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S1 Electron density calculation

All recognizable peaks of the intensity I(q) were individually fitted using least-squares plus a
linear background estimator, yielding peak intensities Ih,k and positions qh,k. The (1,1) and (2,0)
peaks are close and were fitted together with a common linear background (Fig. S1).

Figure S1: Analysis of DOPE at 35 ◦C.

We followed the procedure described by Rappolt et al.1 for calculating electron maps. The lat-
tice parameter a was determined via the reflection law

√
3aqh,k /4π = 1,

√
3,2,
√

7, . . . . Fourier
synthesis yielded the electron density in real-space

ρ(~r) = ∑
h,k

αh,k

√
Ih,k q2

h,k

mh,k
. cos(2π~qh,k ·~r) , (S1)

where multiplication of the intensity with q2
h,k is known as Lorentz correction2, mh,k is the multi-

plicity of the equivalent diffraction planes (6 for (1,0),(1,1),(3,0) . . . ; 12 for (2,1),(3,1),(3,2) . . . )
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and αh,k is the phase (±1 for centrosymmetric structures as in this work). Literature3–5 suggests
(+−−+++++−) as phasing condition for DOPE-rich, fully hydrated HII phases. Figure S2
gives an example for a calculated electron density map. Other phase combinations were tested,
but yielded electron densities incompatible with the known structure.

Figure S2: 2D electron density map ρ(x,y) for DOPE at 35 ◦C. The white circular segment in-
dicates the region, where the radial cross sections of ρ are evaluated for the location
of the pivotal plane. Coordinates are normalized by the unit cell parameter a.

A Gaussian fit to the radial cross section of the electron density yielded position Rp and width
σp of the headgroup (Fig. S3). We averaged these quantities over azimuthal angles ranging from
0◦ (x-axis) to 60◦, as indicated by the circular segment in Fig. S2.

Figure S3: Radial cross section of the electron density from Fig. S2 along the x-axis with Gaus-
sian fit for the headgroup region.
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S2 Tieline parameterization

For parameterizing coexistence regions and tieline fields, we applied the method described in6,7.
Ternary phase diagram coordinates (x,y,z) with x+y+z= 1 and {x,y,z} ∈ [0,1] are transformed
into a two-dimensional vector ~Ψ = (ξ ,η) with components ξ = z

√
3/2 and η = y+ z/2. Bézier

curves
~B(t) =

n

∑
l=0

(
n
l

)
(1− t)n−lt l~Pl (S2)

of degree n = 5 were reported to describe phase boundaries well in the (ξ ,η)-space. To relate
these curves to the tieline fields, Smith and coworkers6 introduced the relationships

tLo(u) = τc +(1− τc)u (S3)

tLd(u) = τc−
τc u

u+ c(1−u)
, (S4)

where τc characterizes the critical point and c takes care of tieline fanning. Equations (S3)
and (S4) allow to express the tieline endpoint compositions in 2D as ~ΨLo(u) = ~B(tLo(u)) and
~ΨLd(u) = ~B(tLd(u)), where ~ΨLo(0) = ~ΨLd(0) describes the critical point.

We determined the 6 control points {~Pl} from a least squares fit of the Bézier curves to the
boundary coordinates of previously published compositional phase diagrams7–9. The fitting
was performed with the MATLAB R© function grad7.m listed in10. Having determined the
control points, we calculated τc, by minimizing the distance from the critical point to ~B(τc).
Analogously, the auxiliary points {τLo,i,τLd,i} were computed by minimizing the distance from
~B(τLo/d,i) to the intersection of the i-th tieline with the phase boundary on the Lo/Ld side. The
parameter c describing the tieline fanning was calculated by solving

c =
(τLo,i− τc) τLd,i

(τLd,i− τc) (τLo,i−1)
(S5)

in the least squares sense. Equation (S5) follows directly from eliminating u in Eqs. (S3) and
(S4). The resulting parameters describing the reported tielines from7–9 are listed in Tab. S1.

