
doi.org/10.26434/chemrxiv.10000232.v3

Exploiting block copolymer phase segregation to tune vitrimer properties
Jacob Ishibashi, Yan Fang, Julia Kalow

Submitted date: 13/12/2019 • Posted date: 19/12/2019
Licence: CC BY-NC-ND 4.0
Citation information: Ishibashi, Jacob; Fang, Yan; Kalow, Julia (2019): Exploiting block copolymer phase
segregation to tune vitrimer properties. ChemRxiv. Preprint. https://doi.org/10.26434/chemrxiv.10000232.v3

p.p1 {margin: 0.0px 0.0px 0.0px 0.0px; line-height: 17.1px; font: 16.0px Times; color: #000000;
-webkit-text-stroke: #000000} span.s1 {font-kerning: none} In this paper, phase-segregating acrylic block
copolymers are used to construct vitrimers. The resulting phase-segregated vitrimers display markedly
different thermal and mechanical properties relative to those of homogeneous statistical copolymer-derived
vitrimers. Importantly, the volume fraction of the functional block (i.e., the nominal cross-link density) can be
used to modulate the stress relaxation profile of block vitrimers, while statistical copolymer-derived vitrimers
display no change in relaxation behavior as a function of cross-link density. This study demonstrates that
block copolymers offer additional design space to tune vitrimer properties, independent of polymer and
cross-link identity and dynamic exchange chemistry.

File list (3)

download fileview on ChemRxivIshibashi&Kalow_MS.pdf (0.93 MiB)

download fileview on ChemRxivTOC graphic v3.png (129.88 KiB)

download fileview on ChemRxivIshibashi&Kalow_SI.pdf (1.98 MiB)

http://doi.org/10.26434/chemrxiv.10000232.v3
https://chemrxiv.org/authors/Julia_Kalow/6894821
https://chemrxiv.org/ndownloader/files/20173649
https://chemrxiv.org/articles/Mechanical_and_Structural_Consequences_of_Associative_Dynamic_Cross-Linking_in_Acrylic_Diblock_Copolymers/10000232/3?file=20173649
https://chemrxiv.org/ndownloader/files/20173853
https://chemrxiv.org/articles/Mechanical_and_Structural_Consequences_of_Associative_Dynamic_Cross-Linking_in_Acrylic_Diblock_Copolymers/10000232/3?file=20173853
https://chemrxiv.org/ndownloader/files/20173667
https://chemrxiv.org/articles/Mechanical_and_Structural_Consequences_of_Associative_Dynamic_Cross-Linking_in_Acrylic_Diblock_Copolymers/10000232/3?file=20173667


Exploiting block copolymer phase segregation to tune vitrimer properties 

Jacob S. A. Ishibashi, Yan Fang, and Julia A. Kalow* 

Department of Chemistry, Northwestern University, Evanston, IL 60208 

Abstract 

In this paper, phase-segregating acrylic block copolymers are used to construct vitrimers. The resulting 

phase-segregated vitrimers display markedly different thermal and mechanical properties relative to 

those of homogeneous statistical copolymer-derived vitrimers. Importantly, the volume fraction of 

the functional block (i.e., the nominal cross-link density) can be used to modulate the stress relaxation 

profile of block vitrimers, while statistical copolymer-derived vitrimers display no change in relaxation 

behavior as a function of cross-link density. This study demonstrates that block copolymers offer 

additional design space to tune vitrimer properties, independent of polymer and cross-link identity 

and dynamic exchange chemistry. 

  

Main Text 

Vitrimers are an emerging class of covalent adaptable networks1 that employ associative2 exchange 

reactions to enable network topology change, resulting in the ability to recycle or remold polymer 

networks.3 Inspired by Leibler and co-workers, who articulated this concept in 2011,4 many researchers 

have adapted various associative exchange reactions for use in vitrimers.5 These efforts have focused 

on the controlling vitrimer flow through the energetics of the exchange reaction. In principle, 



macromolecular structure and assembly could also contribute to vitrimer flow. In particular, phase 

segregation is a key phenomenon in macromolecular science and an opportunity to further tune the 

properties of vitrimers.  

Recently, the groups of Leibler6 and Torkelson7 investigated phase segregation in vitrimers. In both 

cases, it was concluded that the immiscibility of the cross-linkers in the polymer matrix drives the 

observed phase segregation. This approach, however, relies upon judiciously chosen combinations of 

immiscible cross-linker and polymer. An alternative and potentially more versatile approach to induce 

phase segregation in vitrimers takes advantage of a designed, phase-segregating, and limitlessly diverse 

class of macromolecular precursors: block copolymers8 In permanently cross-linked polymer 

networks, block copolymer phase segregation has already been used to enhance properties,9 but there 

is only one example of a block copolymer used to provide phase segregation in vitrimers.10 In this 

work, we demonstrate that phase-segregated vinylogous urethane vitrimers (Figure 1a)11 derived from 

rubbery acrylic diblock copolymers can access a range of thermal and viscoelastic properties 

complementary to their homogeneous counterparts derived from statistical copolymers. 

