  

CMC	  is	  that	  for	  which	  half	  the	  surfactant	  molecule	  population	  is	  in	  micelles	  and	  the	  other	  half	  

is	   in	  submicellar	  clusters.	  Measures	  of	   the	  CMC	  using	  this	  definition	  are	  roughly	  a	   factor	  of	  

two	  higher	  than	  those	  that	  use	  a	  definition	  based	  on	  the	  first	  observation	  of	  micelles.	  	  

Most	  of	  the	  approaches	  outlined	  above	  require	  a	  specification	  of	  the	  size	  a	  cluster	  of	  

surfactant	  must	  be	  to	  be	  considered	  to	  be	  large	  enough	  to	  be	  called	  a	  micelle.	  Results	  of	  most	  

analyses	   will	   be	   relatively	   insensitive	   to	   this	   parameter,	   but	   only	   if	   the	   cluster	   size	  

distribution	  has	  a	  deep	  minimum	  (or	  a	  gap)	  between	  the	  submicellar	  sizes	  and	  the	  micellar	  

sizes.	  This	  often	  is	  not	  the	  case.	  In	  fact,	  depending	  on	  the	  total	  surfactant	  loading,	  there	  may	  

not	  even	  be	  a	  minimum	  suggesting	  a	  separation	  threshold.	  	  We	  have	  found	  that	  at	  sufficiently	  

high	  loadings	  a	  minimum	  can	  usually	  be	  found.	  	  
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Target	   concentration	  range.	  The	  approaches	  outlined	  above	   for	   characterizing	   the	  

formation	   of	   spherical	  micelles	   call	   for	   the	   need	   to	   perform	   a	   series	   of	   simulations	   over	   a	  

range	  of	   surfactant	   concentrations,	  which	   span	   the	  CMC.	  The	  CMC	   is	  usually	  not	   known	   in	  

advance,	  but	   can	  be	   identified	   from	  examination	  of	   the	  metrics	  discussed	  above.	  One	  must	  

find	   a	   range	  of	   concentrations	  with	  predominantly	   spherical	  micelles,	   and	   recognize	  when	  

concentrations	  become	  so	  high	   that	   tube	   like	  micelles	   and/or	  wormlike	  micelles	   are	  being	  

produced.	   Ideally,	   a	   concentration	   range	   can	   be	   found	   where	   the	   number	   of	   spherical	  

micelles	  grows	  linearly	  with	  surfactant	  concentration	  but	  their	  size	  if	  constant	  (or	  growing	  in	  

an	   expected	   way,	   as	   discussed	   in	   Supporting	   Information,	   section	   B).	   One	   must	   also	   be	  

studying	  systems	  large	  enough	  to	  have	  an	  adequate	  amount	  of	  surfactant	  material	   to	  allow	  

observation	  of	  enough	  micelles	  to	  measure	  their	  properties	  with	  sufficient	  precision	  and	  to	  

believe	  that	  they	  full-‐sized	  micelles	  representative	  of	  equilibrium.	  

Model	   Details.	   To	   test	   the	   protocol,	   three	   different	   idealized	   non-‐ionic	   surfactant	  

molecules	  have	  been	  considered	  in	  the	  work	  presented	  in	  this	  article;	  H6T6,	  H4T4	  and	  H4T3	  

(H=Hydrophilic	  Head,	  T=Hydrophobic	  Tail).	  In	  our	  coarse	  grained	  model	  each	  H	  bead	  can	  be	  

thought	   of	   as	   representing	   an	   ethylene	   oxide	   bead	   (CH2CH2O),	   for	   example,	   and	   each	   tail	  

bead,	  T,	   two	  alkyl	  groups	   (H=CH2CH2).	   In	   this	  sense	  our	  model	  molecules	  are	  analogous	   to	  

the	  surfactants	  of	   the	  CnEOm	   family.	  Model	  surfactant	  beads	  are	  held	   together	  by	  harmonic	  

bonds	   of	   the	   form	  US(r)	   =	   0.5κ(r−r0)2.	   A	   single	   bond	   length	   of	   r0	   =	   0.5	   rc	   was	   adopted	   for	  

simplicity	  with	  κ	  =	  50.0	  kBT.	  Vishnyakov	  et	  al.,	  have	  recently	  shown	  the	  importance	  of	  chain	  

rigidity	   upon	   the	   CMC	   of	  micelles.20	   A	   harmonic	   angular	   potential	   between	   pairs	   of	   bonds	  

was	  adopted	  with	  form	  UB(θ)	  =	  0.5κ(θ−θ0)2.	  An	  equilibrium	  angle	  θ0	  =	  180º	  and	  κ	  =	  5.0	  kBT	  

was	  adopted.	  Table	  I	  shows	  molecular	  volumes	  calculated	  from	  measured	  properties,	  for	  the	  
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relevant	   components	   in	   the	   hydrocarbon	   /	   ethylene	   oxide	   /	  water	   system.	   The	  molecular	  

volume	  is	  given	  by	  vm	  =	  MW	  /ρNA,	  where	  NA	  ≈	  6.02	  ×	  1023	  mol−1	   is	  Avogadro’s	  number.	  The	  

headgroup	   ‘EO’	   component	   is	  used	   to	  define	   the	  bead	  volume	  vb.	   Since	   the	  bead	  density	   in	  

reduced	  units	  is	  ρ	  =	  3,	  this	  means	  rc3	  ≈	  3	  ×	  65	  Å3,	  or	  rc	  ≈	  5.8	  Å.	  This	  defines	  the	  length	  scale	  of	  

our	  DPD	  simulations.	  Table	  I	  therefore	  suggests	  that	  one	  DPD	  bead	  can	  represent	  1	  H	  or	  EO	  

group,	   or	   2.2	   water	   molecules,	   or	   12/5.8	   ≈	   2.1	   carbon	   atoms	   in	   a	   hydrocarbon	   chain	   (T	  

Beads).	  Hence	  the	  choice	  to	  use	  a	  chain	  of	  6	  beads	  the	  alkyl	  half	  of	  a	  C12EO6	  or	  H6T6	  model	  

surfactant.	  	  

In	   this	   study	   we	   have	   aimed	   to	   develop	   a	   surfactant	   representation	   and	  

parameterization	  strategy	  that	  gives	  rise	  to	  a	  diverse	  range	  of	  micelle	  behavior	  upon	  which	  

to	  test	  our	  protocol.	  Broadly	  speaking	  we	  have	  tried	  to	  sample	   low	  CMC,	  medium	  CMC	  and	  

final	  high	  CMC	  ranges.	  We	  have	  not	  explicitly	  attempted	  to	  match	  experimental	  values;	  rather	  

we	   have	   created	  models	   against	   which	   our	   analysis	   and	   characterization	  methods	   can	   be	  

tested.	   The	   adopted	   model	   parameters	   were	   as	   follows.	   We	   followed	   the	   common	   DPD	  

community	  convention	  and	  set	  the	  conservative	  repulsion	  parameters	  between	  beads	  of	  the	  

same	   type,	   i.e.,	   aII,	   as	   25	   for	   all	   species.	   This	   choice	   of	   self-‐interaction	   parameter	   should	  

strictly	   only	   apply	   for	   solvent	   beads	   representing	   a	   single	   H2O	   molecule,	   for	   which	   it	  

reproduces	   the	   compressibility	   of	   water.	   	   However,	   this	   value	   is	   frequently	   adopted	   for	   a	  

number	  of	  different	  bead	  types	  comprising	  different	  chemical	  species.	  We	  recognize	  this	  as	  

unsatisfactory	  and	  ultimately	  our	  aim	  is	  to	  resolve	  this	  by	  the	  application	  of	  our	  protocol	  to	  

improve	   interaction	   parameters	   to	   be	   reported	   in	   subsequent	   communications.	   For	   unlike	  

beads,	   parameters	  were	   chosen	   to	   yield	   a	   close	  match	   to	   the	  CMC	  of	   C12EO6	   for	   our	  H6T6	  
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model.	   The	   resulting	   conservative	   interactions	   for	   unlike	   species	   are	   therefore;	   aWH=25,	  

aWT=45	  and	  aHT=30.	  	  

