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Materials

Anionic comonomer
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Scheme S1: The ion exchange reaction to synthesize the ionic comonomer used in this study,
tetradodecylammonium 3-sulfopropyl methacrylate ([NDod4]

+[SPMA]−).
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Methods

Small-angle X-ray scattering

In general, the scattering intensity (I(Q)) or equivalently the differential cross section per

unit volume (dΣ/dΩ) for an object with no distribution in its size is a function of the

volume fraction of particles (φ), the particle volume (Vp), a contrast term (∆ρ2), the form

factor (P (Q)) arising from the particle geometry, and the structure factor (S(Q)) due to

interparticle interactions. Since dilute dispersions were studied, S(Q) can be set equal to 1.

dΣ

Ω
≡ I(Q) = φVp∆ρ

2P (Q)S(Q) (S1)

Q is the modulus of the momentum transfer vector and is a function of the scattering angle

(2θ) and the wavelength of the radiation (λ).

Q =
4π sin θ

λ
(S2)

Equation S1 is only strictly appropriate for homogenous particles, where the shape dependent

structural terms (P (Q)S(Q)) can be multiplied by a scale factor (φVp∆ρ2). This is not the

case for the copolymer micelles, which have a heterogenous composition. Therefore, the form

factors will now include terms relating to these prefactors.

The general form factor (Pm) of a diblock copolymer micelle of arbitrary morphology

consists of four terms: two self-terms (for the core, Pi, and the chains on the surface, Ps)

and two cross-terms (between the core and the chains, Sic, and between different chains on

the surface, Scc).1 The subscript i refers to the form factor used for the core (s for spherical

micelles, w for worm-like micelles, and v for vesicular micelles).

Pm(Q) = N2
i β

2
i Pi(Q) +Niβ

2
cPc(Q) + 2N2

i βiβcSic(Q) +Ni(Ni − 1)β2
cScc(Q) (S3)
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In this expression, Ni is the aggregation number, and βs and βc are the total excess scattering

lengths of blocks in the core and the shell (chains), respectively. (The scale factor in Equation

S1 is modified by the inclusion of the β term.) These are given by βi = Vi(ρi − ρm) and

βc = Vc(ρc − ρm), where V is the volume of a block and ρ is the scattering length density of

a block. ρm is the scattering length density of the solvent medium. The form factors for the

three morphologies studied in this paper are discussed below.

Spherical micelles (i = s)

The scattering model for spherical diblock copolymer micelles has previously been reported.1,2

The form factor for the sphere self-term (Ps(Q)) is simply the well-known spherical form

factor for a sphere of radius r.3,4

Ps(Q) =

[
3 [sin (Qr)−Qr cos (Qr)]

(Qr)3

]2
(S4)

The self-term for the chains in the corona (Pc(Q)) is given by the Debye function, as-

suming that they are Gaussian chains with a radius of gyration Rg.5

Pc(Q) =
2
[
exp (−Q2R2

g)− 1 +Q2R2
g

]
Q4R4

g

(S5)

To mimic non-penetration of the Gaussian chains, they are set as starting a distance dRg

away from the surface of the core, where d ≈ 1. The cross-term between core and chains

(Ssc(Q)) is given by the following expression.

Ssc(Q) = Φ(Qr)ψ(QRg)
sin (Q [r + dRg])

Q [r + dRg]
(S6)

The functions Φ(x) and ψ(x) are given below.

Φ(x) =
3 [sin (x)− x cos (x)]

(x)3
(S7)
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ψ(x) =
[1− exp (−x)]

x
(S8)

The interference term between chains in the corona (Scc(Q)) is given by the following

expression.

Scc(Q) = ψ2(QRg)

[
sin (Q [r + dRg])

Q [r + dRg]

]2
(S9)

Two modifications have been incorporated into this standard model for spherical diblock

copolymer micelles. First, a sigmoidal interface was assumed to account for a varying scat-

tering length density at the micellar interface. The interface width σ was set to 2.5. This

modified the interface by the term exp (−Q2σ2/2). Next, a radial profile was used to define

scattering in the micelle corona using a linear combination of two cubic splines with fitting

parameters corresponding to the width and weight coefficient. Further information on these

modifications can be found elsewhere.6–8

The core radius of the micelles was fit with a Gaussian distribution with standard devi-

ation σG, given in the expression below.

fG(x) =
1√

2πσ2
G

exp

(
−(x− r)2

2σ2
G

)
(S10)

Worm-like micelles (i = w)

The scattering model for worm-like diblock copolymer micelles has previously been reported.2

The form factor for the worm self-term (Pw(Q)) is a product of a core cross-section term

(Pcross) and a term for the semi-flexible cylinder (PL).

