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SI Materials and Methods

Polymer synthesis and characterization. The synthesis of a linear-associative-linear (LAL)
triblock copolymer consists of two steps: (1) the reversible middle block, and then (2) using the
middle block as a macro-initiator to grow the two end linear blocks. For both steps, we use
activator regenerated by electron transfer (ARGET) atom transfer radical polymerization (ATRP).!
We synthesize the reversible block by copolymerizing hexyl acrylate (HA) with 5-acetamidopentyl
acrylate (AAPA), which carries an amide group at one of its two ends and serves as the sticky
monomer. The reaction conditions for the synthesis are summarized in Table S1. Below we

describe the detailed synthesis protocols.

Step 1. Synthesis of sticky monomer S-acetamido pentyl acrylate (AAPA). AAPA is synthesized
based on previously described methods.?* First, a flask is charged with 5-amino-1-pentanol (25 g,
242.3 mmol) and ethyl acetate (250 mL). Acetic anhydride (28.1 g, 275.4 mmol) is added dropwise
with vigorous stirring under nitrogen. After finishing the addition of acetic anhydride, the reaction
mixture is stirred at room temperature for 2 hours followed by the addition of methanol (80 mL)
and K>COs (28 g, 202.6 mmol). The mixture is vigorously stirred for another 15 min followed by
the filtration of undissolved solid if any. The filtered solution is concentrated by a rotary evaporator
(Buchi R-205) to obtain 5-acetamido-1- pentanol (AAPA, 30.5 g) with a yield of 87.1%. The
success for the synthesis of AAPA is confirmed by '"H NMR (600 MHz, CDCls) §=3.53 (t, 2H),
3.14 (q, 2H), 1.89 (s, 3H), 1.47 (m, 4H), 1.32 (m, 4H).

Second, a flask is charged with 5-acetamido-1- pentanol (3.34 g, 23.0 mmol), acrylic acid (2.48 g,
34.5 mmol), EDC (7.27 g, 37.9 mmol), N,N-diisopropylethylamine (4.9 g, 37.9 mmol) and
dichloromethane (100 mL). The reaction is stirred at room temperature for 48 h under nitrogen.
Then the reaction mixture is diluted with another 100 mL dichloromethane. Then the solution is
sequentially washed with aqueous solutions of NaOH (1.0 M, 100 mL), aqueous solution of HCI
(1.0 M, 100 mL), saturated aqueous solutions of NaHCO3 (150 mL) and saturated aqueous solution
of NaCl (150 mL) The organic supernatant is dried with Na>SO4 for 12 h and then concentrated
by a rotary evaporator to obtain the crude product. The crude product is purified by passing through
a silica column using ethyl acetate/hexanes = 1/9 (v/v) as eluent. 5-acetamido pentyl acrylate

(AAPA) (3.6 g) is obtained with a yield of 78.6%. 'H NMR (600 MHz, CDCls) 6=6.37 (d, 1H),



6.11 (dd, 1H), 5.82 (d, 1H), 5.58 (s, 1H), 4.15 (t, 2H), 3.23 (q, 2H), 1.96 (s, 3H), 1.68 (m, 2H),
1.53 (m, 2H), 1.39 (m, 2H).

Step II-a. Synthesis of control middle block poly(hexyl acrylate) (PHA). A 25 mL Schlenk flask is
charged with 2f-BiB (23 mg, 0.064 mmol), HA (5 g, 32.0 mmol) and anisole (6 mL). We dissolve
MesTREN (92 mg, 0.4 mmol) and CuCl (5.4 mg, 0.04 mmol) in I mL DMF to make a catalyst
solution. Then, we add 160 pL catalyst solution, containing 6.4x102 mmol MecTREN and 6.4x10°
3 mmol CuCly, to the mixture and bubble it with nitrogen for 30 min to remove oxygen. Afterward,
the reducing agent, Sn(EH)> (52 mg, 0.128 mmol) in 200 pL anisole, is quickly added to the
reaction mixture using a glass pipet. We seal the flask and then immerse it in an oil bath at 70°C
to start the reaction. We monitor the reaction by taking out a small amount of mixture every 30

mins to determine the conversion using proton NMR and stopped the reaction after 126 min. Based

on 'H NMR, the conversion is 50.2% and the degree of polymerization (DP) is 251.