S3 Line tension calculations

Based on elastic deformations of monolayers, Kuzmin et al.11 derived an expression for the line
tension γ between two coexisting phases Lo and Ld

γ =
1
Z

√
BdKdBoKo

δ 2

h2
0
− 1

2Z
(J0,dBd− J0,oBo)

2 , (S6)

with Z =
√

BdKd +
√

BoKo, monolayer bending moduli B, tilt moduli K, monolayer spontaneous
curvatures J0, and structural parameters δ = ho−hd and h0 = (ho +hd)/2 relating the positions
h of the monolayer neutral planes. We refer to the first term of Eq. (S6) as elastic γel and to the
second as curvature contribution γJ0 to the line tension. It was already pointed out in 4.2, that
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Table S1: Parameters describing the tieline fields of published phase di-
agrams.

DOPC/DPPC/Chol§ POPC/eggSM/Chol¶ DOPC/DSPC/Chol‖
~P0 (0.268, 0.568) (0.438, 0.087) (0.155, 0.074)
~P1 (0.204, 0.174) (0.112, 0.029) (0.176, 0.265)
~P2 (0.361, 0.252) (0.531, 0.510) (0.300, 0.380)
~P3 (0.603, 0.554) (0.468, 0.126) (0.624, 0.365)
~P4 (0.778, 0.196) (0.671, 0.320) (0.646, 0.391)
~P5 (0.780, 0.189) (0.718, 0.208) (0.764, 0.224)
τc 0.429 0.297 0.506
c 1.115 0.832 1.000
§ Phase diagram from8

¶ Phase diagram from9

‖ Values taken from7, fits yielded similar results

these relations hold for |J0| much smaller than 1/h. In the following examples, we therefore
verify that |J0| ·h < 1.

We calculate the spontaneous curvatures J0,d and J0,o according to Eq. (4) using known com-
positions of Lo and Ld. The moduli in Eq. (S6) are effective moduli of the domains and normal-
ized by cross-sectional area. Per-lipid tilt moduli κ j reported in14 were taken, normalized by the
lipid areas and averaged over the corresponding phase. Averaging was achieved by defining for
each phase an average lipid, of volume V̄ = ∑ j χ jVj and area Ā = V̄/h, where Vj is the volume
of constituent lipid j and h the monolayer thickness of a given domain. We further assumed that
the effective tilt modulus can be expressed as K = ∑ j χ jκ j/Ā.

Lipid volumes needed in this section are available in the literature:12,13

DOPC POPC DPPC DSPC Chol
V (nm3) 1.30 1.26 1.23 1.35 0.63

Example 1: Ternary mixtures

All parameters used for calculations are listed in Tab. S2. The magnitude of the spontaneous
curvature J0 is at least by a factor of 2 smaller than the monolayer thickness, meaning that the
use of Eq. (S6) is justified. The resulting line tensions obtained by Eq. (S6) are reported in
Tab. S3.

Example 2: Varying domain sizes

For the quaternary mixture DOPC/POPC/DSPC/Chol, a similar calculation has already been
used to rationalize the domain size behavior as a function of ρ = χDOPC/(χDOPC +χPOPC) .15 It
was found, that the nanoscopic domains in POPC/DSPC/Chol grew bigger by replacing POPC
with DOPC, until finally microscopic domains for DOPC/DSPC/Chol were detected. We repeat
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Table S2: Compositions χ , temperatures T , and elastic and structural parameters for
Example 1.

DOPC/DPPC/Chol DOPC/DSPC/Chol
Ld Lo Ld Lo

χ1 : χ2 : χ3 0.66:0.19:0.15 0.12:0.58:0.30 0.74:0.09:0.17 0.12:0.56:0.32
T (◦C) 15 15 22 22
B (kT) ∗ 17±2 49±3 15±1 53±4
κ1 (kT) ∗ 11±1 34±3 9±1 44±3
κ2 (kT) ∗ 14±1 53±3 10±1 60±4
κ3 (kT) ∗ 15±1 48±3 15±2 49±2
h (nm) ∗,† 1.5 1.8 1.5 2.0
V̄ (nm3) 1.2 1.1 1.2 1.1
Ā (nm2) 0.77 0.58 0.80 0.57

K (kTnm−2) 15 85 13 97
J0 (nm−1) -0.08 -0.05 -0.14 -0.21
|J0| ·h 0.13 0.22 0.10 0.42

∗ Taken from14

† Although the thickness was not reported explicitly, it was used in the SAXS eval-
uation of14

Table S3: Resulting line tensions γ , and elastic γel and curvature contributions γJ0 for Example 1.

