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FIG. S1. (a) Scaling of the critical temperature Tc with the radius of gyration of a single chain 〈Rg〉
measured at a fixed temperature of T = 2.0ε/kB. (b) Same scaling as in (a) for the critical density

ρc. (c) Scaling of Tc with Tθ. (d) Scaling of ρc with Tθ. Red diamonds ( ) indicate sequences where

both terminal beads are T, blue circles ( ) mark sequences with two H ends, and orange triangles

( ) indicate the sequences with mixed terminal beads. The dashed lines are linear fits to the data

for sequences with mixed terminal beads.

A. Smoothing function for the pair potential

For the LJ pair potential, we applied a smoothing polynomial s(r)

s(r) =





1 r ≤ rs,
(r2c−r2)2(r2c+2r2−3r2c )

(r2c−r2s) rs < r ≤ rc,

0 r > rc,

(1)

which ensures that the pairwise potential and forces transition smoothly to zero at the
truncation radius rc. In this work, we chose rc = 3σ and began smoothing from rs = 2.5σ.
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B. Scaling of single-chain properties with fT

As previously suggested, the single chain radius of gyration at a fixed temperature1–3

should scale with the critical temperature and density. As shown in Figs. S1(a) and (b),
this holds true for our model as well. While the critical temperature Tc scaled rather well
with Rg, the correlation with the critical density ρc was less pronounced.

Since the critical temperature Tc and the θ-temperature Tθ are also connected1,4 and a
better scaling relationship with Tθ for chains of different lengths is expected, we calculated
Tθ. We determined the coil-to-globule transition from the average bead distance Rij between
bead i and j along the chain. The temperature where the coil-to-globule occurs is the θ-
temperature. For details on this method we refer the reader to Dignon et al. 1 The results
are shown in Figs. S1(c) and (d). Similar to Rg, Rij showed roughly linear scaling, with
better results for Tc than ρc.

Both Rg and Rij can provide an estimate of the critical point location; however, they
fail to capture the systematic influence of the terminal beads found in our simulations. As
illustrated in section IIIC2, it is also not possible to predict if a certain sequence will phase
separate or not by using Rg or Rij.

C. Sequences with fT = 0.95

Fig. S2(a) shows the phase envelopes of all sequences with fT = 0.95, and Figs. S2(b)
and (c) show the scaling of the critical point with the position of the repulsive hydrophilic
head, measured as the distance from the end of the chain.

As shown in Figs. S3(a) and (b), the interfacial composition changes significantly with
both temperatures and position of H along the chain. The interface location was found by
fitting a tanh profile to the density histogram. We defined the interfacial region based on the
location where the tanh reached 10% and 90% of its bulk density value. For each sequence
and at each temperature, the interface of the liquid had a unique composition of H and T
beads, as well as a unique relative percentage of end beads. When the hydrophilic H bead
is located at the end of the chain, a significant increase in the number of end beads in the
interfacial region in comparison to a random distribution was observed below the critical
point. When the hydrophobic bead was closer to the center of the chain, we found only a
weak enhancement of end beads in the interfacial region. For T19H, T18HT , and T17HT2, we
even observed fewer end beads in the interfacial region than expected from a purely random
distribution below the critical point.

As a rough estimate of the surface tension, we determined γ̂ = kBT
2πw2 lnL from the inter-

facial width w, as determined by the tanh fit.5 Results are shown in Fig. S3(c). Here, L
is the box size in x and y dimensions. In order to determine the true interfacial tension,
we would need the bulk correlation length lb, which is of the order of the molecular size
σ. The value of γ̂ varies with temperature and sequence, but it can be rescaled onto one
master curve. All sequences collapsed when plotted against the distance to the critical point
1 − T/Tc of each sequence, as shown in Fig. S3(d). This is expected from the scaling law
γ = γ0(1 − T/Tc)µ, with µ ≈ 1.26 from the Ising Universality class,6 and it illustrates the
importance of interface composition. The position of the H bead changes the interfacial
composition at a fixed temperature, which, in turn, changes γ̂ at that temperature. Because
Tc and the interfacial tension are connected, a change in interfacial composition leads to a
change in the critical temperature.
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FIG. S2. (a) Phase diagrams for sequences with fT = 0.95 with varying position of the one

hydrophilic bead. The locations of the critical points are indicated by circles; the lines show the fit

of Eqs. (4)–(5). (b) Scaling of the critical temperature and (c) of the critical density as a function

of the position of the repulsive H ( ) bead going from the end of the chain (1) to the middle (10).