Cubic	  simulation	  cell	  sizes	  of	  initial	  volume	  64000	  rc3	  were	  adopted	  (unless	  otherwise	  

stated,	  e.g.,	  for	  H4T4	  –	  see	  Results	  and	  Discussion)	  which	  corresponds	  to	  an	  edge	  length	  of	  	  ≈	  

23	   nm.	   Using	   a	   reduced	   density	   of	   ρ	   =	   3	   the	   simulated	   system	   volume	   corresponds	   to	   a	  

system	   size	   of	   192	   000	   beads	   per	   simulation.	   A	   DPD	   time	   step	   of	   0.04	   was	   adopted	   and	  

trajectory	  data	  was	   collected	   every	   500	   time	   steps.	   Simulations	  were	   run	   for	  2	  ×	   106	   time	  

frames.	   A	   reduced	  DPD	   temperature	   of	   1	  kBT	   has	   been	   adopted	   throughout.	  We	   report	   on	  

simulations	   carried	   out	   under	   constraint	   of	   constant	   pressure	   as	   this	   best	   replicates	  

experimental	   conditions.	   NPT	   simulations	   were	   carried	   out	   using	   the	   Langevin	   piston	  

approach	  derived	  by	  Jakobsen	  for	  DPD	  simulations.36,	  37	  The	  DPD	  code	  contained	  within	  the	  

DL_MESO	  simulation	  package	  was	  used	  to	  perform	  all	  simulations.38	  
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3.	  Results	  and	  Discussion	  

Equilibration.	   Simulations	   were	   performed	   on	   the	   three	   molecules	   at	   approximately	   ten	  

different	  concentrations,	  ranging,	  in	  general,	  from	  below	  to	  well	  above	  the	  CMC.	  All	  systems	  

were	   started	  with	  uniformly	  dispersed	   surfactant	   and	  various	  observables	  were	   computed	  

and	  used	  to	  monitor	   the	  approach	  to	  equilibrium.	  Completion	  of	   the	  equilibration	  phase	  of	  

the	   simulation	  was	  determined	  using	   the	  protocol	   described	   in	  Methodology	   (section	  2.2).	  	  

Figure	   6	   shows	   the	   equilibration	   time	   determined	   by	   the	   protocol	   for	   each	   surfactant	  

molecule	  and	  at	  each	  concentration.	  The	  equilibration	  times	   in	  this	   figure	  are	  based	  on	  the	  

analysis	  of	  only	  one	  observable,	  namely,	  the	  number	  of	  surfactant	  molecules	  in	  submicellar	  

clusters,	   but	   the	   equilibration	   condition	   can	   be	   made	   more	   stringent	   by	   including	   other	  

observables.	  Although	  no	  protocol	  can	  be	  expected	  to	  work	  for	  all	  molecules	  and	  force	  fields	  

that	  might	  be	  studied,	  for	  the	  systems	  in	  this	  particular	  study,	  inspection	  shows	  this	  protocol	  

to	  be	  reasonable	  and	  sufficient	   for	  determining	  when	   in	   the	  simulation	   the	  equilibration	   is	  

sufficiently	  complete.	  	  	  	  	  	  	  	  	  

	   System	   Size.	   Exploratory	   simulations	  were	   performed	   for	   each	  molecule	   at	   several	  

concentrations	  using	  a	   system	  size	  with	   a	   volume	  of	   approximately	  64000	   rc3	   and	  192000	  

DPD	  particles.	  From	  the	  lowest	  concentrations	  where	  micelles	  were	  observed	  up	  through	  to	  

the	   highest	   concentrations	   at	   which	   the	   number	   of	   micelles	   showed	   linear	   growth	   as	   a	  

function	   of	   total	   surfactant	   concentration,	   we	   noted	   whether	   there	   were	   enough	   micelle-‐

sized	   clusters	   and	   submicellar	   surfactant	   molecules	   present	   to	   meet	   our	   criteria	   for	   an	  

adequate	  system	  size.	  These	  conditions	  were	  easily	  met	   for	  H4T3.	  For	  H4T4,	  however,	   this	  

starting	   system	   size	   produced	   on	   average	   only	   1.5	   micellar	   sized	   clusters	   over	   the	  

concentration	   range	   of	   interest,	   causing	   concern	   that	   there	   was	   not	   enough	   surfactant	  
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material	   to	   produce	   micelles	   of	   full	   equilibrium	   size.	   Therefore,	   for	   H4T4,	   larger	   systems	  

were	  generated	  and	  used	  for	  the	  remainder	  of	  the	  study.	  These	  had	  sizes	  1.5	  times	  larger	  in	  

each	   linear	   dimension,	   with	   a	   volume	   of	   approximately	   216000	   rc3	   and	   648000	   DPD	  

particles,	  and	  met	  our	  system	  size	  criteria	   for	   the	  number	  of	  micelles	  produced.	  For	  H6T6,	  

the	  smaller	  systems	  produced	  four	  to	  six	  micelles	  at	  all	  times	  over	  the	  2-‐5%	  total	  surfactant	  

concentration	   range	   of	   interest,	   which	  was	   very	   close	   to	   our	   target	   of	   at	   least	   5	  micelles.	  	  

However,	   over	   this	   range	   there	   was	   also	   clear	   linear	   behavior	   in	   the	   number	   of	   micelles	  

versus	  total	  surfactant	  concentration	  and	  frequent	  micelle	  merging	  and	  splitting	  events	  were	  

observed,	  suggesting	  we	  were	  seeing	  equilibrium	  behavior	  even	  with	  this	  small	  system	  size.	  	  

Therefore,	  the	  smaller	  system	  size	  was	  used	  for	  both	  H4T3	  and	  H6T6.	  	  	  	  	  

Micellar	  Properties.	  Figures	  7-‐9	  convey	  the	  key	  results	  of	  the	  study.	  	  We	  see	  in	  these	  

three	  molecular	  systems	  a	  range	  of	  behaviors.	  The	  concentration	  of	  surfactant	  in	  submicellar	  

clusters	   (Figures	   7(a),	   8(a)	   and	   9(a))	   reaches	   some	   approximate	   asymptotic	   values	   of	  

approximately	   0.6%,	   0.18%	   and	   0.003%,	   for	   H4T3,	   H4T4	   and	  H6T6,	   respectively,	   at	   large	  

total	   surfactant	   concentrations	   suggesting	   three	   different	   ranges	   for	   their	   CMCs	   (high,	  

medium	  and	  low).	  The	  H4T3	  and	  H4T4	  submicellar	  contents	  increase	  from	  small	  values	  near	  

zero	   total	   surfactant	   to	   a	   maximum,	   then	   show	   a	   drop	   with	   increasing	   total	   surfactant	  

concentration.	   H6T6	   actually	   shows	   a	   drop	   rather	   than	   a	   rise,	   and	   then	   nearly	   constant	  

concentration	   with	   increasing	   total	   surfactant.	   In	   all	   three	   cases,	   an	   approach	   that	   looks	  

simply	  at	  the	  submicellar	  surfactant	  concentration	  as	  an	  estimate	  of	  the	  CMC	  is	  problematic	  

for	  various	  reasons.	  For	  these	  molecules,	  one	  would	  obtain	  different	  estimates	  from	  the	  use	  

of	  1)	  the	  submicellar	  concentration	  at	  large	  total	  concentration	  limits,	  2)	  the	  maximum	  in	  the	  

submicellar	  concentration,	  3)	  the	  total	  concentration	  at	  which	  there	  is	  a	  change	  in	  the	  slope	  
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of	   the	   submicellar	   concentration,	   and	   4)	   crossing	   points	   of	   linear	   fits	   of	   the	   submicellar	  

concentration	   using	   estimates	   of	   the	   premicellar	   and	   postmicellar	   total	   concentration	  

regimes,	  5)	  the	  total	  concentration	  where	  approximately	  half	  of	  the	  surfactant	  is	  in	  micellar	  

clusters.	  However,	   it	   is	  clear	   from	  these	  figures,	   that	  there	  are	   important	  ranges	  of	   interest	  

for	   each	   molecule	   where	   changes	   of	   behavior	   are	   apparent,	   usually	   in	   the	   1.5-‐4%	   total	  

surfactant	  region,	  near	  where	  the	  50%	  micellar	  criterion	  is	  reached,	  and	  also	  very	  near	  to	  the	  

change	  over	  from	  one	  type	  of	  linear	  behavior	  to	  another.	  