Pw(Q) = Pcross(Q, r)PL(Q,Lw, bw) (S11)

In this expression, r is the cylinder radius, Lw is the mean worm contour length, and bw

is the worm Kuhn length. The core cross-section term is defined below, and J1(x) is the
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first-order Bessel function.

Pcross(Q, r) = A2
cross(Q, r) =

[
2
J1 (Qr)

Qr

]2
(S12)

PL describes the scattering from a self-avoiding semi-flexible chain, and a complete expression

for the chain form factor can be found elsewhere.9

As in the sphere case, the self-term for the chains in the corona (Pc(Q)) is given by the

Debye function (Equation S5).

The cross-term between worm cores and corona chains (Swc) is given by the following

expression, where ψ(x) was defined in Equation S8.

Swc = ψ(QRg)AcrossJ0(Q · (r +Rg))F (q, Lw, bw) (S13)

The interference term between chains in the corona (Scc) is given by the following ex-

pression.

Scc(Q) = ψ2(QRg)J
2
0 (Q · (r +Rg))F (q, Lw, bw) (S14)

As with the spherical micelles, the core radius of the worm-like micelles was fit with a

Gaussian distribution, given in Equation S10.

Vesicular micelles (i = v)

The scattering model for vesicular diblock copolymers micelle has previously been reported.10,11

The form factor for the vesicle self-term (Pv(Q)) is given by the square of the form factor

amplitude (Fv(Q)2 = Pv(Q)). The function depends on the inner radius of the membrane

(rin) and the outer radius of the membrane (rout), with corresponding spherical volumes Vin

and Vout. The two radii are defined by the membrane radius (rm), the distance from the

center of the vesicle to the midpoint of the membrane, and the thickness of the membrane
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(tm).

rin = rm −
tm
2

(S15)

rout = rm +
tm
2

(S16)

There is also a decaying sigmoidal interface term (σin), which was set to 2.5. The form factor

amplitude for the vesicle self-term is given below.

Fv(Q) =
VoutΦ(Qrout)− VinΦ(Qrin

Vout − Vin
· exp

(
−Q

2σ2
in

2

)
(S17)

The vesicle corona self-term (Pc(Q)) is defined as the square of the amplitude of the form

factor (Fc(Q)2 = Pc(Q)) is given in the equation below.

Fc(Q) =
ψ(QRg)

2

[
sin (Q · (rout +Rg))

Q(rout +Rg)
+

sin (Q · (rin −Rg))

Q(rin −Rg)

]
(S18)

The two cross-terms, the core-corona term (Svc) and the corona chain interference term

(Scc) are defined by the form factor amplitudes.

Svc(Q) = Fv(Q)Fc(Q) (S19)

Scc(Q) = F 2
c (Q) (S20)

The vesicles are also fit with two size distributions, one for the membrane radius of the

vesicles (rm) and another for the membrane thickness (tm). Each of the size distributions

are given by a Gaussian function (Equation S10).
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Material properties

There are three primary non-geometric parameters that need to be introduced into the di-

block copolymer micelle scattering models (Equation S3): the volumes of the blocks, the

scattering length density (ρ, SLD) of all species, and the stabilizer Rg. The mass den-

sities for PSMA (ρm = 0.904 g mol−1), PBzMA (ρm = 1.179 g mol−1), and n-dodecane

(ρm = 0.7495 g mol−1) have been taken from the literature.12–14 The mass density for the

[SPMA]−[NDod]+ monomer is not available, and the molecular volume was calculated using

volume increments.15 Ion dissociation is very low in nonpolar solvents, and so volumes are

calculated assuming complete ion binding.

Table S1: Mass densities and molecular volumes of species

Mass density / (g cm−3) Molecular volume / Å3

PSMA 0.904 622
PBzMA 1.179 248
PSPMA− — 178
[NDod4]

+ — 843
n-Dodecane 0.7495 170.

To calculate the scattering length densities, both the coherent scattering length (bi) and

the molecular volumes (Vm) must be known.

ρ =

∑
i bi
Vm

(S21)

For X-rays, as scattering arises from the interaction between X-rays and the atomic electron

cloud, bi is related to the atomic number (Z). At X-ray energies away from absorption edges,

the atomic scattering factor f1 is well approximated by the Z. In this case, bi is equal to

the product of the atomic number and the classical electron radius (re).16,17 For n-dodecane,

the PSMA stabilizer, and non-ionic PBzMA, the SLD of a polymer repeat unit is equal to

the SLD of the entire polymer. For ionic monomer containing cores, the SLD of the whole
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polymer molecule must be calculated, as it is a binary species. Additionally, the SLD of the

ionic PSMA is calculated assuming complete ion binding, as the dissociation constant for

ions in non-polar solvents is extremely low.

