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S1. Calculation of the average apparent termination rate coefficient

The diffusion-controlled mechanism of bimolecular termination in radical polymerization can be
accurately described using the composite k: model (RAFT-CLD-T model).[1] This model allows to
calculate an apparent homotermination rate coefficient (ki:ilpp ;
length i and the polymer mass fraction m, (and thus the monomer conversion Xu):

i=chain length) dependent on the chain

For i < igu
Kiapp = ket i7% for i < ig, (S1)
bhpp = ket iGTE ime for i > ig, (52)

For i > igu
b = i 150 ™) i for i < ig, (s3)
bapp = Kt 1557 it e for i > i, (s4)

in which k;" is the (apparent) termination rate coefficient for radicals with chain length 1, a, the
exponent for termination for termination of short chains in dilute solution, a;, the exponent for long
chains in dilute solution, a4 the exponent for chains in the gel regime, is; the crossover chain length

between short- and long-chain behavior, iy, the chain length at the onset of the gel-effect.

An overview of these parameters can be found in Table S1.

Table S1: Parameters[1,2] used for the composite k: model with styrene as monomer; m,: polymer mass fraction

1]1 - -
kt g Igy, a, agel lgel

10° 0.53 30 015  1.22m,-0.11  3.30m, 213

For simplicity, Equation (S1)-(54) are calculated using the number average chain length of the
macroradical species as the complete chain length distribution of the macroradicals is not calculated in
the frame of the present work.
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S2. Calculation of the apparent RAFT exchange related rate coefficients

The coupled parallel encounter pair model as described by D’hooge et al.[3] can be used to calculated
the apparent rate coefficients for the RAFT addition, fragmentation, cross termination and transfer
reactions involving only chain length i via:

-1
kii 1 + !
, _ _ S5
add,app kadd,chem k(lz'iid,diff ( )
1 K, B
_ eq,1
k}rlag,app “\k o o
frag,chem kf’rag,diff
-1
i,i,i — 1 !
ktcross,app “\k + LL &
tcross,chem ktc;‘oss,diff
k < e : >_1
o _ S8
ro.app ktr,O,chem ktr,O,diff Keq,zk—tr,o,diff &
-1
1 1 Ke 2
k_tr0 :< + " y > Y
noapp k—tr,O,chem k—tr,O,diff ktr,O,diff &)
e = (e )
o _ 510
r.app Kirchem — Kerairs o
With kg 4 Kb ag ap » Kibtoss.apy and ké'_i)tr(‘o)‘app the apparent RAFT addition, fragmentation, cross

termination and transfer rate coefficient; kqqq chem » Kfrag,chem » Kecross,chem @0d k(_yr(0y,chem the intrinsic
RAFT addition, fragmentation, cross termination and transfer rate coefficient (see Table 1 in the main
text); ké‘;d,diff, k;'riag,diff, ki’ci’rioss’diff and k(i’—i)tr(,o),diff the diffusional contribution for RAFT addition,

fragmentation, cross termination and transfer.

with:
K _ kadd,chem
1
e kfrag,chem (Sll)
K _ ktr,O,chem
2
e k—tr,O,chem (512)

In the present work, the diffusional contributions are approximated by the corresponding one when
considering the composite k: model[1] (see Section S1) for the apparent termination rate coefficient as
this can also be described by the classical encounter pair theory:

~ ki,i

ii ~ kb ~ b ~ b
t,diff add,diff ~ "“fragdiff =~ "tcrossdiff ~ "(-)tr(0)diff (513)

in which the intrinsic termination rate coefficient (k:ciem) is approximated by kg 1 (see section S1). This
approach is justified to a first approximation considering that the diffusion behavior of the species
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involved in the RAFT reactions mentioned above is similar to the diffusion behavior of the
corresponding terminating radicals.

Similar as for termination (Section S1), the number average chain length of the radicals are used to
calculate the actual apparent rate coefficients.