The rest of the reaction mixture is diluted with THF and passed through a neutral aluminum oxide
column to remove the catalyst. The collected solution is concentrated by a rotary evaporator. We
use methanol to precipitate the polymer, re-dissolve the sediment in THF to make a homogenous
solution and repeat this precipitation procedure another 2 times to ensure that all unreacted
monomers and impurities are completely removed. After purification, the sample is dissolved in
THF and transferred to a glass vial and dried in the hood for 16 h, then transferred to a vacuum

oven (Thermo Fisher, Model 6258) at room temperature for 24 h to completely remove the solvent.

Step 1I-b. Synthesis of reversible middle block with 8.8% of sticky monomers. A 25 mL Schlenk
flask 1s charged with 2{-BiB (22.4 mg, 0.062 mmol), HA (4.38 g, 28.0 mmol), AAPA (0.62 g,3.11
mmol) and anisole (6 mL). We dissolve MesTREN (92 mg, 0.4 mmol) and CuCl; (5.4 mg, 0.04
mmol) in 1 mL DMF to make a catalyst solution. Then, we add 155 pL catalyst solution, containing
6.2x102 mmol MesTREN and 6.2x10° mmol CuCls, to the mixture and bubble it with nitrogen
for 30 min to remove oxygen. Afterwards, the reducing agent, Sn(EH) (50.4 mg, 0.125 mmol) in
200 pL anisole, is quickly added to the reaction mixture using a glass pipet. We seal the flask and
then immerse it in an oil bath at 80°C to start the reaction. The reaction is monitored by taking out

a small amount of mixture to determine the conversion using proton NMR and stopped after 109



min. From proton NMR, the conversion is 52.4% and the total degree of polymerization (DP) is
262. The purification procedure is the same as the synthesis of controlled middle block. After
purification, from '"H NMR, the DP of HA is 239, the DP of AAPA is 23, the ratio of reversible
bond is 8.8%.

Step Il-c. Example of the synthesis of the reversible middle block with 25% of sticky monomers. A
25 mL Schlenk flask is charged with 2f-BiB (21.5 mg, 0.060 mmol), HA (3.5 g, 22.4 mmol),
AAPA (1.5 g, 7.53 mmol) and anisole (6 mL). We dissolve MesTREN (92 mg, 0.4 mmol) and
CuClz (5.4 mg, 0.04 mmol) in 1 mL DMF to make a catalyst solution. Then, we add 150 pL catalyst
solution, containing 6.0x102 mmol MesTREN and 6.0x10 mmol CuCl,, to the mixture and
bubble it with nitrogen for 30 min to remove oxygen. Afterwards, the reducing agent, Sn(EH)>
(48.4 mg, 0.12 mmol) in 200 pL anisole, is quickly added to the reaction mixture using a glass
pipet. We seal the flask and then immerse it in an oil bath at 80°C to start the reaction. The reaction
is monitored by taking out a small amount of mixture to determine the conversion using 'H NMR
and stopped after 100 min. From 'H NMR, the conversion is 48.0% and the DP is 240. The
purification procedure is similar to the synthesis of the control middle block. The only difference
is that a co-solvent is used for precipitation; the co-solvent is a mixture of hexanes and diethyl
ether with a volume ratio 3:1, which is a good solvent for both HA and AAPA but not for the
reversible middle block. After purification, from 'H NMR, the DP of HA is 180, the DP of AAPA

is 60, and the percentage of sticky monomers is 25% or A = 0.25.

Step Ill-a. Synthesis of the control triblock copolymer PBnMA-PHA-PBnMA. A 25 mL Schlenk
flask is charged with benzyl methacrylate (BnMA, 705 mg, 4 mmol), macroinitiator (40 kg/mol,
800 mg, 0.02 mmol) and anisole (4 mL). We dissolve MesTREN (92 mg, 0.4 mmol) and CuCl»
(5.4 mg, 0.04 mmol) in 1 mL DMF to make a catalyst solution. We add 40 pL catalyst solution,
containing 1.6x102 mmol MesTREN and 1.6x10"* mmol CuCls, to the mixture and bubble it with
nitrogen for 30 min to remove oxygen. Afterwards, reducing agent, Sn(EH)2 (25.9 mg, 0.064
mmol) in 150 pL anisole, is quickly added to the reaction mixture using a glass syringe. Then, we
seal the flask and immerse it in an oil bath at 60°C. The reaction is monitored by taking out a small
amount of mixture to determine the DP of PBnMA using '"H NMR. The reaction is stopped after

