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selectively activate the chain end for unzipping. Indeed, when a total of 0.5 μmoles (1 mM) 

Figure 3.5. 1H-NMR (in DMF-d7) to monitor selective head to tail depolymerization in 
P1 and P2 upon DBU treatment (0.5 μmoles polymer + 50 μmoles DBU  in 0.5 mL 
DMF-d7,) and P2 was found to be more stable. P1 and P2 polymers were treated with 
DBU and 1H-NMR spectra recorded at different time points as mentioned. (a) P2, after 
DBU treatment; (b) P1, after DBU treatment. 
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of P1 was subjected to excess DBU (10 mM), only about 30% depolymerization was 

observed in 5 h. In contrast, there was no discernible change in P2 (Figure 3.5).16 From 

NMR analysis, we predicted that the o-nitrobenzyl group is susceptible to slow 

deprotection with DBU. To unambiguously confirm that DBU does not access the NICS 

pathway, we synthesized P3 with p-methoxybenzyl carbamate as a more robust capping 

group. We observed that P3 did not exhibit any degradation over an extended period when 

exposed to DBU. 

 

Figure 3.6. (a) Time-dependent percentage of depolymerization analysis of P1 by 1H 
NMR (0.5 μmoles polymer + 50 μmoles piperidine or DBU in 0.5 mL of DMF-d7), 
monitoring the resonance at 5.27 ppm. (b) NMR and modeling comparison of P2 + 
piperidine with different piperidine concentrations: 0.5 μmoles polymer with 5 μmoles 
piperidine and 150 μmoles piperidine. (c) P1 depolymerization with time: 0.5 μmoles 
polymer with 50 μmoles piperidine and 50 μmoles DBU. 
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To directly assess the relative rates of these two pathways, P1 was independently treated 

with piperidine or DBU to initiate both NICS and chain unzipping pathways, respectively 

(Scheme 3.2d). With piperidine, ∼30% depolymerization was observed in under 20 min, 

while the same extent required ∼5 h with DBU (Figure 3.6). These NMR-based 

observations are consistent with DBU only activating the unzipping pathway. Although 

piperidine is capable of activating both pathways in P1, the studies above clearly show that 

it is substantially faster in activating the NICS pathway by more than an order of magnitude 

compared to the chain unzipping route. 

3.2.5 Theoretical modelling for chain unzipping and chain scission pathways 

To capture the multistep characteristics of these depolymerization reactions, we developed 

a rule-based kinetic model using the BioNetGen language.17 Our model provides 

quantitative predictions of the depolymerization kinetics and speciation under specific 

activity of the trigger. The model was developed based on the following assumptions: (i) 

piperidine initiates NICS and chain unzipping pathways; (ii) DBU only initiates chain 

unzipping; (iii) the overall rate coefficients for the NICS and unzipping routes are 2.3 × 

10−3 M−1 s−1 and 2.0 × 10−4 M−1 s−1, respectively. 

The model was then tested for its predictability. The time for 50% depolymerization in P2 

at a repeat unit concentration of 1 mM with excess piperidine (300 mM) was predicted to 

be ∼14 min (experimental time ∼ 12 min), while it was ∼192 min (experimental time ∼ 

197 min) for 10 mM piperidine (Figure 3.6b). In addition to good quantitative agreement, 

the model also supported the assertion that the NICS pathway affords depolymerization 

kinetics that are sensitive to the stimulus and its concentration, in great contrast to the 

kinetic characteristics of the chain unzipping pathway. As with experiments, the model 



99 
 

shows that there is much greater concentration dependent depolymerization with piperidine 

compared to DBU (Figure 3.6c). Overall, the model reliably predicts the initial rates of 

both pathways. However, we did note that the model overestimates the DBU-initiated 

depolymerization at latter time scales (Figure 3.6c). This is likely due to the buildup of 

reactive intermediates, such as quinido-methane, that could complicate the reaction 

kinetics in the latter stages. These possibilities are not incorporated in the kinetic model. 

Evolution of the components of the depolymerization process during the reaction was also 

modeled. Chain unzipping is predicted to proceed through progressively decreasing chain 

lengths due to the head-to-tail nature of the process. On the other hand, NICS sees an early 

increase in short oligomers (Figure 3.7) because of the combined SN2′-type and 1,8-

elimination reactions. Overall, rule-based modeling of these two routes suggests that NICS 

leads to more rapid formation of smaller oligomers and that the coupling of the chain 

unzipping pathway additionally contributes to this process. 

Figure 3.7. Monomer concentration vs time for piperidine concentration ranging 
from 50-300 μmoles with 0.5 μmoles of P2. 
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3.2.6 Design of the control polymer P4 

A control polymer, P4, was studied to further test the assertion that the differences are 

indeed caused by NICS. Polymer P4 (Mn = ∼2.0 kDa; DP = ∼10; Đ = 1.29, Scheme 3.2b) 

Figure 3.8. Structure of (a) P4; (b) P1; 1H-NMR (in DMF-d7) 0.5 μmoles polymer + 
50 μmoles piperidine (c) Piperidine treated P4; (d) Piperidine treated P1. 
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offers unzipping-based depolymerization through 1,6- elimination. Unlike P1, where both 

pathways are competitive, the lack of Michael acceptor in P4 fully obviates NICS. We then 

compared piperidine-induced depolymerization rates of P1 and P4. Depolymerization of 

P1 was much faster, where the reaction was nearly complete (>90%) within 6 h, while 

there was no discernible change in P4 (Figure 3.8). These results further confirm that the 

NICS pathway is more readily accessible compared to chain unzipping. 

3.2.7 Nanoparticle formulation and triggered controlled release of the guest 

The transferability of these molecular scale findings to nanoscale materials was then tested. 

Utility of triggered depolymerization in many applications is dependent on whether its 

kinetics is correlated to the concentration and nature of the triggering stimulus. We tested 

the depolymerization and release of dye-loaded polymer nanoparticles (∼250 nm) made 

from P1 using poly(vinyl alcohol) (PVA) as the stabilizing surfactant (Figures 3.9 and 

3.10). A spectroscopic probe, Nile red, was encapsulated within these particles. The 

particles were stable to retain the hydrophobic dye over a long period (Figure 3.10c), 

including in the presence of the nonnucleophilic base triethylamine. These particles, 

however, exhibited a concentration-dependent release of dye molecules in the presence of 

Figure 3.9. DLS data of the Nile red encapsulated P1 polymer nanoparticles before and 
after piperidine treatment. Comparison of both data proves polymer nanoparticle 
degradation upon introduction of piperidine as stimulus in the medium. 


