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ABSTRACT 

Supramolecular polymers are materials in which the connections between monomers in 

the polymer main chain are non-covalent bonds. This area has seen rapid expansion in 

the last two decades and has been exploited in several applications. However, suitable 

contiguous hydrogen bond arrays can be difficult to synthesize, placing some limitations 

on the deployment of supramolecular polymers. We have designed a hydrogen bonded 

polymer assembled from a bifunctional monomer composed of two replicating templates 

separated by a rigid spacer. This design allows the autocatalytic formation of the polymer 

main chain through the self-templating properties of the replicators and drives the 

synthesis of the bifunctional monomer from its constituent components in solution. The 

template-directed 1,3-dipolar cycloaddition reaction between nitrone and maleimide 

proceeds with high diastereoselectivity affording the bifunctional monomer. The high 

binding affinity between the self-complementary replicating templates that allow the 

bifunctional monomer to polymerize in solution is derived from the positive cooperativity 

associated with this binding process. The assembly of the polymer in solution has been 

investigated by DOSY NMR spectroscopy. Both microcrystalline and thin films of the 

polymeric material can be prepared readily and have been characterized by powder X-

ray diffraction and scanning electron microscopy. These results demonstrate that the 

approach described here is a valid one for the construction of supramolecular polymers 

and can be extended to systems where the rigid spacer between the replicating templates 

is replaced by one carrying additional function. 
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■ INTRODUCTION 

Reports of supramolecular polymers1-13 that exploit the action of carefully designed 

hydrogen bonding patterns to effect the controlled aggregation of monomer units first 

started to appear in the literature around 25 years ago. One of the most intensively studied 

monomer units that is capable of constructing a supramolecular polymer is based on the 

2-ureido-4[1H]-pyrimidinone skeleton (Figure 1a, left). The critical recognition pattern is 

comprised of an array of two hydrogen bond donors (D) and two acceptors (A) in the 

order AADD. This hydrogen bonding pattern is self-complementary and allows the 

formation of homodimers in solution that are sufficiently stable (Ka ~ 2 × 107 M–1) to 

drive14-17 supramolecular polymerization. Polymers that rely on the homodimerization of 

this recognition element have received significant attention18-21. However, this 

heterocyclic skeleton suffers22-29 from a number of issues. Firstly, the synthesis30-33 of 

heterocylic ring systems that contain large numbers of contiguous hydrogen bond donors 

or acceptors can be problematic. Therefore, one of the significant challenges in this field 

is the development of methodology that allows homodimeric systems with high 

association constants to be synthesized readily from simple building blocks. Secondly, 

tautomerization (Figure 1a, right) results in the formation of several alternate hydrogen 

bond arrays, only one of which is self-complementary—the structure that has a DADA 

hydrogen bonding pattern. This tautomerization process can affect34-36 the material 

properties of any polymer based on this recognition system adversely. The 

tautomerization of the 2-ureido-4[1H]-pyrimidinone skeleton (Figure 1b, left, UPy) to form 

the corresponding pyrimidinol (Figure 1b, left, UPyOH). The pyrimidinol skeleton is self-

complementary but possesses a much lower association constant (Ka ~ 105 M–1) that is 

not considered sufficient to drive polymerization. We envisaged that we could construct 

a system containing four hydrogen bond donors and acceptors by appealing to the 

concept37-41 of chelate cooperativity. The pattern of hydrogen bonds (DADA) found in the 

UPyOH tautomer (Figure 1b) possesses a Ka that is too low to facilitate the assembly of 

a supramolecular polymer. The low Ka is, in part, a consequence of the destructive 

secondary interactions42 between the hydrogen bond donors and acceptors in this array. 
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Unlike UPy itself, which has one constructive secondary interaction (Figure 1b, right, 

green arrow), the DADA array present in UPy-OH possesses only destructive secondary 

interactions (Figure 1b, right, orange arrows). 

 

Figure 1. (a) A monomer (highlighted in gray) based on ureidopyrimidinone (UPy) assembling with other 
neighboring monomers through quadruple hydrogen bonds, in an AADD (A: Acceptor; D: Donor) array. 
(R1 = n-C13H27) Other possible tautomers of UPy are shown in the box to the right. Only the DADA array 
(highlighted) is capable of forming self-complementary dimers. (b) The tautomerization equilibrium between 
UPy and the corresponding ureidopyrimidinol. The binding affinity of the quadruple [DADA•ADAD] hydrogen 
bond array present in the ureidopyrimidinol tautomer is significantly lower than that in the [AADD•DDAA] 
UPy tautomer. Unfavorable secondary hydrogen bond interactions (A « A or D « D), which lower the 
binding affinity of this complex, are indicated by orange arrows and the favorable secondary hydrogen bond 
interactions (D « A or A « D) are indicated by green arrows. (c) Schematic representation of the [DADA• 
ADAD] quadruple hydrogen bond array. This array can be separated into two isolated DA units that are 
then reconnected by a rigid spacer, removing the central unfavorable secondary interaction while retaining 
or enhancing its binding affinity.  
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Transforming this array by separating the DADA pattern into two isolated DA units that 

are connected by a rigid spacer (Figure 1c) removes the central destructive secondary 

interaction and, assuming the connection effective molarity43 is > 1M, we can expect that 

this assembly will have a higher dimerization constant than the original contiguous DADA 

array. This strategy has the attraction of the far simpler synthesis of a self-complementary 

DA hydrogen bond diad and opens the prospect that the rigid spacer between these two 

diads might be synthesized using an auxiliary covalent bond forming step. 