We synthesized statistical and asymmetric diblock copolymers of n-butyl acrylate (nBA) and a 

ketoester-containing acrylate monomer12 using reversible addition-fragmentation chain-transfer 

(RAFT) polymerization.13 Because more commonly used end-group removal protocols14 were 

unsuccessful for this system, the trithiocarbonate chain ends were removed by reductive photolysis.15 

We targeted molecular weights well below the entanglement molecular weight of poly(nBA), 29 

kg/mol, to avoid mechanical effects arising from backbone entanglement in the vitrimer.16 We 

prepared four prepolymers using low and high amounts of the minority functional monomer to 

observe trends in vitrimer properties as a function of cross-link density: statistical copolymers Stat-14 

and Stat-20, and phase-segregating block copolymers Block-17, and Block-25, in which the number 



refers to the mol% functional monomer present in the prepolymer.17 Details for the synthesis and 

characterization of the prepolymers can be found in the Electronic Supplementary Information (ESI). 

Polymer properties are listed in Table 1. DSC of the diblock copolymers revealed two Tg’s, consistent 

with microphase segregation. 
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Figure 1. (a) Vinylogous urethane vitrimers exchange (b) Synthesis of vitrimers from Stat or Block 
prepolymers using 33 mol% excess free –NH2. Representative photo is of a sample of Block-17-Net. 

Table 1. Properties of prepolymers used in this study 

 Stat-14 Stat-20 Block-17 Block-25 
Mn (kg/mol) a 8.3 12.1 8.3 9.3 

Ða 1.18 1.20 1.18 1.28 
Tg1 (ºC) b –42 –43 –50 –45 
Tg2 (ºC) b - - –35 –32 

a Determined by gel permeation chromatography. b Determined by differential scanning calorimetry 
(second heating cycle). 

To form the vitrimers (denoted with suffix -Net) We chose tris(2-aminoethyl)amine (TREN) as the 

cross-linker, and the theoretical concentration of primary amine in all networks was 33 mol% excess 



relative to ketoester functional groups on the polymer (Figure 1b). In our standard protocol, TREN 

was added to a 16 wt% solution of the prepolymer in THF. To identify curing conditions, we collected 

gelation profiles using shear rheology (14 wt% solutions in 1,4-dioxane, for slower evaporation). While 

Block-17 remained liquid-like over the course of an hour after TREN was added, G’ for the solution 

of Stat-14 and TREN increased rapidly after 40 minutes, indicating the onset of gelation (Figure 2). 

Indeed, while the Stat prepolymers rapidly formed organogels after combination with TREN, the 

Block prepolymers remained solutions even after standing in a sealed container overnight. Dynamic 

light scattering data (ESI, Figure S-14) offer insight, showing that nanoparticles of cross-linked Block 

prepolymers form quantitatively within minutes of adding TREN, and these particles do not aggregate 

even after 18 hours. This suggests that while condensation of ketoester and amine occurs readily in 

both systems, Block prepolymers require higher concentrations to percolate a network compared to 

the Stat vitrimers. 

 

Figure 2. Gelation profiles for Stat-14 and Block-17 in 1,4-dioxane (14 wt%) after adding TREN, 
obtained by oscillatory shear rheology. Inset: photographs of the solutions after 1 hour. 

 



Therefore, Block network films must be fabricated by evaporating the solvent in an open mold, while 

Stat network films can form under a closed environment, followed by slow evaporation to ensure 

uniformity. We obtained the resulting vitrimers as transparent, pale yellow films after annealing at 55 

°C for 18 hours (Figure 1b). All the vitrimers in this study had gel fractions of 90% or greater (Table 

2). 

Dynamic mechanical thermal analysis (DMTA) of the vitrimers under an atmosphere of nitrogen 

showed that the Stat vitrimers, on the whole, behave as expected according to network elasticity 

theory; for an ideal network, increasing the cross-link density is expected to increase the elastic 

modulus of the network. Here, the Stat vitrimer with more cross-links (Stat-20-Net) has a higher 

rubbery plateau E’ and a higher Tg (peak of tan(δ) trace) than the vitrimer with fewer cross-links (Stat-

14-Net) (Table 2). These two vitrimers also display relatively narrow glass transition ranges, and the 

magnitude of the tan(δ) peak is close to 1. These data suggest that Stat vitrimers are relatively 

homogeneous on the nanoscale. 

Table 2. Properties of vitrimers 

 Stat-14-Net Stat-20-Net Block-17-
Net 

Block-25-
Net 

Gel Fraction (%) 91 90 97 94 
Swelling Ratio (%) 442 318 259 181 

DMTA 

E’ (MPa) a 1.9 4.8 2.2 1.2 
Mx (kg/mol)b 6.2 2.4 5.3 9.7 

Tg1 (ºC) 
 
c 2 15  96 79 

Tg2  (ºC) c - - –26 –27 

τ* (s) d 

190 °C 6 ± 1 6 ± 1 46 ± 14 9 ± 5 
180 °C 14 ± 5 12 ± 3 100 ± 48 20 ± 10 
170 °C 24 ± 6 23 ± 5 177 ± 74 38 ± 17 
160 °C 37 ± 8 39 ± 7 317 ± 114 69 ± 33 

Activation 
Parameterse 

Ea (kJ/mol) 100 ± 12 105 ± 6 106 ± 7 113.0 ± 7 
ln(τ0) –23.0 ± 2.2 –24.4 ± 1.2 –26.4 ± 1.2 –27.5 ± 1.4 

a Rubbery plateau storage modulus from DMTA.. b Molecular weight between crosslinks, determined 
using the equation E’ = 3rRT/Mx and approximating the density of poly(nBA) as r = 1.08 g/mol. c 
Temperature at the peak of tan(δ). d Each point is average of three runs. Uncertainty is the Student’s 
T-test. e Uncertainties are obtained from the error of the slope and intercept of the Arrhenius plot. 