120 min. The reaction mixture is diluted in THF and passed through a neutral aluminum oxide



column to remove the catalyst, and the collected solution is concentrated by a rotavapor. We use
methanol for precipitation three times; this completely removes all unreacted monomers and
impurities. After purification, the sample is dissolved in dichloromethane and transferred to a glass
vial and dried in the hood for 16 h, then the vial is put in a vacuum oven at room temperature for
24 h to completely remove the solvent. After purification, from 'H NMR, the DP of PBnhMA on

each end is 15.

Step I1I-b. Synthesis of LAL triblock copolymers with 8.8% of sticky monomers in the middle block.
A 25 mL Schlenk flask is charged with BnMA (583 mg, 3.31 mmol), macroinitiator (42 kg/mol,
700 mg, 0.017 mmol) and anisole (3.3 mL). We dissolve MesTREN (92 mg, 0.4 mmol) and CuCl»
(5.4 mg, 0.04 mmol) in 1 mL DMF to make a catalyst solution. We add 33 pL catalyst solution,
containing 1.3x102 mmol MesTREN and 1.3x107* mmol CuCly, to the mixture and bubble it with
nitrogen for 30 min to remove oxygen. Afterwards, reducing agent, Sn(EH), (21.5 mg, 0.053
mmol) in 150 pL anisole, is quickly added to the reaction mixture using a glass syringe. Then, we
seal the flask and immerse it in an oil bath at 60°C. The reaction is monitored by taking out a small
amount of mixture to determine the DP of PBnMA using proton NMR. The reaction is stopped
after 103 min. The purification procedure is the same as the synthesis of controlled triblock

copolymer. After purification, from 'H NMR, the DP of PBnMA on each end is 18.

Step Ill-c. Example of synthesis of LAL triblock copolymers with 25% of sticky monomers in middle
block. A 25 mL Schlenk flask is charged with BnMA (529 mg, 3 mmol), macroinitiator (40 kg/mol,
610 mg, 0.015 mmol) and anisole (3 mL). We dissolve MesTREN (92 mg, 0.4 mmol) and CuCl
(5.4 mg, 0.04 mmol) in 1 mL DMF to make a catalyst solution. We add 30 pL catalyst solution,
containing 1.2x102 mmol MesTREN and 1.2x107* mmol CuCly, to the mixture and bubble it with
nitrogen for 30 min to remove oxygen. Afterwards, reducing agent, Sn(EH)2 (19.4 mg, 0.048
mmol) in 150 pL anisole, is quickly added to the reaction mixture using a glass syringe. Then, we
seal the flask and immerse it in an oil bath at 60°C. The reaction is monitored by taking out a small
amount of mixture to determine the DP of PBnMA using proton NMR. The reaction is stopped
after 61 min. The purification procedure is the same as the synthesis of controlled triblock

copolymer. After purification, from 'H NMR, the DP of PBnMA on each end is 16.



'"H NMR characterization. We use 'H NMR to determine the conversion of HA and AAPA and
the volume fraction of PBnMA. Chemical shifts for 'H NMR spectra are reported in parts per
million compared to a singlet at 7.26 ppm in CDCls.

Conversion of HA monomers for the control middle block. The conversion is calculated based on
the conversion of HA monomers to the polymer poly(hexyl acrylate) (PHA), which is measured
by the NMR spectra of the raw reaction mixture, as shown in Fig. S1. The area of peak a at 4.18
ppm, Ana, corresponds to two H on the methylene group connected with the oxygen atom in HA
monomer. The area of peak a’ at 4.08 ppm, 4pua, corresponds to two H on the methylene group
connected with the oxygen atom in HA repeating unit of PHA. The conversion of HA equals to
Apua % 100% / (Aua + Apua). For example, for the reaction in Fig. S1, the conversion of HA is
1.01 x 100% / (1 + 1.010) = 50.2%. Because the molar ratio between HA monomer and initiator

is 500, the degree of polymerization (DP) of PHA is 500 x 50.2% = 251.
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Figure S1. "TH NMR spectra of raw mix of ARGET ATRP of HA.