The	   number	   of	   micellar	   sized	   clusters	   (Figures	   7(b),	   8(b)	   and	   9(b))	   shows	   linear	  

behavior	   for	   these	  molecules	  near	   to	   and	   slightly	   above	   these	   values,	   thereby	  defining	   the	  

target	   concentration	   range.	   For	   H4T3,	   this	   linear	   regime	   is	   clear	   and	   ranges	   from	  

approximately	  3%	  to	  6%	  total	  surfactant.	  For	  H4T4,	  the	  range	  is	  from	  approximately	  1.75%	  

to	  2.5%;	  and	  for	  H6T6,	  it	  is	  from	  2%	  to	  about	  4%,	  however	  somewhat	  less	  clear.	  The	  figures	  

also	  show	  a	  linear	  fit	  to	  a	  subset	  of	  these	  points	  for	  H4T3	  and	  H4T4.	   	  In	  addition,	  the	  same	  

figures	  show	  the	  mean	  size	  of	  the	  micellar-‐sized	  clusters	  (mean	  aggregation	  number).	  In	  the	  

regions	  selected	  for	  the	  linear	  fit	  to	  the	  micelle	  count	  data,	  the	  micelle	  size	  also	  shows	  linear	  

growth	  with	  a	  positive	  slope.	  	  	  

Although	  the	  idealized	  view	  of	  micelle	  formation	  in	  Figure	  5	  suggests	  the	  micelle	  size	  

(mean	   aggregation	   number)	   should	   be	   unchanging,	   elementary	   theoretical	   considerations	  

(Supporting	  Information,	  section	  B)	  suggest	  that	  in	  fact	  there	  should	  be	  growth	  in	  the	  mean	  

micelle	  size	  with	  increasing	  total	  surfactant	  concentration,	  with	  the	  rate	  of	  increase	  governed	  

by	  the	  width	  (variance)	  of	  the	  micelle	  size	  distribution.	  As	  the	  size	  distribution	  narrows,	  the	  

rate	  of	  growth	  in	  micelle	  size	  is	  less.	  The	  rate	  of	  growth	  in	  the	  mean	  micelle	  size	  seen	  in	  the	  

simulations	   is	   consistent	  with	   predictions	   of	   the	   theory.	   In	   fact,	   the	   rate	   of	   growth	   in	   this	  
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property	  expressed	  as	  d(ln	  N)/d(ln(Concentration))	  is	  observed	  to	  be	  0.22	  for	  H4T3	  and	  0.28	  

for	   H4T4.	   The	   values	   predicted	   from	   the	   theory	   in	   Supporting	   Information,	   section	   B,	   for	  

these	  slopes	  are	  0.19	  and	  0.35,	  respectively.	  	  	  

It	   is	   clear	   that	  micelle	   count	  and	  size	  data	  outside	  of	   the	   target	   region	  where	   linear	  

behavior	  is	  observed	  are	  falling	  above	  or	  below	  the	  linear	  fit.	  At	  the	  low	  concentration	  end,	  

the	  surfactant	  concentration	  may	  not	  be	  high	  enough	  to	  result	   in	   full	  sized	  micelles,	  and	  at	  

the	  higher	  end,	  a	  different	   type	  of	  micelle	  might	  be	   forming,	  perhaps	  signaling	  a	   transition	  

from	  spherical	  to	  rod-‐like	  shapes.	   In	  fact,	  when	  rod	  shaped	  micelles	  form,	  upon	  increase	  in	  

the	   total	  surfactant	  concentration,	   the	   free	  energy	  cost	  of	  extending	  them	  to	  greater	   length	  

may	  be	   less	   than	   that	  of	   forming	  additional	   spherical	  micelles.	   So,	  one	  might	  expect	   to	   see	  

slower	  linear	  or	  even	  lack	  of	  growth	  in	  the	  number	  of	  micelles,	  but	  linear	  growth	  in	  their	  size.	  	  

This	  seems	  to	  occur	  in	  H4T3	  for	  total	  surfactant	  above	  6%	  (linear	  growth	  in	  micelle	  size	  and	  

number),	   and	   in	   H4T4	   above	   3%	   (linear	   growth	   in	   size	   but	   with	   constant	   numbers).	   For	  

H6T6	  this	  may	  be	  occurring	  at	  about	  4%-‐5%,	  but	  the	  trend	  is	  not	  so	  obvious	  perhaps	  due	  to	  

greater	  uncertainty	  in	  the	  data.	  	  	  	  	  

Cluster	   size	   distributions	   for	  H4T3	   and	  H4T4	   (Figures	   7(c)	   and	  8(c))	   show	  a	   sharp	  

peak	  at	  small	  sizes	  due	  to	  the	  submicellar	  clusters,	  a	  minimum	  separating	  submicellar	  from	  

micellar	  clusters,	   then	  a	  micelle	  peak	  near	  cluster	  sizes	  of	  about	  50	  (for	  H4T3)	  and	  70	  (for	  

H4T4).	  As	  total	  concentration	  is	  increased,	  the	  micellar	  distributions	  are	  seen	  to	  broaden	  and	  

shift	   to	   larger	   sizes,	   consistent	  with	   the	  cluster	  number	  and	  size	  data.	  As	   suggested	  by	   the	  

theory	  described	  above,	  these	  broader	  size	  distributions	  are	  consistent	  with	  a	  greater	  slope	  

in	  micelle	   size	  with	   increase	   in	   surfactant	   concentration.	   Tails	   in	   this	   distribution	   are	   also	  

consistent	  with	  the	  presence	  of	  rod	  shaped	  micelles	  and	  aggregates	  of	  micelles	  that	  might	  not	  
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be	  resolvable	  by	  our	  cluster	  identification	  algorithm.	  For	  H6T6	  (Figure	  9(c))	  the	  distribution	  

is	  extremely	  noisy	  and	  consists	  of	  spikes.	  

The	   structure	   in	   these	   distribution	   functions	   (especially	   for	   H4T4)	   suggests	   the	  

presence	   of	   aggregates	   of	   micelles	   with	   surfactant	   counts	   that	   are	   multiples	   of	   the	   basic	  

micellar	  unit.	   	  For	  example,	  with	  micelles	  of	  approximately	  75	  surfactant	  molecules	  (at	   low	  

total	  surfactant	  concentration),	  there	  are	  peaks	  in	  the	  distribution	  function	  also	  at	  about	  150,	  

220	   and	   310,	   corresponding	   to	   dimers,	   trimers	   and	   tetramers.	  Initially	   we	   thought	   these	  

peaks	  were	   due	   to	   static	   structures,	  maybe	   a	  manifestation	   of	   insufficient	   equilibration	   or	  

sampling,	   and	   that	   the	   structure	   in	   the	   distribution	   functions	   would	   eventually	   disappear	  

with	   increased	   simulation	   time.	   For	   some	   molecular	   systems	   this	   might	   be	   the	   case.	  