 

 

Figure 3. DMTA data: E’ (solid lines) and tan(δ) (dashed lines) (heating rate of 3 °C/min) for (a) 
statistical copolymer-derived vitrimers and (b) block polymer-derived vitrimers. 

On the other hand, DMTA data for the Block vitrimers suggest that phase segregation exists. Block-

17-Net and Block-25-Net exhibit two transitions in tan(δ) that are both broader and have lower 

peaks (ca. 0.25 to 0.5) than the tan(δ) traces for the Stat vitrimers (Figure 3b). Block-17-Net actually 

has a higher rubbery plateau E’ than Block-25-Net, indicating that Block vitrimers do not behave as 

ideal networks, since increasing the nominal cross-link density by increasing the functional minority 

block is associated with a decrease in elastically effective cross-links. However, the swelling ratio in THF 

for Block-17-Net is higher than for Block-25-Net, suggesting that the phenomenon underlying the 

rubbery plateau moduli is restricted to the bulk. Based on thermal and structural data (vide infra), it is 

likely that Block vitrimers are phase separated into cross-link-rich, high-Tg minority domains 



consisting primarily of the ketoester block and cross-link-deficient majority domains consisting 

primarily of low-Tg poly(nBA). In the bulk, this sequestration of cross-links to the minority domains 

causes more network defects compared to Stat vitrimers, and the volume fraction of the functional 

block affects the number or nature of the defects. 

Small-angle x-ray scattering (SAXS) data confirm phase segregation in Block prepolymers and their 

resulting vitrimers. Block-17 and Block-25 have SAXS patterns consistent with hexagonally-packed 

cylinders with principal domain spacing d = (2p/q*) = 11.9 nm and 11.3 nm, respectively, where q* is 

the first scattering peak (Figure 4). The vitrimers Block-17-Net and Block-25-Net both exhibit a 

single broad peak by SAXS at q* = 0.0546 Å–1 and 0.0567 Å–1, respectively, suggesting disordered or 

disorganized phase-separated morphologies with spacing 11.5 nm and 11.1 nm, respectively. Clearly, 

introduction of the associative cross-links and network formation disrupts long-range ordering of the 

block copolymer microdomains. On the other hand, Stat prepolymers and their resulting vitrimers do 

not display any features by SAXS between q = 0.025 and 0.25 Å–1 (ESI, Figure S-21); this suggests that 

the cross-linker is fully miscible in these polymer systems. These results show that phase-segregating 

block copolymers can confer microphase segregation to a resulting vitrimer without the need for an 

immiscible cross-linker, enabling comparison to homogenous vitrimers with the same monomer and 

crosslinker composition. 



 

Figure 4. SAXS data for Block prepolymers and vitrimers. Bragg peaks in the data for Block-17 and 
Block-25 are consistent with a hexagonally ordered cylindrical morphology. Curves have been shifted 
vertically for clarity. Vertical dotted line is a guide for the eye and is aligned with the first scattering 
peak for Block-17. 

Vitrimer recyclability is attributed to the presence of dynamic bonds, which facilitate the 

rearrangement of network topology. Stress relaxation experiments, which we performed at 160–190 

°C under an atmosphere of nitrogen, probe the conditions under which recycling can take place. The 

inhomogeneous structure of the Block vitrimers suggests that they would employ multiple stress 

relaxation modes, deviating from ideal Maxwellian behavior. In the context of vitrimers, Torkelson18 

has shown that a stretched exponential (eq 1) can capture these deviations: 

 !
!"
= 𝐴 exp − )

*∗

,
 (eq 1) 



E/E0 is the normalized relaxation modulus, A is a pre-exponential factor, t is the time in seconds, τ* 

is the characteristic relaxation time, and b is a fitting factor that governs the shape of the curve. 

Representative stress relaxation profiles for Stat and Block vitrimers at 160 °C (Figure 5, inset) show 

that the Stat vitrimers relax stress faster than the Block vitrimers. For Stat vitrimers, all τ* are identical 

within error. On the other hand, Block vitrimers display τ* values that vary significantly based on the 

nominal cross-link density (Table 2). Flow activation energy Ea may be determined by fitting τ* data 

to an Arrhenius-like equation (Figure 5, ESI, Eq S-2), and Ea for all the vitrimers are within 

experimental error of one another (Table 2). 

The b parameter, which ranges between zero and unity, is a proxy for the homogeneity of the 

relaxation process. In the ideal case (b = 1), the relaxation is that of a single Maxwell element (i.e., the 

material possesses a single relaxation mode). The closer b is to zero, the more relaxation modes 

contribute to the overall relaxation process. For stress relaxation at 170 °C (i.e., in the center of our 

investigated temperature range), the b values for Block-17-Net (0.49 ± 0.01) and Block-25-Net (0.56 

± 0.01) are lower than those for Stat-14-Net (0.70 ± 0.03) and Stat-20-Net (0.65 ± 0.01), and this 

relationship holds for nearly all the b-parameters determined (ESI, Tables S-1 through S-5). Thus, 

phase separation in Block vitrimers results in more complex stress relaxation than that in Stat 

vitrimers.10 



 

Figure 5. Arrhenius plot for stress relaxation. Inset: Representative stress relaxation data at 160 °C. 