Example of conversion of HA and AAPA for reversible middle block. The total conversion is
calculated based on the conversion of HA and AAPA to the polymer poly(HA-r-AAPA), which is
measured by the NMR spectra of the raw reaction mixture, as shown in Fig. S2. The area of peak
a Ana and peak b 4aapa at 4.18 ppm corresponds to two H on the methylene group connected with
the oxygen atom in HA and AAPA monomers, respectively. The area of peak a’ Apua and b’
Apaara at 4.06 ppm corresponds to two H on the methylene group connected with the oxygen atom
in HA and AAPA repeating units, respectively. The total conversion of HA and AAPA equals to
(ApuatAranra)* 100% / (AnatApuatAaapatApraara). The total conversion of HA and AAPA in
Fig. S2 equals to 1.103x100% / (1+1.103) = 52.4%. For this polymerization, the molar ratio
between HA and AAPA and initiator is 500. Therefore, the total DP and P(HA--AAPA) is 500 x
52.4% =262.
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Figure S2. "TH NMR spectra of raw mix of ARGET ATRP of HA and AAPA.

Example for the calculation of the fraction of reversible groups in reversible middle block. In Fig.

S3, the area of peak a Apua-o and peak b Apaara-o at 4.00 ppm corresponds to two H on the



methylene group connected with the oxygen atom in HA and AAPA repeating units, respectively.
The area of peak ¢ Apaapra-n at 3.24 ppm corresponds to two H on the methylene group connected
with the nitrogen atom in AAPA repeating units. The fraction of reversible groups equals to
ApaaraN X 100% / (Apua-otApraapra-0). The fraction of reversible groups in Fig. S3 equals to
0.087x100% / 1 = 8.7%. For this middle block copolymer, the total DP for P(HA-r-AAPA) is 262.
Therefore, the DP of AAPA is 262 x 8.7% = 23, the DP of HA is 262-23 = 239.
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Calculation of DP and volume fraction of end block PBnMA for the control triblock copolymer.
The volume fraction of PBnMA is determined based on the NMR spectra of purified triblock
copolymers. For example, in Fig. S4, the area of peak a at 4.86 ppm, Apeuma, corresponds to the
two H on the methylene group of BnMA repeating unit of PBnMA. The area of peak at 4.01 ppm,
Apna, corresponds to two H on the methylene group connected with the oxygen atom in HA
repeating unit of PHA. Therefore, the DP of PBnMA is nBama = nua*(Apeama/2)/(Apua/2) = 30, in
which Asnma = 0.121, Apua = 1.000, and the DP of PHA 1is nua = 251. The volume fraction of
PBnMA is given by f'= (nBaMAXmBuma/dPBaMA)/ (MBaMA XMBaMA/dPBaMA T nHAXMHA/APHA) X 100% =
10.4%, in which the density of PBnMA is 1.179 g/mL, the density of PHA is 1.04 g/mL, the mass

of a BnMA monomer mpnma = 176.21 g/mol, and that of a HA monomer mua= 156.23 g/mol.
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Example of calculation of DP and volume fraction of end block PBnMA for reversible triblock
copolymers. The volume fraction of PBnMA is determined based on the NMR spectra of purified
triblock copolymers. For example, in Fig. S5, area of peak ¢ at 4.87 ppm is Apenma, corresponding
to the two H on the methylene group of BnMA repeating unit. Area of peak at 4.01 ppm is the total
area a Apua and b Apaara, corresponds to two H on the methylene group connected with the oxygen
atom in HA and AAPA repeating units, respectively. Therefore, the degree of polymerization of
PBnMA is npama = nuaX(Apenma/2)/((Apuat Araara)/2) = 36, in which Apama = 0.139, Apuat
Apaara = 1.000, and the DP of HA is nua = 239, DP of AAPA is naapa = 23. The volume fraction
of PBnMA is given by f = (nBamaXmBama/dpBamA)/ (nBaMAXMBaMA/dPBaMA + HHAXMHA/DPHA +
naapaXmaapa/dpaapra) X 100% = 11.5%, in which the density of PBnMA is 1.179 g/mL, the density
of PHA and PAAPA is 1.04 g/mL, the mass of a BnMA monomer mgama = 176.21 g/mol, the mass

of a HA monomer mua= 156.23 g/mol and the mass of a AAPA monomer mua= 199.25 g/mol.
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Figure S13. Ashby-type plot of thermoplastic polymers for different additive manufacturing
techniques.
The mechanical properties are based on tensile breaking strain and Young’s modulus. Closed

circles: our modular soft elastomers for DIW printing; other symbols: literature data (Table SS5).
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(squares) polymers under uniaxial tensile tests at a fixed strain rate of 0.01/sec.
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Figure S15. Dependence of modulus of LAL polymers on temperature.