However,	  these	  peaks	  in	  the	  distribution	  are	  often	  seen	  at	  multiple	  different	  concentrations.	  	  

And	  for	  H4T4,	  visual	  inspection	  indicated	  that	  micelle	  sized	  clusters	  were	  aggregating	  for	  a	  

short	   time,	   then	   breaking	   up	   and	   diffusing	   apart,	   with	   sometimes-‐significant	   exchange	   of	  

surfactant	   material	   during	   their	   encounter.	   These	   frequent	   encounters	   provide	   a	   way	   of	  

equilibrating	   the	   size	   and	   number	   of	   micelles,	   helping	   to	   produce	   rather	   narrower	   size	  

distributions,	  and	  also	  the	  consequent	  peaks	  in	  the	  distribution	  function	  at	  multiples	  of	  this	  

size.	   A	   set	   of	   14	   independent	   simulations	   using	   different	   starting	   configurations	   was	  

performed	   on	   H4T4	   at	   1.75%	   total	   surfactant	   to	   produce	   a	   more	   precise	   distribution	  

function,	   shown	   in	   Figure	   10.	   One	   can	   see	   that	   a	   great	   deal	   of	   structure	   appears	   in	   this	  

distribution,	  with	  peaks	  near	  150,	  220,	  270	  and	  350.	  	  Since	  peaks	  at	  these	  sizes	  appear	  in	  the	  

distribution	  functions	  at	  other	  concentrations,	  they	  are	  probably	  indications	  of	  these	  supra-‐

micellar	  clusters	  rather	  than	  simply	  noisy	  data.	  	  	  
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To	  further	  investigate	  the	  size	  and	  shape	  distribution,	  the	  radius	  of	  gyration	  (Rg)	  of	  all	  

the	  micelle-‐sized	  clusters	  was	  measured	  and	  it	  was	  seen	  that	  there	  were	  distinct	  groupings	  

present	  when	  the	  micelle	  counts	  were	  resolved	  along	  these	  two	  dimensions.	  Figure	  11	  shows	  

the	   micelle	   size	   distributions	   for	   H4T3	   at	   3.5%	   and	   6%	   total	   surfactant	   resolved	   into	  

contributions	   from	  micelles	   with	  Rg<2	   and	  Rg≥2.	   Smaller	  micelles	   contribute	   to	   a	   roughly	  

Gaussian	  shaped	  peak,	  whereas	  larger	  micelles	  produce	  a	  distribution	  more	  skewed	  to	  larger	  

sizes.	  Analysis	  of	  the	  moments	  of	  inertia	  suggests	  the	  smaller	  ones	  to	  be	  primarily	  spherical	  

or	  oblate	  ellipsoids,	  and	  the	  larger	  ones	  to	  be	  rod	  shaped	  prolate	  ellipsoids.	  These	  different	  

profiles	  can	  also	  be	  seen	  in	  the	  work	  of	  Nelson	  et	  al.39	  

One	   potential	   view	   is	   that	   the	   large	   clusters	   are	   actually	   supra-‐micellar	   aggregates,	  

and	   their	  presence	   indicates	   the	  micelles	  may	  be	   ‘sticky’	   toward	  one	  another	   (i.e.,	   perhaps	  

there	   is	   a	   short-‐ranged	   attraction	   in	   the	   inter-‐micelle	   interaction	   potential	   of	  mean	   force).	  	  

There	   is	   some	   precedence	   for	   this	   in	   real	   nonionic	   micellar	   systems.40	   Obviously,	   mis-‐

characterization	  of	  supra-‐micellar	  aggregates	  as	  giant	  micelles	  can	  skew	  some	  metrics,	  such	  

as	  the	  mean	  aggregation	  number	  or	  the	  micelle	  number	  density.	  Other	  metrics,	  such	  as	  the	  

total	   amount	   of	   material	   in	   micelles,	   are	   insensitive	   to	   the	   formation	   of	   supra-‐micellar	  

aggregates.	  	  Some	  care	  must	  therefore	  be	  taken.	  	  

Kinetics.	  	  The	  q(t)	  cohabitation	  correlation	  function	  (Figure	  12,	  Equation	  6)	  gives	  an	  

opportunity	   to	  analyze	   the	  kinetics	  of	   the	  micellar	  systems	  studied.	  This	   function	  gives	   the	  

conditional	  probability	  that	  two	  molecules	  are	   in	  the	  same	  cluster	  at	   time	  t	  given	  that	  they	  

were	   in	   the	   same	  cluster	   at	   time	  0.	  Rapid	  decay	   in	   this	   function	   indicates	   fast	   exchange	  of	  

surfactant	   material	   through	   emission/absorption	   of	   submicellar	   material,	   or	   through	  

merging	   and	   splitting	   of	   micellar	   aggregates.	   Figure	   13	   shows	   correlation	   times	   for	   two	  
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important	   observables	   for	   each	   of	   the	   three	   molecules	   as	   a	   function	   of	   surfactant	  

concentration.	   The	   observables	   are	   the	   number	   of	   micelles	   and	   number	   of	   surfactant	  

molecules	   in	   submicellar	   clusters.	   Outliers	   in	   the	   correlation	   times	   should	   be	   noted,	  

especially	  anomalous	  decreases	  relative	  to	  those	  at	  nearby	  concentrations,	  since	  they	  signal	  

potential	  sampling	  problems.	  Simulations	  that	  are	  too	  short	  will	  tend	  to	  underestimate	  both	  

the	   standard	   deviation	   and	   the	   correlation	   time,	   contributing	   to	   an	   underestimate	   of	   the	  

uncertainty	  in	  the	  corresponding	  observable.	  	  	  

The	   equilibration	   times,	   the	   cohabitation	   metric	   and	   the	   correlation	   times	   are	  

mutually	  consistent	   in	  suggesting	   that	  H4T3	  has	   the	   fastest	  kinetics	  and	  H6T6	  the	  slowest,	  

with	  H4T4	   intermediate.	  This	   range	  of	  kinetics	   is	  also	  consistent	  with	   the	  amount	  of	  noise	  

seen	  in	  the	  distribution	  functions	  (Figures	  7(c),	  8(c)	  and	  9(c))	  for	  these	  molecules.	  	  	  	  	  	  	  

Estimation	  of	  the	  CMC.	  	  An	  analysis	  of	  the	  partial	  molar	  volume	  of	  the	  surfactant	  was	  

performed	  for	  H4T3.	  If	  the	  volume	  occupied	  by	  a	  surfactant	  molecule	  is	  different	  when	  it	  is	  

surrounded	  by	  solvent	  (as	  in	  free	  molecules	  or	  in	  submicellar	  sized	  clusters)	  than	  when	  it	  is	  

surrounded	   by	   other	   surfactant	   molecules	   (micellar),	   the	   partial	   molar	   volume	   of	   the	  

surfactant	  molecules	  should	  change	  as	  one	  passes	   from	  below	  to	  above	  the	  CMC.	  Details	  of	  

this	  analysis	  are	  provided	  in	  the	  Supporting	  Information,	  section	  C,	  and	  the	  result	  for	  H4T3	  is	  

shown	  in	  Figure	  14.	  The	  figure	  shows	  the	  excess	  volume	  per	  solvent	  bead	  as	  a	  function	  of	  the	  

concentration	   of	   surfactant,	   expressed	   as	   the	   ratio	   of	   the	   numbers	   of	   surfactant	   beads	   to	  

solvent	  beads.	  Two	  linear	  regimes	  are	  apparent,	  one	  with	  concentrations	  less	  than	  0.6%,	  and	  

another	  with	  concentrations	  greater	  than	  0.7%.	  The	  two	  linear	  fits	  cross	  at	  a	  concentration	  of	  

0.60%,	   providing	   an	   estimate	   of	   the	   CMC.	   The	   slopes	   of	   these	   fits	   give	   estimates	   of	   the	  

volume	  per	  surfactant	  bead	  relative	  to	  the	  volume	  of	  solvent	  beads	  in	  the	  pure	  solvent	  under	  
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the	   same	   thermodynamic	   conditions.	   We	   note	   that	   below	   the	   CMC	   the	   slope	   in	   the	   fit	   is	  

positive,	   indicating	   that	   the	   surfactant	   occupies	  more	   volume	   than	   the	   equivalent	   number	  

solvent	   beads	   in	   a	   pure	   solvent,	   but	   above	   the	   CMC,	   slope	   is	   negative	   and	   the	   volume	  

occupied	  is	   less.	  From	  the	  slopes	  of	  these	  fits	  one	  obtains	  a	  surfactant	  molecular	  volume	  of	  

2.52	  (units	  of	  rc3)	  below	  the	  CMC	  and	  2.24	  above	  it.	  	  	  