Leibler observed very fast stress relaxation in phase-segregated vitrimers,5e but this was attributed to 

the soluble fraction of the materials acting as a plasticizer.6a In contrast, we observe slower stress 

relaxation for Block vitrimers compared to Stat vitrimers. Without a plasticizer present, phase 

segregation likely hinders stress relaxation since sequestration of the exchangeable functional groups 

into minority domains will favor macroscopically unproductive intradomain exchange over stress-

relaxing interdomain exchange.19 Additionally, the sequestration of exchangeable groups in a higher-

Tg domain can contribute to the longer relaxation times. Helms, Russell, and co-workers have elegantly 

shown that activation energies and relaxation times increase in vitrimers as conformational freedom 

decreases, which is reflected in higher Tg’s.20  

While the Mn of the prepolymers are not perfectly uniform, we performed additional experiments to 

confirm that the small differences in Mn are not responsible for the observed effects in stress 

relaxation. If molecular weight effects dominated, we would expect that higher molecular weight 

prepolymers would lead to vitrimers with slower relaxation times.21 In fact, Block-17-Net relaxes 

stress faster than Block-25-Net, even though the prepolymer Block-17 (8.3 kg/mol) is slightly shorter 



than Block-25 (9.3 kg/mol). Both the Block vitrimers relax stress slower than the Stat vitrimers. To 

underscore this this point, we synthesized a control prepolymer (Stat-12) containing fewer functional 

groups but nearly identical molecular weight to Stat-20 (12.0 kg/mol). Stat-12-Net displays identical 

stress relaxation and τ* values to both Stat-14-Net and Stat-20-Net (ESI, Table S-1). Finally, Stat-

14-Net and Block-17-Net have similar molecular weight and nominal cross-link density, and yet their 

viscoelastic properties differ vastly, indicating that the differences in properties stem from microphase 

segregation provided solely by the sequence of the prepolymers. Overall, we conclude that the cross-

link density has little effect on the stress relaxation properties of Stat vitrimers, but it has a marked 

effect on those of Block vitrimers. 

In summary, we showed that block copolymers offer an orthogonal way to tune vitrimer properties, 

independent of polymer and cross-link identity and dynamic exchange chemistry. Vitrimers derived 

from diblock copolymers undergo gelation via the formation of dynamically crosslinked nanoparticles. 

The resulting materials display two Tg’s, and their stress relaxation depends on the volume fraction of 

the functional block. The range of properties observed for block copolymer-derived vitrimers stems 

from microphase segregation, enabled by the design of phase-segregating precursors. These properties 

are contrasted to statistical copolymer-derived systems containing the same monomers and cross-

linkers, which form homogenous vitrimers and display fast yet identical stress relaxation, regardless of 

molecular weight and cross-link density. We expect that in addition to the density, placement, and 

chemistry of the exchanging units, segregation strength and volume fraction of the blocks may be 

used to modulate the properties of vitrimers. 
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General Information 

All reagents and solvents were purchased from Aldrich. Airfree syntheses were performed using 

standard Schlenk technique. NMR spectroscopy was performed using a Bruker Avance III 500 MHz 

spectrometer. Gel permeation chromatography (GPC) measurements were performed in stabilized, 

HPLC-grade tetrahydrofuran using an Agilent 1260 Infinity II system with variable-wavelength diode 

array (254, 450, and 530 nm) and refractive index detectors, guard column (Agilint PLgel; 5µm; 50 x 

7.5 mm), and three analytical columns (Agilent PLgel; 5µm; 300 x 7.5 mm; 105, 104, and 103 Å pore 

sizes). The instrument was calibrated with narrow-dispersity polystyrene standards between 640 Da 

and 2300 kDa (Polymer Standards Service GmbH). All runs were performed at 1.0 mL/min flow rate 

and 40 °C. Molecular weight values and dispersities were calculated using the refractive index signal. 

Differential scanning calorimetry (DSC) was performed under nitrogen on a TA Instruments DSC-

250 using aluminum TZero pans, and the data were collected at a scan rate of 5 °C/min in the range 

of –90 to 50 °C. Data were analyzed using the TRIOS software package. Malvern Zetasizer Nano 

equipped with a 633 nm He-Ne 5mW laser in a capped quartz cuvette with a 10 mm pathlength. 

Samples were filtered through a 5 µm syringe filter (PTFE membrane). The data were analyzed using 

Malvern Zetasizer Series Software v7.11. Gelation experiments were performed using an Anton Paar 

MCR-302 Rheometer in cone-plate configuration at room temperature with a cover affixed to prevent 

solvent evaporation. Dynamic mechanical thermal analysis (DMTA) and stress relaxation experiments 

were performed under an atmosphere of N2 on a TA Instruments RSA-G2 analyzer. The axial force 

was adjusted to 0 N and a strain adjust of 30% was set with a minimum strain of 0.05%, a maximum 

strain of 5%, and a maximum force of 1 N in order to prevent the sample from buckling or going out 

of the specified strain. A force tracking mode was set such that the axial force was twice the magnitude 

of the oscillation force. The data were collected using a heating rate of 3 °C/min, an oscillating strain 

of 0.05%, and a frequency of 1 Hz. Stress relaxation experiments were executed at 10 °C intervals 

from 160–190 °C using a strain of 3%. UV-vis spectra were collected on an Ocean Optics Flame 

Chem miniature spectrometer. SAXS was conducted using a Ganesha SAXS instrument with a 

sample-to-detector distance of 450 mm. The sample-to-detector distance was calibrated using a silver 

behenate standard. The detector used is a position sensitive Eiger 1M (Dectris) and the photon source 

utilizes a copper target (λ = 1.541 Å). All measurements were performed at 25 °C. 
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Copolymer Synthesis 
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2-(acryloyloxy)ethyl 3-oxobutanoate (1). The monomer was prepared according to ref. 1. 