(a) Dependence of shear modulus (G’ at 0.1 rad/sec and 0.5% strain) on temperature. (b)
Dependencies of both storage (filled symbols) and loss (empty symbols) moduli on temperature.
All measurements are performed at a fixed oscillatory shear strain of 0.5% and frequency of 1

rad/sec.
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Table S1. Summary of synthesis conditions of all middle block and triblock polymers.

(1) Catalyst is made by dissolving MesTREN (92 mg, 0.4 mmol) and CuCl> (5.4 mg, 0.04 mmol) in 1 mL DMF. (2) The reaction
temperature is 80 °C for all middle block polymers and is 60 °C for all triblock polymers.

Middle block Triblock

Sample HA AAPA | Initiator | Catalyst | Sn(EH), | Anisole | Time | Conv. | BnMA mlvli?f;;—r Catalyst | Sn(EH), | Anisole | Time

(mmol) | (mmol) | (mmol) (nL) (mmol) (mL) | (min) | (%) | (mmol) (mmol) (nL) (mmol) (mL) | (min)

TV1 32 0 0.064 160 0.128 6 126 50.2 4 0.020 40 0.064 4 120

TV2 28 3.11 0.062 156 0.125 6 109 52.4 3.31 0.017 33 0.053 3.3 103

TV3 3 0.015 30 0.048 3 61
22.4 7.53 0.060 150 0.119 6 100 | 48.0

TRI1 3.46 0.017 20 0.020 3.5 183

TR2 4.35 0.014 44 0.070 4.5 166
22.4 7.53 0.060 150 0.119 6 133 50

TR3 4.65 0.015 47 0.074 4.7 190
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Table S2. List of data points and references for Fig. 5d.

Printing Symbol . Symbol s Tens'lle Reference
Method I Materials color modulus strain number
(kPa) (%)
94 385
Polydimethylsiloxane 20 295 Yirmibeseglu
(PDMS) Black 85 350 t al 4
84 270 ctal.
80 260
Post UV Diamond 5,909 55
curing (¥) 2,000 90
. 1,200 110 5
Acrylic polymer Red 1.000 120 Su et al.
500 150
94 317
Bottle brush 25.8 200 . 6
polymers Green 231 310 Xie et al.
40,000 70
13,300 120
6,670 420 7
Black 700 230 Volpe et al.
400 470
100 240
4 2
Al 33’228 18
printing + | Hexagram Liquid crystal Red 2 Kim et al.®
ost UV £X elastomer (LCE) 8,000 180
pcurin (=) 5,000 190
£ 1,500 66
750 80 9
Green 400 23 Wang et al.
400 82
10,000 70
Blue 500 115 | Ambulo et al.'”
500 90
pii{;i};gT - 1,000 280
riangle i
post- ( A{),’ LCE Black Dav1;1§(l)n ot
thermal 500 320 al
treatment
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Table S3. Molecular parameters and mechanical properties of LAL polymers for 3D printing

Processing . . Tensile strength 3

Samples methods Tensile strain (kPa) Toughness (kJ/m”)
A=0.25f=031 Printed 1.25 1,190 939
A =0.25,f = 0.31 | Molded (Cast) 0.92 1,186 872
A=0,f=031 Printed 1.15 239 132
A=0,f=0.31 | Molded (Cast) 0.74 368 227
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Table S4. List of data points and references for Fig. S12.