Our laboratory has describedError! Reference source not found.–49 the use of small molecule 

templates to investigate the fundamentals of replication processes. We therefore 

proposed that it should be possible to combine the replication processesError! Reference source 

not found.–50 mediated by our synthetic templates with the assembly of supramolecular 

polymers. These processes are shown schematically in Figure 2. In order to exploit the 

high binding affinity of the template design shown schematically in Figure 1c, it is 

necessary to design (Figure 2a, top left) a system that connects two of these self-

complementary units together. Initially, bistemplate T (Figure 2a) contains two self-

complementary templates that are formed through the bimolecular reaction of bifunctional 

reagent A and monofunctional reagent B. Once T has been formed, it can use its 

recognition sites to create further copies of itself through a number of pathways. 

Bistemplate T can assemble reagents A and B into a ternary complex within Autocatalytic 

cycle 1 shown in Figure 2a (left). Pseudointramolecular reaction between A and B on T 

within the complex [A•B•T] creates a monofunctional template T* that can then be 

processed by the bifunctional template T in a second autocatalytic cycle (Autocatalytic 

cycle 2, Figure 2a, right). In this cycle, pseudointramolecular reaction between T* and B 

on T within the complex [B•T*•T] creates another copy of the bifunctional template T. 

Dissociation of the [T•T] complex allows the recycling of T into either of the two 

autocatalytic cycles shown in Figure 2a or assembly into a linear supramolecular 

Polymer. This polymer is catalytically active at its two termini (marked with * in Figure 

2a) and can mediate the template directed reaction of A and B or T* and B at these termini 

(Catalytic cycle 3, Figure 2a). In addition, T* is capable of engaging in template directed 
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reactions (not shown in Figure 2a) involving A and B (→ T*) or with T* and B (→ T). In 

summary, a rich network of template directed catalytic and autocatalytic processes can 

be created from the reaction of A and B that, ultimately, will result in the assembly of a 

supramolecular polymer by controlled aggregation of T. 

The building blocks necessary to implement this reaction network are shown in Figure 

2b and are designed readily by drawing on a replicator design45 that has been exploited 

in several contexts by our laboratory. Bis-nitrone A, bearing amidopyridine recognition 

sites, can undergo sequential 1,3-dipolar cycloaddition reactions with two moles of 

maleimide B, bearing complementary carboxylic acid recognition sites, to afford, first, T* 

and, subsequently, template T (Figure 2b). The processes (Figure 2a), by which 

template T directs the formation of itself, is a formal replication cycle and template T is, in 

fact, an example of a self-replicator. A further feature of these template directed 

replication processes is the ability to use template T as an initiator for the polymerization 

process itself. The use of self-complementary templates as instructions in replication 

networks has been well-documented51–55 previously by our laboratory. 

An important design element in this system is the terphenyl spacer (Figure 2b) that 

connects the two cycloadducts in T. This spacer was chosen for two reasons. Firstly, two 

n-octyloxy substituents present in the center ring of the terphenyl unit afford the 

biscycloadduct excellent solubility in nonpolar organic solvents, such as chloroform, 

where hydrogen bonding between the recognition sites will be strongest. Secondly, the 

rigidity of the terphenyl unit prevents the self-complementary cycloadducts from 

complexing each other in an intramolecular sense. In this way, we ensure that the 

recognition sites that are ultimately required to mediate the formation of the cycloadduct, 

through the pathways shown in Figure 2a, are not already occupied by intramolecular 

complexation and, ultimately, should facilitate the supramolecular polymerization process 

shown in Figure 2a.  
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Figure 2. (a) Schematic representation of the reaction network created by reaction of the bifunctional 
reagent A and the monofunctional reagent B to create bistemplate T, which bears two self-complementary 
templates connected by a rigid spacer. This template can participate in a number of autocatalytic cycles in 
which T replicates itself. T can exploit the self-complementary nature of the two templates present in its 
structure to aggregate into a supramolecular Polymer. The ends of this polymer chain, marked *, are still 
active in a catalytic sense. For clarity, autocatalytic cycles that allow T* to replicate itself are not shown. 
(b) The chemical structures of building blocks A and B and templates T* and T required to implement the 
reaction network shown in (a). 
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The expectation that T will form a homodimer that is sufficiently stable to permit self-

assembly into a polymer chain is derived from the concept43,56 of chelate cooperativity. A 

monotopic binding event is characterized by a Gibbs energy of binding. In a system such 

as T that contains two such interaction sites that are connected covalently, the homodimer 