The	  decreased	   volume	  of	   surfactant	   in	  micellar	   clusters,	   relative	   to	   that	   in	   free	   and	  

submicellar	  clusters	  is	  unusual.	  Moreover,	  one	  expects	  the	  partial	  molar	  volume	  of	  surfactant	  

in	  micelles	   to	  be	   similar	   to	   that	   in	  pure	   surfactant,	  which	   is	  usually	   less	  dense	   than	  water,	  

implying	  a	  volume	  that	  would	  be	  greater	  than	  that	  of	  the	  solvent,	  not	  less,	  as	  suggested	  here.	  	  

We	  believe	  this	  is	  a	  consequence	  of	  the	  force	  field	  parameters	  adopted	  in	  these	  toy	  models,	  

specifically	  the	  self-‐interaction	  parameters	  being	  set	  equal.	  This	  combined	  with	  the	  relatively	  

short	  bond-‐length	  adopted	  in	  our	  model	  results	  in	  a	  dense	  micelle	  core.	  There	  are	  important	  

consequences	  for	  parameterization	  here;	  if	  one	  attempts	  to	  reproduce	  the	  end-‐to-‐end	  length	  

of	  a	  surfactant	  monomer	  at	   the	  coarse	  graining-‐level	  adopted	  (2	  water	  molecules	  per	  bead	  

and	   therefore	  rc	  =	  5.8	  Å)	  resulting	  bond	   lengths	  will	  be	  of	   the	  order	  used	   in	   this	  work.	  We	  

would	  recommend	  that	   the	  DPD	  community	  begins	   to	  embrace	  self-‐interaction	  parameters	  

that	  are	  not	  all	  set	  equal	  (often	  to	  25.0)	  in	  order	  to	  reproduce	  the	  different	  densities	  of	  the	  

various	  components	  simulated.	  

	  The	  molar	  volume	  analysis	  is	  appropriate	  in	  the	  context	  of	  NPT	  simulation	  methods,	  

where	   the	   volume	  of	   the	   system	   can	   change	   in	   response	   to	   changes	   in	   composition	   of	   the	  

material,	   and	   is	   the	   counterpart	   to	   the	   observation	   of	   a	   change	   in	   the	   pressure	   with	  

composition	  that	  is	  seen	  in	  the	  context	  of	  constant	  volume	  methods.19	  Use	  of	  this	  method	  for	  

estimating	  the	  CMC	  requires	  simulations	  at	  a	  couple	  of	  very	   low	  concentrations	  (below	  the	  
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CMC)	   in	   order	   to	   support	   a	   linear	   fit	   and	   long	   simulations	   to	   obtain	   sufficiently	   precise	  

measures	  of	  the	  volume.	  	  	  

Another	  measure	  of	  the	  CMC	  can	  be	  obtained	  from	  extrapolation	  of	  the	  linear	  fit	  of	  the	  

number	   of	   micelles	   seen	   as	   a	   function	   of	   the	   total	   concentration	   seen	   in	   the	   target	  

concentration	  range.	  The	  x-‐intercept	  of	  this	  line	  would	  be	  the	  total	  concentration	  at	  which	  no	  

micelles	   are	   seen	  but	  where	  any	   increase	   should	  produce	  micelles.	  However,	   applying	   this	  

procedure	   yields	   unphysical	   negative	   values	   for	   the	   CMCs	   of	   H4T3,	   H4T4	   and	   H6T6.	  	  

Alternatively,	  as	  seen	  in	  Figure	  15,	  one	  may	  perform	  a	  linear	  fit	  of	  the	  total	  concentration	  of	  

surfactant	   molecules	   seen	   in	   micellar	   sized	   clusters	   as	   a	   function	   of	   the	   total	   surfactant	  

concentration	  and	  extrapolate	  this	  fit	  to	  determine	  an	  x-‐intercept.	  This	  is	  a	  very	  stable	  way	  to	  

estimate	  that	  CMC,	  and	  this	  approach	  yields	  values	  of	  0.65±0.01%	  for	  H4T3,	  0.118±0.004%	  

for	  H4T4	  and	  0.0019±0.0007%	  for	  H6T6.	  	  

A	   common	   way	   to	   compute	   the	   CMC	   is	   based	   on	   the	   measure	   of	   the	   free	   or	  

submicellar	   surfactant	   concentration	  when	   the	   total	   surfactant	   concentration	   is	   above	   the	  

CMC.	   Micelles	   must	   be	   present	   to	   use	   this	   measure.	   As	   described	   by	   Santos	   and	  

Panagiotopolous	  if	  one	  wishes	  to	  use	  this	  approach,	  one	  should	  perform	  a	  correction	  for	  the	  

volume	   occupied	   by	   the	  micellar	   surfactant.19	  When	   computing	   the	   submicellar	   surfactant	  

concentration,	   the	   correction	   essentially	   removes	   volume	   from	   the	   simulation	   cell	   that	   is	  

overlapping	   or	   associated	   with	   existing	   micelles	   and	   is,	   therefore,	   inaccessible	   to	   the	  

submicellar	  material.	  This	  has	  the	  effect	  of	   increasing	  the	  concentration	  of	  surfactant	  by	  an	  

amount	  that	  is	  greater	  with	  increasing	  micellar	  concentration.	  Figure	  16	  shows	  the	  effect	  of	  

this	  type	  of	  correction	  on	  the	  concentration	  of	  surfactant	  in	  submicellar	  clusters	  as	  a	  function	  

of	   total	   surfactant	   concentration.	   The	   corrections	   shown	   in	   Figure	   16	   were	   based	   on	   an	  
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estimate	  of	   the	   total	  volume	  of	  all	   the	  surfactant,	   rather	   than	   just	   that	  due	   to	  micelles.	  The	  

rationale	  for	  this	  is	  the	  same	  as	  used	  in	  derivations	  of	  the	  van	  der	  Waals	  equation	  of	  state	  for	  

weakly	   attracting	   soft	   spheres.	   For	   these	   systems	   the	   volume	   accessible	   to	   gas	   particles	   is	  

less	  than	  the	  container	  volume	  by	  that	  occupied	  by	  the	  gas	  particles	  themselves.	   	  Figure	  16	  

shows	   that	   this	   correction	   improves	   the	   behavior	   of	   the	   concentration	   of	   surfactant	   in	  

submicellar	  clusters,	  making	  it	  more	  constant	  with	  total	  surfactant	  concentration.	  	  	  

After	   this	   correction	   an	   estimate	   of	   the	   CMC	   can	   be	   obtained	   by	   performing	   a	  

weighted	   average	   of	   this	   concentration	   over	   the	   concentration	   range	   studied.	   This	   yields	  

0.727±0.008%,	   0.118±0.002%,	   0.0027±0.0006%	   for	   H4T3,	   H4T4	   and	   H6T6,	   respectively.	  	  