Printing Symbol . Symbol Young’s Tensile Reference
Materials modulus .
Method Shape color (kPa) strain (%) number
3,600 150
500 550
Black 400 480 Zhou et al."2
800 400
150 2,000
145,000 2
PDMS + silica 4,615 26
Post thermal Square composites Blue }’g;g Zg Ford et al.'?
treatment (O 1,600 75
256 39
11,510 77 Dutb
Green 3,610 362 o ct
400 528 '
260 390
P 155 460 a
LCE + Liquid o
R metal Black | 20,000 180 K"tﬂl“laé“ ct
rinti111g + post Hexagram composites al.
e fmirlfg (%) | Polycarbonate + 20,000 144
: 17
graphlj[e Red 542,000 75 Brook et al.
composites
Heh T | angle | Fiber reinforced 172,500 10
Es " thefmal (A) PDMS Black Liu et al.'®
p treatment composites 566 500
UV-assisted Epoxy and 19,500 50
printing+ post- | Pentagram | acrylic polymer 13,000 63 19
thermal (4 + silica Black ™5 600 sg | Chenetal.
treatment composites 800 60
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Table SS. List of data points and references for Fig. S13.

Printing Symbol . Symbol WO Tens.ﬂe Reference
Method ST Materials color modulus | strain number
(kPa) (%)
34,000 206
35,000 150
33,000 493
35,000 166 Georgopoulos
Black 35,000 161 20
34,000 | 494 ctal.
84,000 183
Thermoplastic 98,000 150
polyurethane 144,000 360
(TPU) 2,370 1777
Red 43‘:43‘(6)8 gg; Shin et al.?!
13,700 1003
4,200 912.8
6,000 | 1013.2 , ’
Blue 7,300 1206.7 Shin et al.
15,000 1099.8
100 470 Georgopoulos
Fused Styrene ethylene Green 100 50 tal 23
use et al.
D ition | Square butylene styrene 50 110
cpositio 1 (SEBS) 1,470 850 | Khondoker et
Modeling (L Purple 1.270 75 224
(FDM) 3,329,000 | 3
3,152,000 3
2,674,000 | 3.5
2,650,000 20
2,828,000 | 3.5
TPUS 2,465,000 | 5 Wang et
polylactic acid Magenta 5
(PLA) 2,342,000 45 al.
2,589,000 10
2,203,000 38
1,871,000 | 270
2,280,000 | 175
1,517,000 41
220,000 7.8
240,000 7.4
P‘l)llrft‘gs;‘e’:y Oranee |223:000 | 7.0 | Schimpf et
(PHUS) 8 378,000 | 4.83 al 26
1,430,000 | 3.8
700,000 7
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Table SS. List of data points and references for Fig. S13 (continued).

Printing Symbol . Symbol omag Tens‘ﬂe Reference
Method ST Materials color modulus strain number
(kPa) (%)
50,000 15
50,000 26
Polycaprolactone | Light 51,000 15.7
g (1§CL) blue 51000 | 168 | Joeetal”
49,000 16
49,000 27
Fused 890 48
Deposition | Square 950 45
Modeling & Lioht 850 45
(FDM) Polyurea ;egen 700 42 Niu et al.28
g 690 48
800 40
9,000 46
) 10,220 600
Eﬁgﬁ:’;&v\‘}g Yellow | 11,930 450 K“;?i‘gr et
13,860 370
40,330 470
61,060 410 )
Direct-ink | 1010 Black | 961530 | 375 Ravéflg‘i‘%han
Writing (A) TPU/PCL 1,084,280 410 ’
(DIW) 153,860 | 440
Red 126,300 338.5 | Ravichandran
85,750 114.67 etal.’!
22,000 195 Hupfeld et
Black ™35 500 210 al 2
50,000 380
TPU 85,000 410
Red 220,000 15 Do et al.**
Powder 400,000 15
Ben oy (cxesram 700,000 7
(PBF) (%) 1,480,000 | 13
1,600,000 18
1,700,000 20
Polyamide Blue | 1,850,000 18 Chen et al.>*
1,800,000 29
1,800,000 32
1,900,000 32
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Table SS. List of data points and references for Fig. S13 (continued).

Young’s

Tensile

i?;ﬁgg Ssyﬁz bgl Materials Szcr)rllct))rc)l modulus strain Rgiirlirge
> (kPa) | (%)
Powder 14,300 60.5
bed fusion Hexagram Polyester Green 2,700 L3 Ryse et al.?
(PBF) (%) 11,300 36.1
5,900 7.5
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Movie S1. DIW printing a honeycomb structure.
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Movie S2. DIW printing a cubic gyroid structure.
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Movie S3. Cyclic compression test of a printed cubic gyroid.
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