Table S2: X-ray scattering length density of repeat units and materials

SLD, ρ / (10−6 Å−2)

PSMA 8.61
PBzMA 10.7
PSPMA− 17.4
[NDod4]

+ 13.2
n-Dodecane 7.32

All models used for fitting these copolymer micelles assume that the stabilizer is a Gaus-

sian coil with a set radius of gyration (Rg), calculated using Equation S22. L is the contour

length, b is the Kuhn length, and L/b ≡ N is the number of Kuhn segments.18

Rg =

√
L/b

6
· b ≡

√
N

6
· b (S22)

The contour length of the polymers (L) can be calculated as the product of the DP and

the projected contour length of each SMA unit (two carbon-carbon bonds in an all-trans

configuration, 2.55 Å). The Kuhn length (b) of PSMA is 35 Å.19 From this, the Rg of

PSMA18 stabilizer is found to be 16.4 Å. For poly(alkyl methacrylates) such as PSMA in an

n-alkane, the alkyl (stearyl) sidechains have the same electron density as the solvent. It is,

therefore, challenging to model the scattering from the polymer with precision, and the fit

values should be interpreted accordingly.
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Fitting parameters

SAXS data were fitted using models as described previously. The best fit values are given

in the following tables. For all objects, the SLDs are fixed to those calculated from the

molecular structure (Table S2), and the volume of the two blocks is fixed that calculated

(Vi = DP ·Vm). The geometric parameters are allowed to vary. For all nano-objects studied,

the data could be well fitted without including any solvation of the core, and so the term

xsol was fixed at 0.
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Spheres

For spherical copolymer micelles, the fit parameters of interest are the mean core radius (r),

the standard deviation of the Gaussian distribution of the radius (σG) with corresponding

coefficient of variation (cv = σG/r), and the stabilizer radius of gyration (Rg). The curves

are multiplied by a fit arbitrary scale factor and added to a constant background to give best

agreement with the experimental data over the whole Q-range.

Table S3: Spherical micelle fitting parameters

r / Å σG / Å cv(σG/r) Stabilizer Rg / Å

[S18–P(Bz46-stat-SPMA1)]
−1 78 8 0.10 11

[NDod4]
+ counterions are excluded for brevity.
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Worms

For worm-like copolymer micelles, the fit parameters of interest are the mean worm radius

(r), the standard deviation of the Gaussian distribution of the radius (σG) with corresponding

coefficient of variation (cv = σG/r), the stabilizer radius of gyration (Rg), the worm contour

length (Lw), and the worm Kuhn length (bw). The curves are multiplied by a fit arbitrary

scale factor and added to a constant background to give best agreement with the experimental

data over the whole Q-range.

Table S4: Worm-like micelle fitting parameters

r / Å σG / Å cv Rg / Å Lw / Å bw / Å

[S18–P(Bz102-stat-SPMA2)]
−2 104 14 0.14 5 9950. 2592

[NDod4]
+ counterions are excluded for brevity.
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Vesicles

For vesicular copolymer micelles, the fit parameters of interest are the mean vesicle membrane

radius (rm), the standard deviation of the Gaussian distribution of the radius (σG,r) with

corresponding coefficient of variation (cv,r = σG/r), the stabilizer radius of gyration (Rg),

the membrane thickness (tm), and the standard deviation of the Gaussian distribution of the

thickness (σG,t) with corresponding coefficient of variation (cv,t). The curves are multiplied

by a fit arbitrary scale factor and added to a constant background to give best agreement

with the experimental data over the whole Q-range.

Table S5: Vesicular micelle fitting parameters

rm / Å σG,r / Å cv,r Rg / Å tm / Å σG,t / Å cv,t

[S18–P(Bz309-stat-SPMA9)]
−9 833 164 0.20 1 330. 59 0.18
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DLS size distributions

To compare Z-average diameters from DLS data require that the size distributions are

monomodal and that the particles are nearly spherical. The nonionic PSMA18–PBzMAy

and PSMA34–PBzMAy nano-objects synthesized at 20 wt. %, 30 wt. %, and 40 wt. % meet

these requirements as shown in Figures S1 and S2.
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Figure S1: Intensity-weighted particle size distributions from DLS data for PSMA18–
PBzMAy nano-objects synthesized in n-dodecane with DPs (y) specified in the legends and
synthesized at concentrations (in wt. %) specified in each sub-figure.
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Figure S2: Intensity-weighted particle size distributions from DLS data for PSMA34–
PBzMAy nano-objects synthesized in n-dodecane with DPs (y) specified in the legends and
synthesized at concentrations (in wt. %) specified in each sub-figure.
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