Another	  estimate	  of	  the	  CMC	  may	  be	  obtained	  by	  using	  the	  average	  of	  the	  volume	  corrected	  

submicellar	   surfactant	   concentration	   over	   the	   smaller	   target	   range.	   This	   estimate	   gives	  

values	   of	   0.71±0.01%,	   0.119±0.003%,	   0.0021±0.0005%	   respectively	   for	   the	   three	   systems.	  

One	   may	   also	   use	   the	   maximum	   in	   the	   volume	   corrected	   submicellar	   surfactant	  

concentration,	  and	  this	  yields	  values	  of	  0.751±0.005%,	  0.124±0.005%	  and	  0.0044±0.0008%	  

for	   the	   three	  molecules.	   Finally,	   using	   the	   total	   concentration	   at	  which	   half	   the	   surfactant	  

material	   is	   in	   micellar	   clusters	   gives	   CMC	   values	   of	   1.56±0.07%,	   0.336±0.005%	  

and	   	  0.13±0.08%	   for	   the	   three	  molecules.	  As	  mentioned	   earlier,	   CMC	  values	   evaluated	   this	  

last	  way	  are	  generally	  about	  twice	  as	  large	  as	  those	  measured	  by	  the	  other	  methods.	  	  	  

In	  general	   the	  value	  of	   the	  CMCs	  reported	   from	  our	  simulations	  are	   in-‐line	  with	   the	  

experimental	  values	   for	  C6E4	  (~0.8%),	  C8E4	  (~0.2%)	  and	  C12E6	  (~0.003%)	  to	  which	  our	  

toy	   models	   are	   loosely	   linked.	   Values	   taken	   from	   a	   typical	   surfactant	   supplier	   at	  

www.anatrace.com.	  
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Estimate	   of	   the	   mean	   aggregation	   number.	   As	   described	   in	   the	   Supporting	  

Information,	   section	   B,	   and	   as	   observed	   in	   these	   simulations,	   the	   average	   micelle	   size	  

depends	  on	   the	   total	   surfactant	   concentration	  unless	   the	  width	  of	   the	  micellar	   cluster	   size	  

distribution	   is	  very	  narrow.	  We	   feel	   that	  a	  reasonable	  value	   to	  report	   for	   this	  metric	   is	   the	  

mean	  micelle	   size	  averaged	  over	   the	  concentrations	   that	  make	  up	   the	   target	   concentration	  

range,	   and	   report	   an	   uncertainty	   that	   is	   half	   the	   size	   range.	   Over	   this	   range,	   the	  

concentrations	   are	   high	   enough	   above	   the	   CMC	   to	   observe	   at	   least	   a	   small	   ensemble	   of	  

micelles	   with	   sizes	   representative	   of	   equilibrium,	   but	   low	   enough	   that	   the	   population	  

consists	  primarily	  of	  spherical	  micelles	  rather	  than	  much	  larger	  rods	  and	  wormlike	  micelles.	  	  

Using	   this	   approach,	   one	   obtains	   mean	   aggregation	   numbers	   of	   55±3,	   119±4,	   87±10	   for	  

H4T3,	  H4T4,	  and	  H6T6,	  respectively.	  	  

	  

4.	  Conclusion	  

We	  have	  reported	  here	  a	  suite	  of	  protocols	  for	  simulating	  micelles	  using	  dissipative	  particle	  

dynamics	  that	  we	  expect	  to	  be	  appropriate	  for	  computing	  micelle	  properties	  for	  a	  wide	  range	  

of	  surfactant	  molecules.	  In	  future	  work	  we	  intend	  to	  apply	  these	  protocols	  consistently	  to	  a	  

number	  of	  systems	  for	  the	  purposes	  of	  force	  field	  validation	  and	  parameter	  optimization	  in	  

order	  to	  develop	  a	  set	  of	  models	  that	  can	  be	  useful	  for	  subsequent	  predictions.	  	  

The	   protocols	   address	   challenges	   in	   equilibrating	   and	   sampling,	   specifically	   when	  

kinetics	  can	  be	  very	  different	  with	  changes	  in	  surfactant	  concentration,	  and	  with	  even	  minor	  

changes	   in	   molecular	   size	   and	   structure,	   even	   using	   the	   same	   force	   field	   parameters.	  	  

Detection	  of	  equilibrium	  can	  be	  automated	  and	  is	  robust	  for	  the	  molecules	  of	  this	  study	  and	  

others	   we	   have	   considered.	   In	   order	   to	   quantify	   the	   degree	   of	   sampling	   obtained	   during	  
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simulations,	  metrics	  to	  assess	  the	  degree	  of	  molecular	  exchange	  among	  micellar	  material	  are	  

presented,	   and	   the	   use	   of	   correlation	   times	   are	   prescribed	   to	   assess	   sampling	   and	   for	  

statistical	  uncertainty	  estimates	  on	  the	  relevant	  simulation	  observables.	  

Computational	   challenges	   are	   somewhat	   different	   for	   high	   and	   low	   CMC	  materials.	  	  

For	  low	  CMC	  material,	  one	  may	  not	  observe	  enough	  free	  surfactant	  to	  characterize	  precisely	  

its	  concentration,	  requiring	  potentially	  larger	  and	  longer	  simulations.	  For	  high	  CMC	  material,	  

one	   may	   not	   observe	   enough	   micelles	   to	   get	   a	   precise	   count	   for	   computing	   the	   mean	  

aggregation	  number,	  requiring	  larger	  and	  longer	  simulations	  for	  these	  cases	  as	  well.	  

The	   focus	   in	   this	   work	   has	   been	   to	   characterize	   the	   formation	   and	   properties	   of	  

spherical	   micelles.	   For	   this	   one	   must	   identify	   a	   rather	   narrow	   target	   range	   in	   the	   total	  

surfactant	  concentration.	  Below	  this	  range	  there	  may	  be	  no	  micelles	  to	  observe,	  and	  above	  it	  

one	  may	   be	   including	   a	   host	   of	   other	   transitions	   to	   different	  micelles	   shapes	   and	   perhaps	  

even	  surfactant	  mesophases,	  which	  will	  complicate	  or	  obscure	  the	  extraction	  of	  the	  spherical	  

micellar	  properties	  of	  interest.	  	  

Evidence	   from	   this	   works	   suggests	   that	   if	   the	   force	   field	   parameters	   are	   to	   be	  

transferable,	  i.e.,	   intended	  to	  be	  used	  in	  the	  context	  of	  a	  wide	  variety	  of	  molecule	  types	  and	  

sizes,	  the	  fitting	  or	  training	  set	  needs	  to	  be	  similarly	  broad,	  since	  properties	  have	  been	  shown	  

to	   be	   very	   sensitive	   to	   molecule	   size.	   Even	   in	   going	   from	   H4T3	   to	   H6T6	   there	   are	   large	  

differences	  in	  both	  thermodynamic	  and	  kinetic	  properties.	  

There	  are	  challenges	  to	  measuring	  the	  CMC	  from	  simulation,	  with	  different	  reasonable	  

approaches	   giving	   different	   values.	  While	   a	   specific	   choice	   is	   not	   recommended	   here,	   it	   is	  

shown	   that	  various	  methods	  give	  values	   that	   are	   consistent	   in	   terms	  of	   trends,	   even	   if	  not	  

numerically	  equivalent.	   	  Therefore,	   for	   force	  field	  tuning	  and	  material	  design	  application,	   it	  
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may	   be	   adequate	   simply	   to	   pick	   an	   approach	   for	   estimating	   the	   CMC	   that	   is	   numerically	  

robust	  and	  easy	  to	  compute	  and	  then	  use	  it	  consistently.	  	  	  