Block copolymer (Block-17): general procedure. A solution of n-butylacrylate (12.1 g, 94.1 mmol) 

in 80 mL dioxane was passed through a plug of basic alumina (2 cm high in a 50 mL fritted funnel) 

into a 250 mL round-bottomed flask that contained the RAFT agent (500. mg, 1.28 mmol for a DP 

target of 73) and AIBN (32 mg, 0.19 mmol, 6.67:1 RAFT agent:AIBN). The mixture was freeze-pump-

thaw degassed then heated to 75 °C for 4 hours under argon while checking the progress of the 

polymerization using GPC (Mn = 6.2 kg/mol, Ð = 1.22). The volatiles were removed using a rotary 

evaporator, and 10 mL THF was added to the mixture. The mixture was then precipitated into 4:1 

methanol:water. The polymer was held under vacuum for 18 hours. Then, co-monomer 1 (4.48 g, 22.4 

mmol) was dissolved in 80 mL dioxane and passed through a plug of basic alumina onto the polymer. 

AIBN (11 mg, 20:1 CTA to AIBN) was added to the mixture, which was then freeze-pump-thaw 

degassed and heated to 75 °C under argon for 4.75 hours. After working up the polymer in a similar 
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manner as for the first block, the polymer was dissolved in 20 mL of an 8:4 tolune:methanol solution 

with N-ethylpiperidinium hypophosphite (3.39 g, 18.9 mmol, 15 equiv vs. ideal amount of CTA 

present). The mixture was freeze-pump-thaw degassed and backfilled with argon. After warming to 

room temperature, the flask was irradiated at 350 nm for 24 hours. After the solvent was removed, 

the residue was precipitated into 4:1 methanol:water then twice precipitated into cold methanol by 

first dissolving and then cooling the mixture in a –20 °C freezer. Yielded 3.56 g of a pale-yellow 

polymer. NMR integration showed that the final content of 1 in the copolymer (Block-17) was 17 

mol%. GPC: Mn 8.4 kg/mol, Ð = 1.18. 

Block-25: Prepared according to the general procedure with 23.3 g n-BA, 1.18 g RAFT agent, and 75 

mg AIBN for the first block and 11.0 g comonomer 1, and 24 mg AIBN initiator to add the second 

block. Took 3.09 g of this polymer and subjected it to the photolysis conditions using 1.70 g of N-

ethylpiperidinium hypophosphite and obtained 1.29 g of a pale-yellow polymer. GPC: Mn = 9.3 

kg/mol Ð = 1.28. 

Statistical copolymer, Stat-20: general procedure. A solution of n-butylacrylate (12.0 g, 93.6 mmol) 

and 1 (6.24 g, 31.2 mmol) in 80 mL dioxane was passed through a plug of basic alumina (2 cm high in 

a 50 mL fritted funnel) into a 250 mL round-bottomed flask that contained the RAFT agent (492 mg, 

1.22 mmol for a DP target of 120) and AIBN (30. mg, 0.18 mmol, 6.67:1 RAFT agent:AIBN). The 

mixture was freeze-pump-thaw degassed then heated to 75 °C for 5 hours under argon while checking 

the progress of the polymerization using GPC (Mn = 8.8 kg/mol Ð = 1.25 at 4 hours). The volatiles 

were removed using a rotary evaporator, and 10 mL THF was added to the mixture. The mixture was 

then precipitated into 4:1 methanol:water. The polymer was held under vacuum for 18 hours. the 

polymer was dissolved in 20 mL of an 8:4 tolune:methanol solution with 3.39 g, N-ethylpiperidinium 

hypophosphite (3.27 g, 18.3 mmol, 15 equiv vs. ideal amount of CTA present). The mixture was 

freeze-pump-thaw degassed and backfilled with argon. After warming to room temperature, the flask 

was irradiated at 350 nm for 24 hours. After the solvent was removed, the residue was precipitated 

into 4:1 methanol:water then twice precipitated into cold methanol by first dissolving and then cooling 

the mixture in a –20 °C freezer. Yielded 5.74 g of a pale-yellow polymer. NMR integration showed 

that the final content of 1 in the polymer was 20 mol%, GPC showed 12.1 kg/mol, Ð = 1.20). 

Stat-12: Prepared according to the general procedure with 12.0 g n-BA, 3.57 g comonomer 1, 492 mg 

RAFT agent, and 30. mg AIBN. Photolysis was achieved using 3.27 g N-ethylpiperidinium 

hypophosphite. Obtained 4.50 g of a pale-yellow polymer. GPC: Mn = 12.0 kg/mol Ð = 1.14. 
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Stat-14: Prepared according to the general procedure with 7.89 g n-BA, 2.60 g comonomer 1, 351 mg 

RAFT agent, and 21 mg AIBN. Photolysis was achieved using 4. 27 g N-ethylpiperidinium 

hypophosphite. Obtained 2.91 g of a pale-yellow polymer. GPC: Mn = 8.3 kg/mol, Ð = 1.18. 