0.00 0.05 0.10 0.15 0.20

1− T/Tc

0.100

0.105

⟨n
en

d,
in

te
rf

ac
e⟩

(a)

0.00 0.05 0.10 0.15 0.20

1− T/Tc

0.050

0.055

0.060

⟨n
H

,in
te

rf
ac

e⟩

(b)
0.000 0.025 0.050 0.075 0.100 0.125 0.150

1− T/Tc

0.0

0.1

0.2

γ̂

(d)

2.2 2.3 2.4 2.5 2.6

T [ϵ/kB]

0.00

0.05

0.10

0.15

γ̂

(c)

FIG. S3. Average number of end beads (a), and average number of H beads (b) in the interfacial

region. The dashed lines indicate the average numbers for completely random distributions. γ̂ is

shown as a function of temperature (c) and as a function of distance to the critical temperature,

1− T/Tc (d). The legend is the same as in Fig. S2.

D. Density histograms
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FIG. S4. Density histograms (a) for two fT = 0.95 sequences. The top panel and middle panel

show the interfacial region, and the bottom panel shows the full density histogram for HT19. (b)

Density histograms of a single simulation run for different temperatures as indicated of the re-

entrant sequence T3H3T3H2T3H3T3. The corresponding phase diagram is shown in Fig.4 of the

main text.

E. Logarithmic Phase diagram
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FIG. S5. Same data as Fig.1, plotted on a logarithmic scale to highlight the dilute phase densities.

The locations of the critical points are shown by circles and the lines show the fit of Eqs. (4)–(5)

to the upper part of the phase envelope. The legend shows the corresponding sequences (sorted

from high to low Tc) with filled red circles for T beads ( ) and filled blue circles for H beads ( ).
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F. Phase diagrams of sequences with fT = 0.6

Fig. S6 shows the phase diagrams for all the sequences with fT = 0.6 that showed
conventional phase separation or reeentrant behavior.
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FIG. S6. (a) Coexistence densities for sequences with fT = 0.6 showing conventional liquid-like

phase behavior. (b) Coexistence densities for all sequences with fT = 0.6 showing reentrant phase

behavior. The densities were measured in NV T and NpT ensembles as indicated. The locations

of the critical points are indicated by circles, and the solid lines show the fit of Eqs. (4)–(5) to the

upper part of the NV T phase envelope.

G. Structure of the liquid and large-scale aggregates

For ordered proteins, it is common to determine the protein contact map to identify
structures like α helices or β sheets within the protein. Even though the subject of this
study is disordered proteins, these are not completely unstructured, so we determined the

0.5 ǫ/kB 0.55 ǫ/kB 0.6 ǫ/kB 0.65 ǫ/kB 0.7 ǫ/kB 0.75 ǫ/kB 0.8 ǫ/kB 0.85 ǫ/kB

x

z

y

FIG. S7. Typical configurations of the regular sequence [T3H2]4 ( ) at differ-

ent temperatures. Snapshots were generated using OVITO7.
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intra-chain distances for the different sequences to quantify their degree of ordering. Fig. S8
shows the distance dist(i, j) of monomer i to j in comparison to the expected random coil
value for different sequences. Blue indicates a larger than expected distance, red indicates
a smaller than expected distance. All sequences except the liquid-like systems show some
structure in the distance map at cold temperatures. Aside from the micelle-like systems, it
is not possible to unambiguously identify the type of large-scale aggregate from the distance
maps.

Other short-ranged chain properties like average bond distances, angles and dihedral
angles did not show distinctive features for the different large-scale aggregates, as visible in
Figs. S9(a)–(c). Inter-chain structural properties like the pair correlation function, shown
in Fig. S10(a), also did not reveal a clear way to identify the aggregates, and neither did
the radius of gyration, which we determined for a single chain as a function of temperature,
shown in Fig. S10(b). We measured the properties of the clusters of the system for all
sequences forming aggregates. Fig. S11(a) shows results for the average largest cluster size
in the system. In all cases except for the systems that form isolated spherical micelles (T12H8

and H4T12H4) and a membrane-forming system (H3[T4H]3H2) most chains condensed into
one single large cluster at both densities and all investigated temperatures, as indicated by
〈Nl/Ntot〉 ≈ 1 in Fig. S11(a).