The	   large-‐scale	  simulations	  reported	   in	  this	  article	  are	   ‘un-‐steered’	   in	  the	  sense	  that	  

we	  simply	  observe	  what	  happens	  over	  a	  long	  period	  of	  time	  from	  a	  random	  start.	  This	  is	  ideal	  

for	  automated	  scans	  and	  parameter	  refinement.	  Obviously,	   there	   is	  an	  important	  role	  to	  be	  

played	   also	   by	   steered	   computational	  methods	   such	   as,	   inter	   alia,	   umbrella	   sampling,	   and	  

forward-‐flux	   sampling.41-‐44	  For	   example	   our	   un-‐steered	   simulations	   reveal	   the	   presence	   of	  

supra-‐micellar	   aggregates	   in	   the	   H4T4	   system,	   but	   umbrella	   sampling	   could	   be	   used	   to	  

investigate	  the	  inter-‐micelle	  interaction	  in	  this	  system	  and	  thereby	  confirm	  whether	  a	  short-‐

range	  attraction	   (stickiness)	   is	  driving	   the	   formation	  of	   these	   aggregates.	  We	  note	   that	   the	  

presence	  of	  supra-‐micellar	  aggregates	  raises	  the	  interesting	  possibility	  that	  they	  facilitate	  the	  

exchange	   of	   surfactants	   between	   micelles.	   This	   is	   a	   kinetic	   process	   not	   envisaged	   in	   the	  

commonly	   accepted	   Aniansson-‐Wall	   model.	  These	   and	   other	   open	   questions	   are	   left	   for	  

future	  work.	  
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Tables	  

Table	   I:	  Molecular	  properties	   of	   ethylene	  oxide,	  water,	   and	   a	   representative	  hydrocarbon.	  

The	  last	  column	  gives	  the	  molecular	  volume	  in	  terms	  of	  the	  DPD	  bead	  volume.	  

	   MW	  (kg	  mol−1)	  

	  

ρexpt	  (kg	  m−3)	  

	  

vm	  (	  Å3)	  

	  

vm/vb	  

	  

CH2CH2O	   0.044	   1125	   65	   =1	  

H2O	   0.018	   998	   30	   2.2	  

C12H26	   0.170	   750	   376	   5.8	  
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Figure	  &	  Captions	  

	  

Figure	   1	   Changes	   in	   a	   number	   of	   physical	   properties	   for	   an	   aqueous	   solution	   of	   sodium	  

dodecyl	   sulfate	  as	   the	  concentration	  of	   solution	   is	   increased	   from	  below	   to	  above	   the	  CMC	  

(reprinted	   with	   permission	   from	   American	   Chemical	   Society	   -‐	   Preston,	   W.	   C,	   Some	  

correlating	  principles	  of	  detergent	  action,	  Presto,	  W.;	  Preston,	  W.	  Some	  Correlating	  Principles	  

Of	  Detergent	  Action.	  J.	  Phys.	  Chem.	  1948,	  52,	  84-‐97.)10	  
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Figure	  2	  Left:	  clustering	  based	  on	  all	  sites	  of	  each	  molecule	  (111	  clusters)	  and	  all	  sites	  of	  the	  

surfactant	   molecules	   are	   shown;	   Right:	   clustering	   based	   on	   solvophobic	   sites	   of	   each	  

molecule	   (167	   clusters)	   and	   only	   the	   solvophobic	   sites	   of	   the	   molecules	   are	   shown.	   The	  

molecular	  system	  was	  H4T3	  with	  an	  8%	  surfactant	  concentration.	  	  

	  
	  
	  

	  
	  
Figure	   3	   Approach	   to	   equilibrium	   and	   detection	   of	   equilibration	   for	   H4T4	   at	   2%	  

concentration.	   The	   observable	   being	   monitored	   in	   this	   case	   is	   the	   number	   of	   submicellar	  
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surfactant	  molecules	  (green,	  right	  vertical	  axis)	  plotted	  as	  a	  function	  of	  DPD	  simulation	  time.	  

Block	  averages	  over	  10	  analysis	   frames	  are	  shown	  by	  green	  circles.	  The	  slope	  of	   the	   linear	  

fits	   to	  sliding	  windows	  of	  20	  blocks	   is	  shown	  with	  black	  circles	  (left	  vertical	  axis)	  with	   the	  

uncertainty	  in	  the	  slope	  indicated	  with	  blue	  error	  bars.	  	  Times	  at	  which	  this	  slope	  is	  within	  its	  

uncertainty	   of	   zero	   are	   indicated	   in	   yellow.	   The	   time	   at	   which	   the	   slope	   of	   the	   fit	   first	  

becomes	  zero	  (i.e.,	  within	  its	  uncertainty	  of	  zero),	  and	  remains	  so	  for	  20	  consecutive	  frames	  

is	   considered	   the	   end	   of	   the	   equilibration	   phase	   and	   sampling	   commences	   from	   this	   time	  

forward	   for	   the	   computation	   of	   equilibrium	   averages.	   In	   this	   example,	   this	   happens	  

approximately	  at	  frame	  384.	  	  

	  
	  

	  
Figure	   4	  Number	  of	   free	   surfactant	  molecules	  observed	  during	  a	   simulation	  of	  H4T4	  with	  

2%	   concentration.	   Red	   region	   of	   the	   curve	   represents	   the	   equilibration	   phase;	   the	   green	  

region	  represents	  results	  that	  are	  considered	  to	  be	  in	  equilibrium.	  The	  estimated	  correlation	  

time	  in	  sample	  periods	  for	  this	  observable	  is	  shown	  with	  blue	  dots	  (right	  vertical	  axis).	  The	  

cumulative	  average	   is	   shown	   in	  orange,	  with	  statistical	  uncertainty	  estimates	  based	  on	   the	  

current	  estimates	  of	  the	  average,	  standard	  deviation	  and	  correlation	  time.	  	  As	  the	  simulation	  

proceeds,	   the	   estimate	   of	   the	   correlation	   time	   improves	   along	   with	   the	   reliability	   of	   the	  

uncertainty	  estimates.	  
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Figure	   5	   Idealized	   behavior	   of	   micellar	   systems	   as	   a	   function	   of	   total	   surfactant	  

concentration.	  
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Figure	  6	  Equilibration	  times	  based	  on	  obtaining	  stable	  values	  for	  the	  number	  of	  surfactant	  

molecules	   in	   submicellar	   clusters.	   The	   green,	   blue	   and	   red	   lines	   are	   for	   H4T3,	   H4T4	   and	  

H6T6	  respectively.	  
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Figure	  7	  a)	  (top)	  Concentration	  of	  surfactant	  molecules	  in	  submicellar	  clusters	  as	  a	  function	  

of	   total	   surfactant	   concentration	   for	   H4T3	   (red	   -‐	   number	   of	   free	   surfactant,	   blue	   -‐	   free	  

surfactant	  %).	  b)	  (middle)	  Number	  of	  micelles	  and	  mean	  aggregation	  number	  as	  a	  function	  of	  
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total	   surfactant	   concentration	   for	  H4T3	   (blue	   -‐	  mean	  aggregation	  number,	   green	   -‐	   average	  

number	  of	  micelles	  per	  unit	  volume,	  red	  -‐	  linear	  fit).	  c)	  (bottom)	  Size	  distributions	  for	  H4T3	  

at	   various	   total	   surfactant	   concentrations.	   The	   distributions	   are	   the	   fraction	   of	   the	   total	  

number	  of	  clusters	  seen	  of	  various	  sizes.	  	  The	  area	  under	  each	  curve	  is	  normalized	  to	  unity.	  
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Figure	  8	  a)	  (top)	  Concentration	  of	  surfactant	  molecules	  in	  submicellar	  clusters	  as	  a	  function	  

of	   total	   surfactant	   concentration	   for	   H4T4	   (red	   -‐	   number	   of	   free	   surfactant,	   blue	   -‐	   free	  

surfactant	  %).	  b)	  (middle)	  Number	  of	  micelles	  and	  mean	  aggregation	  number	  as	  a	  function	  of	  

total	   surfactant	   concentration	   for	  H4T4	   (blue	   -‐	  mean	  aggregation	  number,	   green	   -‐	   average	  

number	  of	  micelles	  per	  unit	  volume,	  red	  -‐	  linear	  fit).	  c)	  (bottom)	  Size	  distributions	  for	  H4T4	  

at	   various	   total	   surfactant	   concentrations.	   The	   distributions	   are	   the	   fraction	   of	   the	   total	  

number	  of	  clusters	  seen	  of	  various	  sizes.	  	  The	  area	  under	  each	  curve	  is	  normalized	  to	  unity.	  