DOPC/DPPC/Chol DOPC/DSPC/Chol
γel (pN) 1.4 3.4
γJ0 (pN) 0.0 -1.8
γ (pN) 1.4 1.6

S5

Electronic Supplementary Material (ESI) for Soft Matter
This journal is © The Royal Society of Chemistry 2013



Table S4: Bilayer thickness t and spontaneous curvature J0 for Exam-
ple 2.

ρ (%) 0 5 10 17 20 35 100
tLd (nm) ‡ 3.84 3.80 3.80 3.76 3.77 3.67 3.51
tLo (nm) ‡ 4.48 4.48 4.48 4.46 4.46 4.46 4.48

J0,Ld (nm−1) -0.06 -0.06 -0.06 -0.07 -0.07 -0.08 -0.12
J0,Lo (nm−1) -0.16 -0.16 -0.17 -0.17 -0.17 -0.18 -0.19
|J0,Ld | ·hLd 0.09 0.10 0.10 0.11 0.11 0.12 0.18
|J0,Lo| ·hLo 0.30 0.31 0.32 0.32 0.33 0.34 0.38
‡ Taken from15

Table S5: Domain radii R and resulting line tensions γ with
elastic γel and curvature contributions γJ0 for Ex-
ample 2.

ρ (%) 0 5 10 17 20 35 100
R (nm) ‡ 68 85 98 111 124 162 >225
γel (pN) 1.7 1.9 1.9 2.1 2.0 2.7 4.1
γJ0 (pN) -0.6 -0.6 -0.6 -0.6 -0.6 -0.7 -0.7
γ (pN) 1.1 1.4 1.3 1.4 1.4 2 3.4
‡ Taken from15

that calculation, but with better determined values for bending moduli, tilt moduli and sponta-
neous curvature.

The compositions for DOPC/DSPC/Chol from Example 1 are similar to the compositions for
ρ = 1. We use therefore these MD results14 also for the current example. We further assume
the per-lipid tilt moduli of POPC and DOPC to be equal. This means, that the results for ρ = 1
should be reliable, but become more imprecise with increasing POPC content. Bilayer thickness
t informations are taken from15. To obtain the height of the neutral plane h, which should be
close to the apolar/polar interface16, we subtract 0.3 nm from the monolayer thickness. This
value is a reasonable guess for the distance between the Luzzatti position and the apolar/polar
interface.12 The applied bilayer thicknesses and monolayer spontaneous curvatures are listed
in Tab. S4. Equation (S6) yields with these values the line tensions given in Tab. S5. Results
are shown in Fig. 6. The magnitude of the spontaneous curvature J0 is at least by a factor of 2
smaller than the monolayer thickness, meaning that the use of Eq. (S6) is justified.

S4 Spontaneous curvature extrapolation

The dependence of Jmix
0 (T,χ) on temperature T and concentration χ is given in Tabs. S6–S12

and plotted in Figs. S4–S10. In the figures, black crosses depict valid data points used for
extrapolation, while green data points were not considered because there χ > χcrit .
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Table S6: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] Chol in DOPE. Numbers above χcrit are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.38 −0.39 −0.39 −0.39 −0.39 > 40
25 ◦C −0.40 −0.40 −0.41 −0.41 −0.41 > 40
35 ◦C −0.41 −0.42 −0.43 −0.44 −0.45 > 40
45 ◦C −0.43 −0.44 −0.45 −0.46 −0.47 > 40
55 ◦C −0.44 −0.45 −0.46 −0.48 −0.50 > 50

Table S7: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] DOPC in DOPE. Numbers above χcrit and NaN are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.34 −0.30 NaN −0.24 −0.22 > 50
25 ◦C −0.35 −0.31 NaN −0.26 −0.23 > 50
35 ◦C −0.36 −0.33 NaN −0.27 −0.25 > 50
45 ◦C −0.38 −0.34 NaN −0.29 −0.26 > 50
55 ◦C −0.39 −0.36 NaN −0.30 −0.27 > 50

Table S8: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] DPPC in DOPE. Numbers above χcrit are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.32 −0.30 −0.31 −0.31 −0.33 > 10
25 ◦C −0.33 −0.29 −0.26 −0.25 −0.28 > 20
35 ◦C −0.35 −0.31 −0.27 −0.24 −0.41 > 20
45 ◦C −0.37 −0.32 −0.28 −0.25 −0.24 > 30
55 ◦C −0.39 −0.34 −0.30 −0.28 −0.25 > 30