[T•T] will have a Gibbs energy of binding that is not necessarily equal to the simple sum 

of the Gibbs energy for the individual binding events. In a positively cooperative system, 

after the association of the first recognition site, the second site is in a favorable 

arrangement for binding to occur. In this case, the Gibbs energy of binding for the fully 

assembled system (ΔG12) is more negative than the sum of the two individual binding 

events (ΔG1 + ΔG2). The difference between these values is known as the connection 

free energy, ΔGS, where ΔGS = ΔG1 + ΔG2 – ΔG12. A value of ΔGS that is significantly 

greater than zero allows very stable complexes to be constructed from two relatively 

weakly bound recognition sites by exploiting positive cooperativity. Based on previous 

work45,52,55, in our laboratory, we anticipated that the para- disubstituted aromatic spacer 

units that separate the two recognition sites in each of the two templates present in T are 

sufficiently rigid and correctly oriented in order to ensure positively cooperative binding 

between T monomers in the growing polymer chain. 

Here, we report a linear supramolecular polymer, based on these design principles, that 

can drive its own formation through catalytic and autocatalytic cycles involving a 1,3-

dipolar cycloaddition reaction. We demonstrate that the monomer T can be used as an 

instruction for the formation of template through these catalytic processes. Kinetic 

analyses of the control and recognition-mediated pathways reveals that the template 

directed reaction within the hydrogen bonded complexes shown in Figure 2 accelerates 

both the 1,3-dipolar cycloaddition as well as dramatically improving the 

diastereoselectivity of reaction affording the product, T, almost exclusively. DOSY NMR 

spectroscopic analysis demonstrates that the diffusion coefficient of the material present 

in solution decreases significantly as concentration is increased and temperature is 

decreased indicating that T assembles to form larger aggregates in solution under these 

conditions. In this polymer solution, the dynamic formation and cleavage of intermolecular 

hydrogen bonds allows the system to retain its ability to template its own formation. A film 
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can be grown from concentrated solutions of the polymer over extended periods and can 

be characterized by powder X-ray diffraction (PXRD) suggesting that the system develops 

a layered structure over extended periods of time. Scanning electron microscopy (SEM) 

images of samples cast from concentrated and dilute solutions of the polymer reveal that 

the film-like material is assembled from the concentrated solution, but not from the dilute 

solution. 
 

■ RESULTS AND DISCUSSION 

Kinetic Experiments 
In order for our target system to be successful, we need to establish that the replicator at 

the core of our design retains the ability to template its own formation through an 

autocatalytic cycle (Figure 3a) using a model system that incapable of polymerization. 

To this end, we designed mono-nitrone A′ (Figure 3b) by cutting the original bis-nitrone 

A in the middle of its rigid linker, whilst retaining two n-octyloxy chains in order to ensure 

solubility. The cycloadduct formed by the reaction of A′ and B, namely T′ (Figure 3b), 

will be structurally identical to one half of T and should have the ability to template its own 

formation through the intermediacy of the ternary complex [A′•B•T′] (Figure 3a). 

Initially, in order to establish the background rate of the cycloaddition reaction in the 

absence of any recognition effects, maleimide B′ (Figure 3b), in which the methylene 

carboxylic acid (–CH2COOH) group has been replaced by a methyl (–CH3) group that is 

incapable of recognition, was studied. Hence, maleimide B′ was reacted with mono-

nitrone A′ in CDCl3 ([A′] = 9.08 mM ; [B′] = 8.35 mM) at 10  ̊C and the reaction monitored 

by 400 MHz 1H NMR spectroscopy for 16 h. Spectra were acquired at regular intervals 

during this period and then used to construct the concentration vs. time profile for the 

reaction shown in Figure 3c (filled red circles) by integration of the characteristic 

resonances arising from the cycloadduct in the region δH 4.0 to δH 6.0. The overall 

conversion to the major trans–T″ cycloadduct was low, reaching 10 % after 16 h and the 

diastereoselectivityFN was poor — trans : cis ratio = 3.2 : 1.  
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Figure 3. (a) Schematic representation of the self-replicating processes modelled by the monotopic 
template T′. Template T′, containing complementary recognition sites (light and dark gray) is formed initially 
through bimolecular reaction of A′ with B. Once formed, T′ can participate in a recognition-mediated 
autocatalytic cycle, where T′ catalyzes the formation of a dimer [T′•T′] through the assembly of A′ and B 
in the catalytically active ternary complex [A′•B•T′]. (b) Chemical structures of the compounds used in these 
kinetic studies, including the model of the bimolecular reaction A′ + B′ → T″. (c) Concentration-time plots 
for the reactions between A′ + B → T′ (black circles), the recognition disabled control reaction between A′ 
+ B′ → T″ (red circles) and A′ + B → T′ in the presence of 10 mol% added T′ (blue circles). All reactions 
were performed in CDCl3 at 283 K and 400 MHz 1H NMR spectroscopy was used as the continuous assay. 
In the case of the reactions between A′ + B → T′ (black circles), A′ + B′ → T″ (red circles) the solid lines 
represent the best fit of the kinetic data to the appropriate kinetic model (see Supporting Information for 
details). Data for the minor cis diastereoisomer is not shown for clarity.  
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Next, we assessed the reaction between mono-nitrone A′ and maleimide B. These 

compounds were allowed to react in CDCl3 at 10  ̊C ([A′] = 8.93 mM ; [B] = 8.45 mM) and, 

once again, the reaction monitored by 400 MHz 1H NMR spectroscopy for 16 h. In this 

case, the reaction to form the isoxazolidine was significantly faster and the 

diastereoselectivity observed was enhanced dramatically — trans : cis ratio = 91 : 1. 