Homopolymer Homo-100 was obtained in an analogous procedure using 1.26 g monomer 1, 51 mg 

RAFT agent, and 3 mg AIBN. 121 mg of the resulting polymer was subjected to the photolysis 

conditions using 142 mg N-ethylpiperidinium hypophosphite. Obtained 66 mg of a pale-yellow 

polymer. GPC: Mn = 6.7 kg/mol Ð = 1.16. This polymer was synthesized in order to observe solubility 

of the functional block in THF and to determine the Tg of this polymer by itself. 

Custom-built Photoreactor 

UV light for reactions was supplied by a home-built reactor. Ten fluorescent bulb brackets (GE 

Slimline 14 inch) were mounted inside an aluminum foil-lined 5-gallon bucket with the bottom cut 

out. This setup can accommodate Rayonet bulbs (RPR-3500A for example). Larger reaction can be 

secured using a suspended clamp (Figure S-1, right). A fan is mounted on top of the bucket for simple 

cooling needs. The bucket can be raised off the bench surface to allow for better air flow and to 

accommodate a raised stir plate. SAFETY NOTE: Cover the bucket from view when UV light is on. 

We thank Prof. Brett P. Fors and his group for their guidance in building this equipment. 
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Figure S-1. The “Photobucket”  
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Kinetics of Statistical Copolymerization 

 

Figure S-2: Kinetic plot of monomer consumption as a function of time in a reaction containing 10 
mol% co-monomer 1. These data were obtained by NMR spectroscopy. 

GPC Data after RAFT Chain-End Removal. 

  

Figure S-3: GPC traces of the final prepolymers used to synthesize vitrimers. 
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UV-Vis Spectra After RAFT Chain-End Removal 

 

Figure S-4: UV-vis traces for the final prepolymers with those of the RAFT agent and comonomer 
1 for reference 

DSC Data 

 

 

Figure S-5: DSC traces of the final pre-polymers 
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Spectroscopy for the Prepolymers 

 

Figure S-6: 1H NMR of Stat-12 

 

Figure S-7: 1H NMR of Stat-14 
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Figure S-8: 1H NMR of Stat-20 

 

Figure S-9: 1H NMR of Block-17 
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Figure S-10: 1H NMR of Block-25 

 

Figure S-11: 1H NMR of Homo-100 
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The ratio of 1 to nBA incorporated was determined by integrating the triplet at δ 0.93 ppm 
(corresponding to the methyl group at the end of each pendant butyl group in an nBA monomer) 
relative to the broad doublet at δ 4.29 ppm (which corresponds to the ethylene group between the 
two oxygens in 1 and which we define with a value of 4.00). The integrations for the methyl group 
and the resulting mol% comonomer in each polymer therefore are: 

 Integration of Methyl mol% 1 
Stat-12 21.81 12.0 
Stat-14 18.30 14.0 
Stat-20 12.27 19.6 
Block-17 14.96 16.7 
Block-25 9.26 24.5 

 

 

Figure S-12: Diffuse reflectance spectra for Block-17-Net in BaSO4 matrix (“virgin”), neat (i.e., no 
matrix), and heated for stress relaxation experiment (spectrum collected with matrix). These spectra 
show the near IR overtones for the carbonyl region do not change as heat is applied to the sample. 

Sample Preparation for DMTA and Stress Relaxation Experiments 

Block copolymer gelation (Block-17-Net): 252 mg of the 17 mol% block copolymer (Block-17) 

was dissolved in 1.5 mL THF, and 20. µL TREN (0.14 mmol, 33 mol% excess free –NH2) was added 

to the solution. The reaction mixture was briefly vortexed to mix the contents and was allowed to sit 

at room temperature for 2 hours. The mixture was then transferred to a square mold and allowed to 

stand at room temperature until the contents were hardened (about 3 hours). The square was then 
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removed from the mold and annealed in a vacuum oven at 55 °C under vacuum for 18 hours. Cutting 

the square in thirds produces rectangles of approximate dimension 20 x 6.5 x 0.4 mm. 

Block-25-Net: The sample was prepared according to the above procedure, with 257 mg Block-25 

and 29 µL TREN. 

Statistical copolymer gelation (Stat-12-Net): 262 mg of the 12 mol% block co-polymer (Stat-12) 

was dissolved in 1.5 mL, and 15 µL TREN (0.10 mmol, 33 mol% excess free –NH2), and the solution 

was allowed to gel while covered (takes about 1 hour). The cover was then removed. After the samples 

hardened (about 3 hours), they were annealed in a vacuum oven at 55 °C for 18 hours. Cutting the 

sample in thirds produces rectangles of approximate dimension 15 x 5 x 0.5 mm. 

Stat-14-Net: The sample was prepared according to the above procedure, with 300 mg Stat-14 and 

21 µL TREN. 

Stat-20-Net: The sample was prepared according to the above procedure, with 266 mg Stat-20 and 

26 µL TREN. 

 

Figure S-13: Silicone mold used to shape samples. The inner dimensions are approximately 20 x 20 

mm. 