Table S9: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] DSPC in DOPE. Numbers above χcrit and NaN are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.35 −0.35 −0.35 −0.35 NaN > 10
25 ◦C −0.35 −0.34 −0.35 −0.36 NaN > 10
35 ◦C −0.36 −0.34 −0.34 NaN NaN > 20
45 ◦C −0.37 −0.35 −0.35 −0.37 NaN > 20
55 ◦C −0.39 −0.36 −0.34 −0.34 −0.27 > 20
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Table S10: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] POPC in DOPE. Numbers above χcrit and NaN are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.33 −0.29 −0.25 −0.22 NaN > 40
25 ◦C −0.34 −0.31 −0.26 −0.24 NaN > 40
35 ◦C −0.36 −0.32 −0.28 −0.25 −0.22 > 40
45 ◦C −0.37 −0.33 −0.29 −0.27 −0.23 > 50
55 ◦C −0.38 −0.34 −0.30 −0.27 −0.24 > 50

Table S11: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] SOPC in DOPE. Numbers above χcrit and NaN are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.32 −0.28 −0.25 −0.22 −0.19 > 30
25 ◦C −0.34 −0.30 −0.27 −0.23 NaN > 30
35 ◦C −0.35 −0.31 −0.28 −0.25 −0.22 > 30
45 ◦C −0.37 −0.33 −0.30 −0.27 −0.22 > 30
55 ◦C −0.39 −0.34 −0.31 −0.28 −0.24 > 30

Table S12: Spontaneous curvature Jmix
0 as function of temperature T [◦C] and concentration

χ [mol%] eggSM in DOPE. Numbers above χcrit and NaN are untrustworthy
10mol% 20mol% 30mol% 40mol% 50mol% χcrit(mol%)

15 ◦C −0.35 −0.28 −0.29 NaN NaN > 10
25 ◦C −0.37 −0.35 −0.28 NaN NaN > 10
35 ◦C −0.38 −0.36 −0.30 NaN NaN > 10
45 ◦C −0.39 −0.38 −0.30 NaN NaN > 10
55 ◦C −0.39 −0.39 −0.33 NaN NaN > 10
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Figure S4: Determination of J0 for Chol.
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Figure S5: Determination of J0 for DOPC.
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Figure S6: Determination of J0 for DPPC.

S11

Electronic Supplementary Material (ESI) for Soft Matter
This journal is © The Royal Society of Chemistry 2013



χ(mol% DSPC)

J 0m
ix
(1

/n
m

)

0 10 20 30 40 50
-0.4

-0.35

-0.3

-0.25

-0.2

-0.15
15 °C

χ(mol% DSPC)

J 0m
ix
(1

/n
m

)

0 10 20 30 40 50
-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

25 °C

χ(mol% DSPC)

J 0m
ix
(1

/n
m

)

0 10 20 30 40 50
-0.45

-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

35 °C

χ(mol% DSPC)

J 0m
ix
(1

/n
m

)

0 10 20 30 40 50
-0.45

-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

45 °C

χ(mol% DSPC)

J 0m
ix
(1

/n
m

)

0 10 20 30 40 50
-0.45

-0.4

-0.35

-0.3

-0.25

-0.2
55 °C

Figure S7: Determination of J0 for DSPC.
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Figure S8: Determination of J0 for POPC.
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Figure S9: Determination of J0 for SOPC.
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Figure S10: Determination of J0 for eggSM.
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Figure S11: Temperature dependence of J0(T ) compared with literature data.16–24

S5 Temperature dependence of spontaneous curvature

Each lipid’s spontaneous curvature J0(T ) as a function of temperature T is presented in Figs. S11–
S12 (black circles) in comparison with literature data determined at the pivotal plane∗ (green
squares) and the neutral plane (violet crosses). The black straight line is the result of the linear
fit according to Eq. (2), while the gray band depicts its error via Eq. (3).

∗Similar to Fig. 3, we rescaled reported values to J0 ∼ J0p(1+β ), with β = 0.065±0.035 determined in17.
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Figure S12: Temperature dependence of J0(T ) compared with literature data.22
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