Additionally, the concentration vs. time profile for this reaction (Figure 3c, filled black 

circles) has a significantly sigmoidal shape that is characteristic of an autocatalytic 

process (template-directed replication). In order to confirm that T′ is capable of templating 

its own formation, we performed an additional kinetic experiment in which mono-nitrone 

A′ and maleimide B were allowed to react at in CDCl3 at 10  ̊C ([A′] = 8.90  mM ; [B] = 

8.15 mM) in the presence of 12 mol % (1.2 mM) of T′. Once again, this reaction monitored 

by 400 MHz 1H NMR spectroscopy for 16 h and spectra were acquired at regular intervals 

during this period and then used to construct the concentration vs. time profile for the 

reaction shown in Figure 3c (blue circles). These data reveal that the lag period apparent 

in the time course for the reaction between mono-nitrone A′ and maleimide B is now 

absent, providing conclusive evidence that T′ can function as a template for its own 

formation. 

In order to gain a deeper understanding for the efficiency of the replicator that is at the 

core of our polymer design, we subjected the kinetic data presented in Figure 3 to 

simulation and fitting. In order to begin this process, we needed to derive the bimolecular 

rate constants for the reaction of mono-nitrone A′ and a maleimide to afford either the 

trans or the cis cycloadduct. These rate constants can be estimated using the data 

(Figure 3c, red circles) obtained for the reaction of mono-nitrone A′ and the control 

maleimide B′, which lacks a carboxylic acid recognition site. Kinetic data for this reaction 

can be fitted to a simple bimolecular model (see Supporting Information, Section E) 

and affords a rate constant (ktrans, Figure 3a) of 3.88 × 10–4 M–1 s–1 for the bimolecular 

formation of the trans cycloadduct — a value similar to those we have reported 

previously45,52,55 for similar systems, indicating that the N-aryl substituent present in 

mono-nitrone A′ has no significant effect on the electronics of the 1,3-dipole. In order to 

proceed with the fitting of the data from the recognition-enabled experiment, it was 
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necessary to determine the single point association constant for the binding of the 

amidopyridine recognition site on the nitrone to the carboxylic acid recognition site on the 

maleimide. Monitoring of a titration of maleimide B with a suitable model amidopyridine 

(compound S6) using isothermal titration calorimetry (see Supporting Information, 

Section F) afforded a value of 1500 M–1. This value, along with the rate constant for the 

bimolecular cycoaddition were then used to fit the recognition-enabled data for the 

reaction A′ + B → T′ to the appropriate kinetic model in order to obtain values of the 

autocatalytic rate constant (kauto, Figure 3a) and the association constant (Ka[T′• T′], 
Figure 3a) for the template duplex. The rate constant kauto is associated with the reaction 

to form the cycloadduct that takes place within the catalytically active ternary complex 

[A′•B•T′] and is a measure of the efficiency of the replicator T′. The equilibrium constant 

Ka[T′• T′] measures the stability of the product duplex [T′•T′] that is formed by reaction 

within [A′•B•T′] and will, ultimately, influence the stability of the polymer than is 

constructed from such duplexes. The equilibrium between the product duplex [T′•T′] and 

monomeric T′ determines the amount of free autocatalyst present in the system at any 

given time point and will therefore affect the efficiency of the replication process directly. 

Additionally, it is this equilibrium that drives the formation of the supramolecular polymer 

that assembles from monomer T. Fitting the data from the reaction between mono-nitrone 

A′ and maleimide B (black filled circles, Figure 3c) afforded a good fit of the experimental 

data (Figure 3c) to the appropriate kinetic model (see Supporting Information, Section 
G for details of the fitting process). The best fit value of kauto (6.23 × 10–3 s–1), together 

with that for bimolecular rate constant for this cycloaddition obtained previously, allows 

us to estimate the kinetic effective molarity (kEM) achieved by the catalytic ternary 

complex [A′•B•T′]. The value of kEM obtained (16.1 M) is in the range expected for 

replicating templates in this class and indicates that the addition of large solubilizing 

groups to the nitrone N-aryl substituent do not have any significant effect on the efficiency 

of replication. The value of Ka[T′• T′] obtained from this fitting process (5.92 × 106 M–1) 

indicates that the [T′•T′] duplex benefits from significant positive cooperativity (connection 

effective molarity = 2.63 M, connection free energy = 2.3 kJ mol–1) and its stability is in 

the range required for the successful assembly of the supramolecular polymer. 
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Having established that the replicator design at the core of our system was viable, we 

next turned to assessing the performance of bistemplate T in templating its own formation. 