S3. Prove of the insignificance of the RAFT cross termination rate coefficient for Comb3 (ideal RAFT
agent)

As shown in Figure S1, the RAFT cross termination rate coefficient is kinetically insignificant
for Comb3 as the same results are obtained when a value of 0 L mol"'s"is used compared to a
value of 10°L mol's™.
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Figure S1: Overview of average characteristics for non-degenerative miniemulsion RAFT polymerization of styrene
at 343 K with KPS and an oligomeric RAFT agent. Monomer conversion (a) and initial RAFT agent (RoX) conversion
(b) as a function of time and number average chain length xx (c), dispersity (d) and end-group functionality (EGF)
(e) as a function of styrene conversion. Model parameters for Comb3 in Table 1 without cross termination (blue)
and with cross termination (ktcross =10% L mol? s) taken into account. [Sty]o/[RoX]o= 200, [RoX]o/[KPS]o= 3 , [KPS]o
=410°mol L, and dp= 100 nm, mstyren0=20 g, mm0,0=80 g
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S4. Comparison between results of non-degenerative and degenerative model for Comb3

As shown in Figure S2, identical results are obtained when a non-degenerative or a
degenerative model is used for Comb3. This implies that all intermediate species are very
short-lived, as also can be seen in Figure 11 of the main text, and no side reactions involving
these species are kinetically relevant (see also Section S3).
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Figure S2: Overview of the degenerative (blue full line) and non-degenerative (dashed red line) simulation data for
miniemulsion RAFT polymerization of styrene at 343 K with KPS and an oligomeric RAFT agent. Monomer
conversion (a) and initial RAFT agent (ROX) conversion (b) as a function of time and number average chain length
xn (c), dispersity (d) and EGF (d) as a function of styrene conversion. Model parameters for Comb3 in Table 1 of
the main text. [Sty]o/[RoX]o=200 , [RoX]o/[KPS]o=3 , [KPSJo=4 10*mol L', dp= 100 nm, mstyreno=20 g, mr20,0=80 g
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S5. Influence of diffusional limitations on the apparent rate coefficients for Comb1

Figure S3 shows the influence of the diffusional limitations as taken into account via the formulas
mentioned in Section 51 and S2 on the apparent rate coefficient for termination via recombination (a),

addition of Ri to RiX (b) and fragmentation of the intermediate radical to Ri and RjX (c) for Comb1 (Table
1 of the main text).
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Figure S3: Overview of the apparent termination by recombination (a), addition of Ri to RjX (b) and fragmentation
to Ri to RjX (c) rate coefficients as calculated by the formulas mentioned in Section S1 and S2 for miniemulsion RAFT
polymerization of styrene at 343 K with KPS and an oligomeric RAFT agent. Model parameters for Combl in Table
1 of the main text. [Sty]o/[RoX]e=200, [RoX]o/[KPS]o=3 , [KPS]o=4 10 *mol L', dp=100 nm , mstyrene,0= 20 g, mt20,0= 80
g; note no RAFT cross-termination.
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S6. Influence of the (average) particle size on the average number of leaving group related radicals

per particle

Figure 54 shows the influence of the (average) particle size on average number of leaving group (blue),

RoXRi (green) and RoXRo (purple) radicals per particle for model parameters Combl (first column),

Comb2 (second column) and Comb3 (third column) at 30% monomer conversion. At this monomer

conversion, the conversion of initial RAFT agent (RoX) is 100% resulting in a negligible amount of these

leaving group related radicals. For a more in depth investigation of the influence of the (average)

particle size on the three investigated model parameter sets, the reader is referred to the main text.
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Figure S4: Influence of the (average) particle size (dp) on the average number of leaving group ((a)-(c), blue), RoXRi
((d)-(f), green) and RoXRo ((g)-(i), purple) radicals per particle for model parameters Comb1 (first column), Comb2
(second column) and Comb3 (third column) in Table 1. [Sty]0/[R0X]0=200 , [ROX]0/[KPS]0= 3, [KPS]O = 4 10-3 mol
L-1, mstyrene,0 =20 g, mH20,0 =80 g. XM is 30% and XRO0X is 100% for all simulation points.
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S7. Effect of average particle size on rates with the macro-RAFT intermediate radical.
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Figure S5: Fragmentation and RAFT cross-termination rates for RiXR; radicals related to Figure 14 in the main text.

Figure S5 shows the corresponding rates for Figure 14 in the main text, taking the macro-RAFT
intermediate radical as reference. It specifically follows that for Combl at the higher dp a bulk-like
character is is obtained. Notably for Comb 3 the RAFT fragmentation rates are the highest. Furthermore,
in Comb2, the RAFT cross-termination rate is the lowest at the highest d, but relatively the importance
of RAFT-cross termination is higher (less segregation).