Fig. 5 and 6 in the main text showed that the different morphologies had a different de-
gree of microphase separation between the hydrophobic and hydrophilic beads. To quantify
this effect, we calculated the average number of T neighbors within a distance of 2σ of T
beads nTT. This quantity, normalized by the total number of neighbors ntot, is shown in
Fig. S11(b). Note that while the absolute value of 〈nTT/nall〉 shifted for different tempera-
tures, the ordering of the different sequences remained the same. While we observed a rough
trend where liquids showed the lowest and micelles showed the highest values of microphase
separation, we cannot clearly distinguish different types of large-scale aggregates.

An interesting difference between the conventional condensed phases and the large-scale
aggregates is the variance of local densities. We divided the condensed phase into smaller
subsections of size 5σ × 5σ × 5σ and determined the density ρi in each. The resulting
histograms for different temperatures are shown in Fig. S12(a) for three example sequences.
These results hold true for all studied sequences. For a conventional condensed phase (top
panel), the distribution of densities in the dense phase shifts to higher densities and becomes
narrower as temperature decreases, as expected. This can also bee seen in Fig. S12(b), where
we plot the variance of the measured densities ρi as a function of temperature. For reentrant
phase behavior (middle panel), the distributions first shift like in the conventional case, but
then flatten out. Some sub-regions contained only as small amount of chains or no chains
at all, with ρi ≈ 0, while others were dense. This is a reflection of the formation of fibril-
like structures, where some regions in space are very dense and others have large voids.
Consequently, the variance first decreases and then increases with lowering the temperature.
For systems that only formed large-scale aggregates (bottom panel), all histograms look
similar and do not have a distinguishable peak at a finite density. The variance is high and
increases with decreasing temperature, the opposite of a conventional liquid. This behavior
can be explained by the increasing degree of microphase separation and the formation of
more and more large-scale voids and fibril-like aggregates, making the system increasingly
heterogeneous at lower temperatures.
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FIG. S8. Intra-chain distance maps of bead i to j along a sequence for all sequences with fT = 0.6.

The density was ρtot = 0.1m/σ3 and the temperature was T = 0.55ε/kB. The color indicates the

deviation of the measured distance from the expected random coil value, 1.12
√
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were assigned according to the classification in Fig. 8.
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FIG. S9. (a) Average bond distance, (b) average bond angle, and (c) dihedral angle distributions

of the different sequences with fT = 0.6 at T = 0.55ε/kB and ρtot = 0.05m/σ3.
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FIG. S10. (a) Pair correlation function g(r) for all the sequences with fT = 0.6 at T = 0.55ε/kB and

ρtot = 0.05m/σ3. The pair correlation functions are shifted horizontally for clarity. (b) Average

radius of gyration 〈Rg〉 of an isolated chain as function of temperature.
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FIG. S12. (a) Histograms of local densities ρi in 5σ3 sub-regions within liquid phase at five

different temperatures. The three panels correspond to sequences with: a conventional condensed

phase (top), a reentrant phase (middle), and string-like aggregates (bottom). (b) Variance of the

local density histograms as a function of temperature for the same three sequences. Dashed lines

indicate the location of the critical temperatures of the sequences with conventional and reentrant

phase behavior.

H. Order parameters

In this work, we have tested multiple order parameters. All results are presented in
Fig. S13. We have chosen to sort the sequences according to their phase behavior (sep-
arated by horizontal dashed lines) and then within each group according to their critical
temperature, if known. The y-axis in Fig. S13 indicates each sequence in order.

The first and simplest choice of order parameter is the the average length LT of the
hydrophobic segments in the sequence,8 shown in Fig. S13. This order parameter roughly
sorts the sequences, but does not capture the systematic influence of the terminal beads.
We also expect that LT will not perform well for comparing multiple chain lengths.

We studied the normalized mean-square fluctuation Ψ(s) of a sub-section of length s.9,10

We varied the length of the sub-sections/blocks s and achieved best results with s = 5.
With a few exceptions, Ψ(5) sorts the sequences according to their critical temperature, but
cannot be used to distinguish different phase and aggregation behavior, as it only seems to
separate out micelle-forming systems.

The order parameter κ,11 commonly used for proteins, does not perform well in this
system. We picked a residue blob size of 5. While κ can distinguish different trends within
a set of sequences with the same fT , it does not perform as well across different values
of fT . We suspect that the reason for this is that κ is normalized to its maximal value,
which depends on fT . To unify our choice for all values of fT , we normalized against the
κ value of a corresponding block of composition fT . It is possible that a different choice of
normalization might improve results.

We also determined the (corrected) probability of finding a T segment after a T segment,
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PTT − fT , where values of PTT − fT ≈ 0 correspond to random sequences, PTT − fT < 0
to alternating, and PTT − fT > 0 to blocky sequences.12,13 We observed both negative and
positive values within each type of phase behavior except for the sequences that formed
finite-sized aggregates, which were all classified as blocky.