Gel fraction/swelling ratio experiment: Samples of the polymer networks were placed in THF and 

heated in a sealed container for 24 hours at 55 °C. The solvent was removed from the swollen samples 

which were then weighed for the calculation of the swelling ratio. The samples were then placed in a 

vacuum oven connected to the house vacuum (~250 torr) at 70 °C for 18 hours. The swelling ratio 

was taken to be 
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𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔	𝑅𝑎𝑡𝑖𝑜 =
𝑚𝑎𝑠𝑠	𝑠𝑤𝑜𝑙𝑒𝑛 − (𝑚𝑎𝑠𝑠	𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

𝑚𝑎𝑠𝑠	𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 

The gel fraction is given by: 

𝐺𝑒𝑙	𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑚𝑎𝑠𝑠	𝑓𝑖𝑛𝑎𝑙 − (𝑚𝑎𝑠𝑠	𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

𝑚𝑎𝑠𝑠	𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 

DLS Data 

 

Figure S-14: DLS data show formation of larger particles immediately after adding TREN, and that 

these particles do not change size much over the course of 18 hours. These data explain how block 

prepolymers behave when cross-linker is added, are consistent with the gelation experiment (Figure 2 

main text), and indicate at this concentration, a network cannot percolate with Block-25. 

DMTA Data for Stat-12-Net 

 

Figure S-15: DMTA data for Stat-12-Net. E’ (solid lines) and tan(δ) (dashed lines) 
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Stress Relaxation Stretched Exponential 

A “stretched” exponential to model stress relaxation, as the additional coefficients capture any non-

ideal behavior: 

 8
89
= 𝐴 exp − >

?∗

A
 (eq S-1) 

The τ* data may be fit to an Arrhenius-like equation, used to extract flow activation energies Ea: 

 𝑙𝑛(𝜏∗) = 𝑙𝑛(𝜏C) +
8E
FG

  (eq S-2) 

Stress Relaxation Data 

Activation parameters for Stat-14-Net, Stat-20-Net, Block-17-Net, and Block-25-Net are listed in 
the main text (Table 2). 

Table S-1: Stress relaxation fitting Parameters for Stat-12 

  Run 1 Run 2 Run 3 
  Value Std 

Err 
Adj 
R2 Value Std 

Err 
Adj 
R2 Value Std 

Err 
Adj 
R2 

190 °C 
A 1.01 0.01 

0.996 
 

1.01 0.01 
0.999 

1.02 0.01 
1.000 τ* (s) 7.5 0.1 4.9 0.1 6.2 0.1 

b 0.72 0.01 0.72 0.01 0.70 0.01 

180 °C 
A 1.01 0.00 

0.999 
 

1.01 0.01 
0.999 

1.03 0.01 
1.000 τ* (s) 15.9 0.1 8.6 0.1 15.3 0.2 

b 0.71 0.01 0.75 0.01 0.67 0.00 

170 °C 
A 1.01 0.00 

0.999 
 

1.01 0.01 
0.999 

1.03 0.00 
0.999 τ* (s) 29.2 0.2 16.9 0.1 29.5 0.2 

b 0.70 0.01 0.74 0.01 0.68 0.00 

160 °C 
A 1.01 0.00 

0.998 
1.02 0.00 

0.999 
1.02 0.00 

0.999 τ* (s) 45.0 0.2 28.5 0.2 50.1 0.3 
b 0.70 0.00 0.72 0.01 0.69 0.00 

Acitvation parameters for Stat-12: 

ln(τ0) = –26.0 ± 2.3 kJ/mol 

Ea = 107 ± 9 kJ/mol 
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Table S-2: Stress relaxation fitting parameters for Stat-14-Net 

  Run 1 Run 2 Run 3 
  Value Std 

Err 
Adj 
R2 Value Std 

Err 
Adj 
R2 Value Std 

Err 
Adj 
R2 

190 °C 
A 1.01 0.01 

0.999 
 

1.01 0.01 
0.999 

 

1.03 0.01 
0.996 

 τ* (s) 6.0 0.1 5.7 0.1 7.6 0.2 
b 0.71 0.01 0.72 0.01 0.63 0.01 

180 °C 
A 1.01 0.01 

0.999 
 

1.02 0.01 
0.998 

 

1.01 0.00 
0.999 

 τ* (s) 11.8 0.1 11.2 0.2 19.0 0.2 
b 0.71 0.01 0.68 0.01 0.70 0.01 

170 °C 
A 1.01 0.00 

1.000 
 

1.01 0.00 
1.000 

 

1.01 0.00 
0.999 

 τ* (s) 21.0 0.1 20.8 0.1 30.0 0.2 
b 0.68 0.01 0.73 0.01 0.68 0.01 

160 °C 
A 1.01 0.00 

1.000 
1.01 0.00 

1.000 
1.02 0.00 

0.999 τ* (s) 32.3 0.2 33.9 0.2 45.8 0.2 
b 0.69 0.01 0.71 0.01 0.68 0.01 

 

Table S-3: Stress relaxation fitting parameters for Stat-20-Net 

  Run 1 Run 2 Run 3 
  Value Std 

Err 
Adj 
R2 Value Std 

Err 
Adj 
R2 Value Std 

Err 
Adj 
R2 

190 °C 
A 1.02 0.01 

0.996 
 

1.01 0.01 
0.999 

 

1.01 0.01 
0.998 

 τ* (s) 6.9 0.2 5.3 0.1 5.9 0.1 
b 0.63 0.01 0.67 0.01 0.67 0.01 

180 °C 
A 1.02 0.01 

0.999 
 

1.02 0.01 
0.998 

 