S8. Population balances necessary to describe the temporal evolution of the polymer particles
The population balances of the five-dimensional Smith-Ewart model as necessary for the non-
degenerative model (Table 1), describing the temporal evolution of polymer particles having k

macroradicals, I Ro radicals, m RiXRo radicals, n RiXR; radicals and o RoXRo radicals (Nkimne; k,I,m,n,0 >
0) are given by:
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de,l,m,n,o

_ kicapp

dt

2v,Ny

((k +2)(k + 1)Nk+2,l,m,n,o —k(k - 1)Nk:l'm'"'o) + kentrsz [Rzlaq](Nk—l,l,m,n,o

- Nk,l,m,n,o) + kpRo [Mp] ((l + 1)Nk—1,l+1,m,n,o N lNk,l,m,n,o)

kt ,00

+ Zv:NA ((l + 2)(l + 1)Nk,l+2.m,n.o - l(l - 1)Nk,l,m,n,o)
kt ,0

+ Up]CVA ((k + 1)(l + 1)Nk+1,l+1,m,n,o - klNk,l,m,n,o )

+ Kadad,rerix [RiXp] ((l + DN+ 1m-1m0 — Wk imno )

+ Kaqa,r,rx [RX,] ((k + DNis1imn-1,0 — KNkimno )

+ Kadd,ry,rox [ROXp] ((l + DNy v 1.mmo—-1 — Nk pmno )

+ Kaaar,Rrox [ROXp] ((k + DNis1im-1m0 — KNk immno )

+ Kfrag,ro,rix ((m + DNi-1m+1.m0 = MNkimno )

+ kfragri Rrox ((m + DNe—11me1m0 — MNkimno ) (S14)
+ kfrag,Rl-,RjX ((n + DNe—1imn+1,0 = "Wipmm,o )

+ Kfrag,roRox ((0 + DNii—1mmo+1 =~ ONimn,o )

+ % ((k + D+ DNiey1imerno — kMmN mn,o )
N ’;;_NA (€ + DO+ DN ssrmsino = MNiimno )
+ % ((k + DM+ DNis1pmn+1,0 — KNk immo )
n % ((l + DM+ DN iv1mnsso = MNViimn,o )

k
+ tcross ((k + 1)(0 + 1)Nk+1,l,m,n,o+1 — kONk,l,m,n,o )

vaA

k
n Ut;;(;;s (A + D0+ DNirimmo+t = LN mno )
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S9. The continuity equations of the species in the aqueous phase, the abundant species in the
particles and the associated equations for the average chain length characteristics

The continuity equations of the species in the aqueous phase, the abundant species in the particles and
the pseudo-bulk approximation of the higher order moment equations of the macrospecies are given

by:

dlI (S15)
[;'taq] = —Kais [Iz,aq]
d[l ] (S16)
diq = 2fkas [Iz,aq] — kpr [Iaq][Maq]
d[Rl,aq] (517)
dt = kpl[laq][Maq] —kp [Rl,aq][Maq]
d[Ryaq] [R.aq] (S18)
T = kp [Rl,aq][Maq] - kEntryRZNp NAV;zq
d[Mg,] (S19)
d;q = _kpl[laq][Maq] —kp [Rl,aq][Maq]
d[Mp,) (R;) i(Ro) (520)
= -k M| —-k,, ——|M
dt 1% Navp [ P] PRy Navp [ p]
(S21)
dt, _ d2i>0[RiXp]
dt dt
(R XR;) n(RXR;)
= Kfrag,RoRiX “New, + kfragr,r X Newy
X n(Ry) n(R;)
— Radd,Ro,R;X MTO - add,Ri,RijTO
diy _ dXia[Pip) (522)
dt dt
_ kec,app N(R;) 11(R;) n(R;) n(Ry) n(R;) n(RoXR;)
2 Ny, Nyv, — ““°Ngv, Nyv, T Nyv,  Nyw,
k A(Ry) n(RoXR;) n(R) n(RXR))
tcross Na » Navp tcross Na p Navp
ik i(Ry) A(R;XR)) 7I(R;) (RyXRy)
tcross Na Up Na vp tcross Na vp Na vp
d[PO,p] _ kec,00 T(Ro) 1(Ry) (Ry) N(RoXRy) (523)
dt 2 Ngvy, Ngv, 7% Nyv, N,
d[RoXp] (R, XR,) y I(RyXRy) (524)
T dr | ragRiRox Tvz(;; frag,Ro,RoXNa—vp( )
(R, n(R;
-k — (R X, | — k . — | Ry X
add,Rg,RgX Nan [ 0 p] add,R;,RoX Navp [ 0 p]
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dd _dY i[R;] (S25)

dt dt [ ]
TL(R ) 771(RO) RZ,aq
[Mp] < v, ~ .t kpRo N,v + ZkentrszNp NAVaq

n(Ri) n(Ro)
ktc,app,c Navp /1 ktc 0, 0/11 Navp kadd,Ri,RoX/ll [ROXp]