Accordingly, we prepared mixtures of A and B in CDCl3 ([A] = 10 mM; [B] = 20 mM) and 

allowed these mixtures to react at 10 °C for different time periods ranging from 1 hour up 

to 21 hours. After the appropriate time, CD3SOCD3 was added to one of these samples 

in order to quench recognition-mediated reaction by disrupting any hydrogen bond 

mediated reactions in the system and the conversion of A and B to T in this sample was 

then assayed using 500 MHz 1H NMR spectroscopy (see Supporting Information, 

Figure S17). After 21 hours, the conversion of A and B to T is significantly lower than the 

reaction between A′ and B to form T′ (54 % vs. 72 %). In addition, the diastereoselectivity 

observed in the formation of T (trans : cis = 37:1) is lower than in the case of the model 

system T’ (trans : cis = 91:1).  

At this stage, it was important to demonstrate that, in common with the model replicating 

template T′, T itself could instruct its own formation. To this end, we performed an 

experiment in which a CDCl3 solution was prepared containing A (10 mM), B (10 mM) 

and T (10 mol%, 1 mM). This solution was allowed to react at 10 °C sampled at various 

time points over the course of 21 hours. Once again, each sample was diluted with 

CD3SOCD3 in order to quench recognition mediated reaction by disrupting any hydrogen 

bonding present in the system and assayed by 500 MHz 1H NMR spectroscopy (Figure 4). 

After 1 hour, the conversion of A and B to T in the presence of 10 mol% added T 

experiment is 3.1 % compared to 1.9 % in the original experiment where no T was added 

initially. The overall conversion to T after 21 hours in the presence of 10 mol% added T 

is 67% (cf. 54% in the absence of added T). In addition, the diastereoselectivity improved 

in the presence of 10 mol% added T to 45:1 in favor of trans (cf. 37:1 in the absence of 

added T). These results clearly establish that, despite the greater number of pathways in 

the reaction network associated with the formation of T, bistemplate T is indeed capable 

of acting as a catalyst for its own formation as set out in our original design shown in 

Figure 2. 
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Figure 4. Concentration-time plots for the reactions between A and B → T ([A] = 10 mM; [B] = 20 mM) 
performed in CDCl3 at 283 K  either in the absence of added T at the start of the reaction (black circles) or 
in the presence of 10 mol% added T at the start of the reaction (blue circles). In both cases, a discontinuous 
assay was used. Each sample was diluted with CD3SOCD3 (100 µL) to quench recognition mediated 
reaction through disrupting hydrogen bonding in the system and then analyzed by 500 MHz 1H NMR 
spectroscopy to determine composition of the mixture. 
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with the correct stereochemistry (trans) to act as a template for the production of further 

trans cycloadducts. Therefore, the bimolecular, template independent processes 

available to the reaction between bis-nitrone A and B affords more viable template per 

unit time (94% — 15 out of 16 possibilities) than that for the cycloaddition between mono-

nitrone A′ and B (75% — 3 out of 4 possibilities). This consequence of this effect should 

manifest itself as a shortening or disappearance of the lag period normally observed for 

an autocatalytic reaction. This hypothesis can be supported tentatively by the 

pseudokinetic data recorded (Figure 4) for the reaction between A and B described 

above, which, unlike the formation of T′ from A′ and B (Figure 3c, black circles), does 

not display an obvious lag period. It is possible that, at later time points, the template 

effect may be attenuated in the case of the polymer system as a consequence of the 

assembly of the template T into hydrogen-bonded polymer chains (Polymer, Figure 2a). 

The polymerization process will reduce the amount of free T available to the system as, 

effectively, the template effect is only operational at the ends of the polymer chains. This 

attenuation of the template effect is expected to increase with increasing conversion of 

the nitrone and maleimide to cycloadduct as the degree of polymerization (DP) increases 

and the number of chain ends diminishes. 

 

DOSY NMR Spectroscopy 

In order to gain some insight into the self-assembly processes accessible to ditopic 

template T we turned to diffusion-ordered spectroscopy (DOSY). In order to establish the 

formation of the supramolecular polymer derived from T, it was also necessary to study 

the behavior of monotopic template T′ under identical conditions. Accordingly, we 

performed DOSY experiments (Figure 5) on samples of monotopic T′ and ditopic T 

across the concentration range 5 to 80 mM in CDCl3 at temperatures from +20 °C down 

to –20 °C. We expected that in the case of monotopic T′, there would be a limited 

difference in the observed diffusion coefficient across the concentration range as there 

was no possibility for this monomer to self-assemble into supramolecular aggregates that 

are larger than the homodimer [T′•T′]. By contrast, ditopic T was expected to exhibit a 
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marked decrease in its observed diffusion coefficient as concentration was increased as 

a consequence of the self-assembly process. Additionally, we expected that lowering the 

temperature would have a more marked effect on the observed diffusion coefficient for 

monomer T since these conditions favor supramolecular aggregation. The results 

obtained in these experiments are summarized in Figure 5. 