The	  bottom	  image	  has	  been	  truncated	  at	  maximum	  aggregate	  size	  of	  450	  the	  distribution	  for	  

larger	  cluster	  sizes.	  H4T4	  exhibits	  a	  long	  tail	  due	  to	  the	  presence	  of	  extremely	  large	  clusters	  

(possibly	   supra-‐micellar	   aggregates)	   observed	   at	   higher	   concentrations	   (See	   Supporting	  

Information).	  
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Figure	  9	  a)	  (top)	  Concentration	  of	  surfactant	  molecules	  in	  submicellar	  clusters	  as	  a	  function	  

of	  total	  surfactant	  concentration	  for	  H6T6	  (red	  -‐	  number	  of	  free	  surfactant,	  blue	  -‐	  free	  

surfactant	  %).	  b)	  (middle)	  Number	  of	  micelles	  and	  mean	  aggregation	  number	  as	  a	  function	  of	  

total	  surfactant	  concentration	  for	  H6T6	  (blue	  -‐	  mean	  aggregation	  number,	  green	  -‐	  average	  

number	  of	  micelles	  per	  unit	  volume,	  red	  -‐	  linear	  fit).	  c)	  (bottom)	  Size	  distributions	  for	  H6T6	  
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at	  various	  total	  surfactant	  concentrations.	  The	  distributions	  are	  the	  fraction	  of	  the	  total	  

number	  of	  clusters	  seen	  of	  various	  sizes.	  	  The	  area	  under	  each	  curve	  is	  normalized	  to	  unity.	  	  

	  
	  
	  

	  
	  
Figure	  10	  Cluster	  size	  distribution	  for	  H4T4	  at	  1.75%	  total	  surfactant.	  The	  distributions	  are	  

the	   fraction	   of	   the	   total	   number	   of	   clusters	   seen	   of	   various	   sizes.	   This	   distribution	   was	  

produced	   with	   significantly	   more	   data	   than	   was	   used	   to	   produce	   Figure	   8(c),	   in	   order	   to	  

better	  resolve	  structure	   in	  the	  distribution	  due	  to	  supra-‐micellar	  aggregates,	  such	  as	   in	  the	  

peaks	  near	  sizes	  of	  150,	  220,	  270	  and	  350.	  
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Figure	  11	  Size	  distributions	  for	  micelle	  sized	  clusters	  for	  H4T3	  at	  3.5%	  (left)	  and	  6.0%	  

(right)	  concentrations	  resolved	  into	  contributions	  from	  micellar	  sizes	  with	  a	  radius	  of	  

gyration	  (Rg)	  less	  than	  or	  greater	  than	  or	  equal	  to	  2	  distance	  units.	  Micelles	  with	  Rg<2	  are	  

generally	  spherical	  or	  oblate	  ellipsoids.	  Those	  with	  Rg≥2	  are	  generally	  prolate	  ellipsoids,	  

suggesting	  the	  onset	  of	  rod	  shaped	  micelles.	  	  
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Figure	  12	  The	  cohabitation	  correlation	  function,	  q(t)	  (equation	  6),	   for	  the	  three	  molecules,	  

shown	  as	  a	  function	  of	  lag	  time,	  expressed	  in	  units	  of	  the	  sampling	  period.	  The	  red,	  blue	  and	  

green	  decaying	   lines	  represent	  H6T6	  (5%),	  H4T4	  (2%)	  and	  H4T3	  (4.5%)	  respectively.	  The	  

function	  q(t)	  gives	  the	  conditional	  probability	  that	  two	  surfactant	  molecules	  are	  in	  the	  same	  

cluster	  at	  time	  t	  given	  that	  they	  were	  in	  the	  same	  cluster	  at	  time	  0.	  The	  asymptotic	  values	  for	  

each	  curve	  are	  shown	  with	  the	  same	  color	  dot-‐dashed	  lines.	  	  

	  
	  

	  

Figure	   13	   Correlation	   times	   expressed	   in	   sampling	   periods	   for	   three	   molecules	   (green	   –	  

H4T3,	  blue	  -‐	  H4T4,	  red	  -‐	  H6T6)	  computed	  for	  two	  different	  observables,	  number	  of	  micelles	  

(solid	   lines)	   and	   concentration	   in	   the	   simulation	   volume	   due	   to	   surfactant	   in	   submicellar	  

clusters	  (dashed	  lines).	  Unusually	  small	  correlation	  times,	  compared	  with	  those	  from	  nearby	  
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concentrations,	   are	   a	   sign	   that	   the	   simulation	  may	  not	  have	  been	   long	   enough	   to	  properly	  

observe	  and	  characterize	  the	  timescale	  for	  variation	  of	  the	  relevant	  variable.	  This	  is	  the	  case	  

for	   the	   mean	   micelle	   size	   for	   H6T6	   at	   a	   concentration	   of	   3.5%.	   	   When	   this	   happens,	  

uncertainty	  estimates	  will	  be	  underestimated.	  	  

	  

	  
	  
	  
	  

	  
	  
Figure	  14	  Excess	  volume	  as	  a	  function	  of	  H4T3	  surfactant	  concentration.	  The	  slope	  gives	  the	  

average	  volume	  of	  a	  surfactant	  bead	  relative	  to	  that	  of	  a	  solvent	  bead	   in	  pure	  solvent.	  This	  

volume	  depends	  on	  whether	  additional	  surfactant	  tends	  to	  be	  surrounded	  by	  solvent	  (below	  

the	  CMC)	  or	  other	  surfactant	  (above	  the	  CMC).	  	  	  	  	  	  	  Linear	  fits	  (fitted	  gradients	  are	  0.0258	  and	  

-‐0.014	   in	   the	   positive	   and	   negative	   regions	   respectively)	   use	   average	   volumes	   from	  

concentrations	   either	   below	   0.6%	   (blue)	   or	   above	   0.7%	   (red).	   The	   linear	   fits	   cross	   at	   a	  

concentration	  of	  0.60%,	  very	  near	  to	  the	  data	  point	  shown	  with	  green.	  
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Figure	  15	  The	  concentration	  of	  surfactant	  molecules	  in	  micellar	  sized	  clusters	  as	  a	  function	  

of	   the	   total	   surfactant	   concentration	   for	   the	   three	  molecular	   systems	   (solid	   lines,	   green	   –	  

H4T3,	  blue	  –	  H4T4,	  red	  –	  H6T6).	  A	   linear	   fit	  works	  very	  well	   for	   these	  data	  (dashed	   lines).	  

The	  x-‐intercepts	  of	  the	  fits	  provide	  estimates	  for	  the	  CMC,	  since	  this	  is	  the	  total	  concentration	  

where	  micellar	  material	  first	  appears.	  	  
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Figure	  16	  Concentration	  of	  surfactant	  in	  submicellar	  clusters	  for	  H4T3	  (upper	  panel),	  H4T4	  

(middle),	   and	   H6T6	   (lower)	   without	   (red)	   and	   with	   (green)	   a	   correction	   to	   account	   for	  

volume	  occupied	  by	  surfactant	  in	  micellar	  clusters.	  
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