— Kadar,RixcMTo + K frag,Rl-,RoX-Ql + Kfragr,rix{21,0
) R(RoXRo) _ (RoXR)) A(RXR,)
— Kt cM— Kt M — Kt M
Cross,c N vp Cross,c N vp Cross,c N vp

ar, _ d¥;i*[R;] (526)

e dt R
n(R L) n(Ry) R3,aq
= p]< ———+ 2k Ay + kpg, Navy + 4K entryr, Np NaVag

n(R ) n(Ry)
tc,app,c W /1 ktc 0, c/12 ” - kadd,Ri,RoX/lz [ROXp]
a'p a P

— Kadd,R,R;x,cA2To + kfrag,Ri,RoX-QZ + Kfragr,rix{22,0
. A(RXRY) _, (R XR)) A(RXR,)
— R 2T A T It 2T T Iy 2 T A
Cross,c N Up Cross,c N ,Up Cross,c N Up
dry _dY, i[RiX,] (S27)
dat dt

0 n(Ro)
= KfragroRx21 *+ Kfragr,rx21,0 = Kadd,Ro,RiX N v
a

_kaddR-R-chfl
RRXCN v,
dr, dY;i Z[R o] (S28)
dr dt

T1

0 n(Ry)
= kfragrorix22 + Kfragr,rx220 — Kadd roRix T
J N,vy,
n(R;) .
add,Ri,RjX,c Navp 2

diy _ dXis1i[Pig] (529)

@ “ n(R;) n(Ro) (R;)
nin; 0 on
— 0
tc,app,c Navp /1 ktco c/11 Navp ktcrossc 1% .. N aVp
n(R,) 7(RyXRy) (Ry)
+ ktcross,cﬂl,O : ? 2

k MNM—+k 0
tcross,c’/'1 Navp tcross,c*41 "y .. N vp

+ ktcross,cﬂ 1,0

diy _ %1 [Py (S30)
“@ a n(R;) n(Ro) n(R;)
n(R; n on
= ktc,app,c Fvlp A ktc 0, 6/12 Navop ktcross c-QZ N U
AR, A(RoXRy) | 0 71(Ry)
+ ktcross,cQZ,O Navlp ktcross,clz N—Up ktcross c-QZ — 0

(Ro)
Nyv,

Ngvp

+ ktcross,cQZ,O
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d0}  d Y1 i[RoXR;p) (S31)

dt dt Ro)
n(ny 0
= Kadd,Ro,R,X N 1t Kaaa,r,rox 1 [RoXp] = Kfragr,rox 21
a
0 (Ry) 0 (Ro)
- kfrag,Ro,RiX-Ql ktcross c-Ql Navp ktcross c-Ql N Uop
) dYis1i2[RoXRyy) (S32)
dt dt .
niny 0
= Kadd,Ro,R;X N 2t Kada,r,roxA2[RoXp| =K frag,r,Rox 422
a
0 (Ry) 0 (Ro)
- kfrag,Ro,RiX-QZ ktcross c-QZ Navp ktcross c-QZ N Uop
ddip  dYiz1Xj=11[RiXR)] (S33)
e dt AR
n .
= Kadd,R,RX.c </11T0 + Wvl,,ﬁ) = 2kfrag,r,Rix{21,0
n(R;) n(Ry)
ktcrass c-Ql 0 N ktcross c-Ql 0 N
dfdz _ dYiz1 21211 [RiXR;] (S34)
dt de R)
n .
= kadd,r,R;x.c (lzfo + mh) = 2kfrag,r,Rix{22,0
n(R;) n(Ro)
ktcross C‘QZ 071 ., N ktcross C‘QZ 0 N
di1  dXis1Xje1 Y[RXR)] (S35)
dt dt .
n .
= 2ktzdci,Rl-,R]-X,c/117:1 - Zkfrag,Ri,RjXﬂl,l - ktcross,cﬂl,l N :
aVp
n(Ry)
—k 0
tcross,ct41,1 Navp

with the number and mass average chain length of the RiXR; radicals defined as
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