It is clear from these data that the diffusion coefficients observed for ditopic template T 

(pale red → dark red circles (+20 °C → –20 °C)) are strongly dependent on both the 

concentration of the CDCl3 solution and temperature at which the DOSY experiment was 

performed. At 20  ̊C (pale red circles), the most dilute solution of T (5 mM in CDCl3) 

affords a diffusion coefficient of 2.69 × 10–10 m2 s–1. Increasing the concentration to 

80 mM results in the observed diffusion coefficient for T decreasing by an order of 

magnitude to 2.46 × 10–11 m2 s–1. When the temperature was decreased to –20  ̊C (dark 

red circles), the diffusion coefficients at 5 mM and 80 mM were again different by an order 

of magnitude (1.28 × 10–10 m2 s–1 at 5 mM and 1.16 × 10–11 m2 s–1 at 80  mM). In addition, 

the diffusion coefficients measured at –20 °C are uniformly lower compared to those 

measured at +20 °C. By contrast, the observed diffusion coefficients determined, under 

the same conditions, for the monotopic template T′ (black squares, +20 °C) did not show 

a strong dependence on the concentration of the solution. For example, at +20  ̊C (black 

squares), our DOSY analysis of a solution of T′ in CDCl3 afforded a diffusion coefficient 

of 4.90 × 10–10 m2 s–1 at 5 mM and 3.46 × 10–10 m2 s– 1 at 80 mM. When the temperature 

was decreased to –20  ̊C, a similar limited dependence on concentration was observed— 

at 5 mM, the observed diffusion coefficient for T′ was 2.78 × 10–10 m2 s–1 compared with 

1.71 × 10–10 m2 s–1 at 80 mM. 
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Figure 5. Plot of the diffusion coefficients, determined by DOSY NMR spectroscopy, as a function of 
concentration for monotopic template T′ (black squares) and ditopic template T (pale red circles) at +20 °C 
in CDCl3 solution. The red and dark red circles represent the diffusion coefficients determined for T at 
+10 °C and –10 °C, respectively. 
 
Taken together, these results suggest strongly that our hypothesis is correct and that 
ditopic template T is capable of forming extended structures in solution. DOSY NMR 
spectroscopy is, however, unable to afford any detailed structural information on these 
assemblies, hence, in order to gain some insight into these structures, we turned 
techniques that could probe these assemblies in the solid state. 
 
Powder X-Ray Diffraction (PXRD) 
A series of polymer T solutions at various concentrations from 5 mM to 80 mM in CDCl3 
were aged at 298 K for 100 days. After this time, some dark colored material (Figure S32) 
had appeared in the more concentrated solutions (c ≥ 40 mM). A yellow-orange Film 
could be recovered from the 40 mM solution and this material was compared with a 
sample (Powder) of polymer T that had been prepared by simply drying completely the 
material obtained after reaction of A and B in CDCl3 for 7 days, affording a powder 
(Figure S32). This comparison was carried out by removing the Film from the solution 
with a needle and placing this material on top of a Kapton (polyimide) tape (Figure S33). 
For comparison purposes, a sample of the Powder was mounted on Kapton tape 
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separately. These samples and an additional Background sample, which only had the 
Kapton tape, were analyzed using PXRD (See Section I in Supporting Information for 
further details). 
The microdiffraction patterns recorded on these samples indicate that the properties of 

the Film sample are markedly different from those of the Powder sample. Whilst the 

Powder sample affords a largely featureless diffraction pattern (Figure 6a) that is similar 

to that of the Background sample, the Film affords a diffraction pattern that exhibits a 

series of relatively well-resolved reflections (Figure 6b). Interestingly, a number of these 

reflections (labelled 1 → 3 in Figure 6b) occur at d spacings that are exact multiples of 

each other. This observation is suggestive of the development of a layered structure 

within the film. We attribute the dramatic difference between the Film sample and the 

Powder sample to a slow aging process that allows the polymer chains to become 

oriented in solution. Rapid removal of the solvent from the sample when preparing the 

Powder does not give the polymer chains an adequate opportunity to become aligned 

and, thus, no order can develop within the material. By contrast, the extremely slow aging 

of the sample from which the Film was removed, afforded the opportunity for the 

development of long-range order within the material as evidenced by the relatively well 

resolved diffraction pattern. This behavior is also evident in other respects. Solutions of T 

in CDCl3 at 80 mM, either in NMR tubes or in vials, become extremely viscous 

(Figure S35) after standing for at least 7 days. These samples do not develop these gel-

like properties in less than this time. This observation suggests that the order in the 

sample detected by PXRD develops very slowly. 
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Figure 6. PXRD patterns, plotted as distance vs. intensity, obtained from (a) the Powder sample of T 
(black). (b) the Film sample of T (blue). The background associated with the polyimide tape used to mount 
each sample is the dashed red line in (a). Some reflections are marked for comparison purposes. 
 