The sequence charge decoration (SCD) is the commonly used order parameter that per-
formed best out of the ones we studied. However, it did not reproduce the systematic
influence of the terminal beads. SCD, like the κ parameter, is frequently used for proteins,14

as opposed to the other studied parameters, which are usually applied to co-polymer systems.

Since the order parameters from the literature generally performed poorly in our system,
we defined an effective reweighted f ∗

T as

f ∗
T =

∑M
i=1 ti

1−∑M
i=1

T 0.95
c (i)
T 1.00
c

, ti =

{
1− T 0.95

c (i)
T 1.00
c

for i = T

0 for i = H
(2)

where T 1.00
c is the critical temperature of the pure homopolymer and T 0.95

c (i) is the critical
temperature of the chain with only one H at position i. We have given H beads zero weight
because they do not have an energetic contribution to the phase separation, and T beads a
weight that depends on their position in the chain.

By defining f ∗
T as described above, we were able to account for the fact that hydrophobic

beads closer to the ends of the chain appear to be more important in promoting phase
separation. We achieved a fairly linear correlation between f ∗

T and Tc for all investigated
sequences which had a critical point, as visible in Fig. 9 This definition is specific to the
model investigated here and it is not purely based on the sequence alone. Regardless of
its limitations, this order parameter illustrates the significance of the terminal beads for
the location of the critical point, because we were able to account for their effect with
reweighting.
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TABLE S1. Sequence names, architectures, critical point location Tc and ρc, and fraction of

attractive beads fT . Subscript indicates error on the last digit.

sequence architecture Tc ρc fT

T20 2.8925 0.2002 1.0

HT19 2.4758 0.1832 0.95

THT18 2.5359 0.1865 0.95

T2HT17 2.5617 0.1894 0.95

T3HT16 2.5758 0.1894 0.95

T4HT15 2.5779 0.1895 0.95

T5HT14 2.5937 0.1893 0.95

T6HT13 2.5954 0.1922 0.95

T7HT12 2.5985 0.1912 0.95

T8HT11 2.5993 0.1921 0.95

T9HT10 2.5992 0.19399 0.95

HT18H 2.0907 0.1674 0.9

[T6H]2T6 2.3194 0.1882 0.9

[T9H]2 2.2238 0.1753 0.9

[T6H]2T5H 1.9592 0.18188 0.85

HT8HT9H 1.8692 0.17601 0.85

[T4H]3T5 2.0492 0.1881 0.85

HT5HT6HT5H 1.6372 0.18377 0.8

[T3H]2T[T3H]2T3 1.7923 0.1871 0.8

[T4H]4 1.7164 0.1861 0.8

[HT4]2HT3HT4H 1.4252 0.18187 0.75

[T3HT2H]2T2HT3 1.5672 0.18309 0.75

[T3H]5 1.4913 0.1791 0.75

[HT3]4HT2H 1.2081 0.17777 0.7

[T2H]6T2 1.3402 0.1781 0.7

[T2H]2[T3H]2[T2H]2 1.2642 0.17739 0.7

[HT2]3T[HT2]3H 1.0181 0.16941 0.65

[THT]3HT[THT]3 1.1159 0.1755 0.65

TH[T2H]6 1.0654 0.1812 0.65

H2T3HT2HTHT2HTH2T3 0.951 0.1456 0.6

[HT]2TH[T2H]4TH 0.8086 0.1425 0.6

HT2HT3H2T3H2T2HT2H 0.871 0.132 0.6

H[T3H2]3T3H 0.9144 0.1372 0.6

THT2H[TH]2T2H[TH]2T2HT 0.9482 0.1751 0.6

THT2H[T2H2]2[T2H]2T 0.9673 0.1613 0.6

THT2HT2H2T3H2[T2H]2 0.9183 0.1524 0.6

HT[T2H]2[TH]2[T2H]2TH 0.8982 0.1671 0.6

[T2H2]2[T3H2]2T2 1.0112 0.1572 0.6

T2H2[T3H2]3T 0.9794 0.1513 0.6

T3H3T3H2T3H3T3 1.0833 0.1412 0.6
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TABLE S2. Names and architectures of sequences without a critical point.

sequence architecture fT

[H2T3]4 0.6

H3[T2H]4THT3 0.6

H3T3H2T3HT3H2T3 0.6

H3[T4H]3H2 0.6

H4T12H4 0.6

T6H8T6 0.6

T12H8 0.6
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