1.01 0.01 
0.999 

 τ* (s) 15.6 0.2 9.9 0.2 11.5 0.1 
b 0.66 0.01 0.65 0.01 0.69 0.01 

170 °C 
A 1.02 0.00 

0.999 
 

1.02 0.01 
0.999 

1.02 0.01 
0.999 

 τ* (s) 27.8 0.2 19.6 0.2 20.7 0.2 
b 0.65 0.01 0.65 0.01 0.67 0.01 

160 °C 
A 1.08 0.01 

0.998 
1.02 0.00 

0.999 
1.03 0.01 

0.998 τ* (s) 43.3 0.5 32.6 0.2 41.8 0.5 
b 0.54 0.00 0.65 0.01 0.59 0.01 
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Table S-4: Stress relaxation fitting parameters for Block-17-Net 

  Run 1 Run 2 Run 3 
  Value Std 

Err 
Adj 
R2 Value Std 

Err 
Adj 
R2 Value Std 

Err 
Adj 
R2 

190 °C 
A 1.04 0.01 

0.996 
 

1.02 0.01 
0.996 

 

1.03 0.01 
0.996 

 τ* (s) 59.8 1.0 37.0 0.7 41.3 0.8 
b 0.51 0.01 0.56 0.01 0.53 0.01 

180 °C 
A 1.06 0.01 

0.996 
 

1.03 0.01 
0.998 

 

1.06 0.01 
0.995 

 τ* (s) 148.8 1.9 72.4 0.8 78.7 1.4 
b 0.48 0.01 0.56 0.01 0.48 0.01 

170 °C 
A 1.06 0.00 

0.997 
 

1.06 0.01 
0.996 

1.06 0.01 
0.997 

 τ* (s) 252.0 2.3 132.4 1.7 146.3 1.8 
b 0.48 0.00 0.50 0.01 0.49 0.01 

160 °C 
A 1.15 0.01 

0.995 
1.07 0.01 

0.997 
1.09 0.01 

0.996 τ* (s) 431.2 5.8 242.5 2.6 276.7 3.4 
b 0.38 0.00 0.46 0.00 0.43 0.00 

 

Table S-5: Stress relaxation fitting data for Block-25-Net 

  Run 1 Run 2 Run 3 
  Value Std 

Err 
Adj 
R2 Value Std 

Err 
Adj 
R2 Value Std 

Err 
Adj 
R2 

190 °C 
A 1.03 0.02 

0.979 
 

1.01 0.01 
0.999 

 

1.01 0.02 
0.996 

 τ* (s) 11.0 0.7 12.2 0.2 4.5 0.2 
b 0.42 0.02 0.56 0.01 0.57 0.02 

180 °C 
A 1.02 0.01 

0.996 
 

1.02 0.01 
0.997 

 

1.02 0.02 
0.992 

 τ* (s) 20.0 0.4 28.8 0.5 10.4 0.4 
b 0.59 0.01 0.57 0.01 0.52 0.02 

170 °C 
A 1.03 0.01 

0.996 
 

1.03 0.01 
0.997 

1.02 0.01 
0.995 

 τ* (s) 40.4 0.7 52.2 0.7 22.1 0.5 
b 0.56 0.01 0.55 0.01 0.57 0.01 

160 °C 
A 1.03 0.01 

0.997 
1.05 0.01 

0.997 
1.03 0.01 

0.996 τ* (s) 70.6 0.8 97.3 1.2 39.0 0.7 
b 0.55 0.01 0.51 0.01 0.56 0.01 
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Stress Relaxation Statistical Analysis 

The reported τ* are the average of three trials after fitting to a stretched exponential. A Student’s T-
Test was done on each population to show the likelihood of belonging to the same mean. A value of 
1 is 100%: 

Reading the table: The probability that the τ* values for Stat-12-Net and Stat-14-Net come from 
the same mean are 83.9%, 85.0%, 81.9%, and 81.9% for 190 °C, 180 °C, 170 °C, and 160 °C, 
respectively.  

Table S-6: Probabilities that the populations come from the same mean by T-test. 

 190 °C 180 °C 170 °C 160 °C 
Stat-12-Net 

Stat-14-Net 0.839 0.850 0.819 0.819 
Stat-20-Net 0.828 0.761 0.632 0.803 

Block-17-Net 0.005 0.024 0.016 0.009 
Block-25-Net 0.297 0.328 0.250 0.199 

Stat-14-Net 
Stat-20-Net 0.609 0.618 0.764 0.609 

Block-17-Net 0.005 0.025 0.016 0.009 
Block-25-Net 0.318 0.381 0.198 0.143 

Stat-20-Net 
Block-17-Net 0.005 0.023 0.015 0.009 
Block-25-Net 0.257 0.255 0.163 0.159 

Block-17-Net 
Block-25-Net 0.008 0.033 0.023 0.015 

TGA Data 

 

Figure S-16: TGA trace of Stat-12-Net Td (5% mass loss) = 324 °C 
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IR Data 

Representative IR data are shown below. In contrast to other systems2 where the IR spectra can be 
used to ascertain full conversion of the ketoester, the strong absorption of the esters in the acrylic 
backbone overlaps with the relevant C=O stretches and prevents this analysis. 

 
Figure S-17: IR data for Stat-14 and Stat-14-Net 

 

Figure S-18: IR data for Block-17 and Block-17-Net 
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SAXS Data 

 

Figure S-19: SAXS of Block-17 before and after annealing at high temperature 

 

Figure S-20: SAXS of Stat vitrimers 
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