 
Scanning Electron Microscopy (SEM) 
The assembly of supramolecular polymers are associated with a key concentration known 

as the critical polymerization concentration57–62 or CPC. At concentrations below the CPC, 

the system will exist primarily as rings containing two or more monomers. As the 

concentration increases these rings will tend to diminish in concentration and linear 

polymer chains will begin to dominate. At concentrations well above the CPC, it is the 

linear polymer that is dominant in solution. We would therefore expect that the properties 

of the solvent, such as viscosity, will be affected significantly as the concentration of T 

increases in CDCl3 solution. Curiously, significant effects on the properties of solutions of 

T were only observed when samples were allowed to stand for significant periods of time. 
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We have already noted the formation of film-like material in more concentrated solutions 

of T (≥ 40 mM). We prepared six samples of T dissolved in CDCl3 at a range of 

concentrations from 5.0 mM to 80 mM (Figure 7a, left). When these solutions were 

prepared initially, there was no discernible difference in their viscosity visually or by 

analytically—measurement of the viscosity of freshly prepared solutions of T in CDCl3 

using an Anton Paar® MCR 302 rheometer revealed little difference in their viscosities 

across the concentration range 5 mM to 80 mM. However, on leaving the set of six vials 

to stand for 100 days, marked differences in the viscosity of the solutions developed. As 

we had expected initially, the more concentrated solutions had become significantly more 

viscous—indeed, the 80 mM solution was now so viscous that it could support its own 

weight both in an NMR tube (Figure 7a, right) and in a vial. Interestingly, although the 

samples in the vials had been aged for 100 days, the NMR tube had only stood for 7 days, 

suggesting that the timescale of the aging process may be on the order of days rather 

than weeks. We had determined from the powder X-ray diffraction experiments that after 

100 days; the sample contained an organized network of self-assembled T monomers. 

The formation of this network is most likely responsible for the change in the properties 

of solutions that we had prepared. However, it was not clear if there was any assembly 

processes that were occurring in the freshly prepared solutions of T. In order to probe for 

the presence of self-assembly in the freshly prepared solution of T, we turned to scanning 

electron microscopy (SEM). We prepared three sets of samples on silicon substrates, 

spotting solutions containing different concentrations of T—1.0 mM, 10 mM and 80 mM—

in CDCl3 on to the silicon and allowing the spots to dry. We envisaged that at the lowest 

concentration, where, based on the behavior of the aged vial samples, the solution would 

contain little linear polymer, we would deposit material63 that was essentially 

microcrystalline in nature. By contrast, based on the behavior of the aged vial samples, 

we anticipated that the highest concentration studied (80 mM) would contain most linear 

polymer. Therefore, the material deposited on the substrate would be expected to be film-

like. 
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Figure 7. (a) Left: Vials containing samples of T dissolved in CDCl3 at a range of concentrations at room 
temperature and aged for 100 days. The material used to record the PXRD data shown in Figure 6 was 
obtained from the 40 mM sample shown here. Right: Inverted NMR tube containing an 80 mM solution of 
T in CDCl3 that had been aged for 7 days demonstrating the dramatic change in viscosity of this sample. 
(b → g) Scanning electron micrographs of samples deposited on a silicon substrate from solutions of T in 
CDCl3 at 298 K at concentrations of (b,c) 1 mM, (d,e) 10 mM and (f,g) 80 mM. 
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We expected that the 10 mM sample might exhibit the same behavior as either sample 

depending on the exact degree of polymerization at this concentration. Imaging of the 

sample prepared from the 1.0 mM solution (Figure 7b and c) reveals μm-sized 

microcrystallites, suggesting that, at this concentration, the sample does not contain 

significant amounts of linear polymer. By contrast, imaging of both the sample prepared 

from the 10 mM solution and that prepared from the 80 mM solution revealed smooth 

films on the surface of the substrate (Figure 7d and e, 10 mM; Figure 7f and g, 80 mM). 

The films in these two samples had similar morphologies, however, that formed from the 

80 mM solution was, not unexpectedly, thicker. These results suggest that even in freshly 

prepared solutions of T, there may be a significant amount of the linear supramolecular 

polymer present at concentrations of 10 mM or higher. However, the mechanism of the 

transition in the properties of these samples between 1 day and 100 days is not yet 

understood. 
 
■ CONCLUSION 
In this work, we have demonstrated a valid design strategy for the assembly of a 
supramolecular polymer based on a template-directed replication process. Reaction of a 
bis-nitrone containing two amidopyridine recognition sites and a rigid p-terphenylene 
spacer with a maleimide bearing a carboxylic acid recognition site affords a monomer T 
that contains two cycloadducts that are capable of self-association to form a stable dimer. 
Kinetic studies demonstrate that the recognition sites present in T and its constituent 
components, A and B, are capable of accelerating the cycloaddition reaction between A 
and B significantly (effective molarity > 10 M) and that the reactions to form the monomer 
T proceed with a high degree of diastereoselectivity (dr > 30 : 1). Despite the self-
complementarity between in the two cycloadducts present in T, the presence of the rigid 
p-terphenylene spacer prevents self-association occurring in an intramolecular sense. 
Instead, the monomer T assembles in CDCl3 at 10 °C to afford a linear, hydrogen bonded 
polymer chain. This assembly process has been characterized in solution using DOSY 
NMR spectroscopy, which demonstrates that the polymerization process is favored by 
high concentration and low temperature. On standing, solution of T above 40 mM form a 
film-like material which has been characterized by powder X-ray diffraction. This 
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technique reveals that the structure of this material matches well with a computational 
model of the polymer chain. The polymer also forms smooth films on evaporation of a 
dilution solution in CDCl3 that can be imaged by scanning electron microscopy. 
The work presented here represents a proof-of-concept—we have demonstrated that it is 
possible to couple64–74 a molecular level processes, such as replication processes, with 
the formation of a supramolecular material. The spacer utilized in this system is 
essentially inert and is used simply for its rigid molecular framework. Replacement of this 
spacer with more complex functional structures opens the way to make designer 
materials whose formation can be instructed using the template-directed approach 
outlined here. Additionally, introduction of spacers that have higher connection numbers 
than two, e.g., trifunctional or tetrafunctional, offers the opportunity to construct two-
dimensional or three-dimensional structures rather than a one-dimensional, linear 
polymer chain. Finally, coupling of the replication process to a dynamic covalent library 
offers the prospect of creating a number of different polymers to order from the same 
equilibrating mixture of starting materials simply by instructing the library using an 
instructional template. 
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■ EXPERIMENTAL SECTION 
Synthesis 

Compounds A and A′ were synthesized using standard procedures from commercially 

available starting materials. The synthetic routes employed are shown in Schemes S1 to 
S3 in the Supporting Information along with detailed procedures describing these 

routes. Compounds B and B′ were prepared using literature procedures.  
The bis-isoxazolidine monomer T was synthesized from bis-nitrone A and maleimide acid 

B was prepared by a 1,3-dipolar cycloaddition performed in CDCl3 at –24 °C (see 

Scheme S4). The mono-isoxazolidine template T′ was synthesized from mono-nitrone A′ 
and maleimide acid B was prepared by a 1,3-dipolar cycloaddition performed in CDCl3 at 

–24 °C in an identical manner to that employed for bis-isoxazolidine monomer T. Further 

experimental details are provided in Section B of the Supporting Information. 

 

Kinetic Experiments 
A 10 mM stock solution 2,4-dinitrotoluene (the internal standard) in CDCl3 was prepared 

at room temperature. This solution was then used to dissolve the appropriate amounts of 

nitrone A′ and either B or B′ depending on the data to be recorded. In one experiment, 

10 mol% of T′ was also dissolved in the solution. Once the solution containing all of the 

starting materials had been prepared, the solution was transferred to an NMR tube, fitted 

with a polyethylene cap to prevent solvent evaporation and then transferred to a 600 MHz 
1H NMR spectrometer which had been pre-equilibrated to 283 K. Spectra were then 

recorded at 20 minute intervals for 16 hours. Data for the reaction between nitrone A′ and 

B (Figure S12), between nitrone A′ and B′ (Figure S15) and reaction between nitrone 

A′ and B in the presence of 10 mol% T′ (Figure S14) are provided, together with other 

experimental details, in Section E of the Supporting Information.  

 

DOSY NMR Spectroscopy 

A solution of compound T at 80 mM was prepared in a 20-mL scintillation vial using fresh 

CDCl3 with sonication at room temperature. The solution was divided into five portions 

and four of these were diluted further using fresh CDCl3 affording solutions with 
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concentrations of 60 mM, 40 mM, 20 mM and 5 mM concentrations, respectively. Each 

solution was transferred into a Wilmad™ thin-walled high-throughput NMR tube and 

sealed with a polyethylene pressure cap to avoid solvent evaporation. Each tube was 

transferred to an NMR spectrometer (Bruker Neo 600 MHz instrument with a temperature 

regulated CP QCI 600S3 H/F-C/N-D-05 Z cryoprobe). DOSY data was acquired at each 

concentration at the following temperatures 20 °C, 10 °C, 0 °C, –10 °C and –20 °C. The 

pulse program used was dstebpgp3s (swh = 9615.38 Hz (16.0309 ppm); ns = 16) and the 

parameters Δ (d20, diffusion delay) and δ (p30, diffusion gradient pulse) were optimized 

for each sample. Further experimental details are provided in Section H of the 

Supporting Information. 

 

Powder X-Ray Diffraction (PXRD) 

PXRD data were collected at room temperature on a STOE-STADI-P powder 

diffractometer equipped with an asymmetric curved Germanium monochromator (CuKα1 

radiation, λ = 1.54056 Å) and one-dimensional silicon strip detector (MYTHEN2 1K from 

DECTRIS). The line focused Cu X-ray tube was operated at 40 kV and 40 mA. sample 

was packed in a 3 mm metallic mask and sandwiched between two layers of polyimide 

tape. Intensity data from 1.5 to 30° 2θ were collected over a period of 50 minutes. 

Instrument was calibrated against a NIST Silicon standard (640d) prior the measurement. 

Further experimental details are provided in Section I of the Supporting Information. 
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