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80 Chapter 5 

5.1 Introduction 

The control over the structure and the uniformity of assemblies of molecules is of crucial 

importance within the field of material science, since the physical characteristics of the final 

products are strongly influenced by changes in their molecular structure. Supramolecular 

polymers1 in particular have proven to have interesting properties (as self-healing) and have 

found application in molecular electronics and regenerative medicine.1a Whereas classical 

polymers (i.e. covalently bonded polymers) can be produced with narrow polydispersity 

indexes, this has proven to be a difficult task for supramolecular polymers, due to the non-

covalent and therefore labile nature of their bonds. 

In the production of supramolecular polymers, kinetic control of self-assembly pathways2 can 

lead to multiple products starting from the same precursors and may also enable control over 

the dimension and structure of the resulting assemblies. For example, Meijer and coworkers 

reported in 2012 a system where chiral phenylenevinylene oligomers (employed in the 

construction of electronic devices) could assemble with opposite helicity through two parallel 

and competing pathways.3 Through their analogy with initiation-propagation mechanisms in 

living polymerization, nucleation-elongation mechanisms4 based on noncovalent interactions 

have shown the potential of producing assemblies with a precise control over length. However, 

such systems are unprecedented for self-synthesizing materials. Control over the 

polydispersity of the nuclei, prevention of spontaneous nucleation, and the stability of the 

resulting supramolecular, self-synthesizing materials remain major challenges. 

In this chapter, apart from investigating the mechanisms of nucleation and growth of the self-

replicating fibers that were discussed in Chapter 1 of this thesis, we demonstrate that a nearly 

perfect control over nucleation allows an excellent control over the length and structure of the 

resulting assemblies. The uniform seeds were produced through two methods, mechanical 

shearing or chemical degradation. Following a nucleation-elongation mechanism, we could 

achieve a precise control over the length of the resulting assemblies with very narrow 

polydispersity indexes. The living supramolecular polymerization of the self-synthesizing fibers 

was demonstrated through a stepwise addition of the monomer to the seeds, and we could 

access B-A-B triblock co-assemblies using two building blocks. Finally, through irradiation of 

the samples with UV light inducing the covalent capture of the constituents of the fibers, the 

resulting assemblies could be stabilized, and the polydispersity indexes fixed at excellent 

values. 
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5.2 Results and Discussion 

5.2.1 Mechanical and chemical control over fibers length 

In our previous work5 we could produce fibers of 1a and 1d from stirred dynamic combinatorial 

libraries (Figure 5.1a) that were polydisperse due to a poorly controllable combination of 

primary and secondary nucleation (Figure 5.1b). 

 

Figure 5.1. (a) Dynamic combinatorial library of peptide-based building blocks 1a and 1d. Upon the oxidation of the 

building blocks, a mixture of macrocycles was formed, of which only trimer, tetramer and hexamer are shown; (b) 

Histogram for the length distribution of the hexamer fiber seeds stirred with a magnetic stirrer at 1200 rpm. The 

distribution is rather broad and gives rise to weight average length Lw=582 nm, number average length Ln=465 nm 

and polydispersity (PDI) value of 1.25. 

 

Our protocol for obtaining monodisperse supramolecular polymers consists in the addition of 

monodisperse hexamer fibers (the seed) to solutions of 1a containing mainly trimers and 

tetramers (for an explanation of the seed experiments, see section 1.3.2). To produce the 

homogeneous seeds, we used a specially designed Couette cell,6 with which fibers can be 

subjected to a high shear stress (Figure 5.2). The shear stress can be controlled and, at low 

shear rates, applied uniformly to the whole sample. This tool has been mainly used in fluid 

mechanics, but also for the study of biological systems.7 Samples containing fibers of 1a were 
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prepared at a concentration of 3.8 mM in borate buffer (pH 8.2, 50 mM) and subjected to shear 

rates of 4712, 16850, 33702 and 67405 s-1 for 30 minutes respectively, well above the Taylor-

Couette laminar flow regime.6 Fiber length distributions obtained from TEM pictures showed 

that higher torques resulted in shorter fibers (Figure 5.3) (see Experimental Section of this 

chapter for details on how length distributions were determined). 

 

Figure 5.2. (a) Scheme of a Couette cell apparatus showing the internal cylinder that can rotate and creates shear 

forces; (b) Picture of the home-built Couette cell used in this study. 

 

The resulting fibers length was inversely proportional to the shear applied, reaching a value of 

number average fiber length Ln = 60 nm when shearing at 67405 s-1. The polydispersity index 

(PDI), derived from the ratio Lw/Ln (weight / number average fiber length), is a parameter in 

materials science to quantify the variability in the length of polymers in general. PDI values 

range from 1.00 (perfect monodispersity) upwards. The experiments performed gave a PDI of 

1.04, which represents an outstanding result if compared to other supramolecular polymers1a 

and to the magnetically stirred (1200 rpm) seeds we had previously formed, which had an Ln of 

465 nm with PDI = 1.25 (Figure 5.1). 

We also developed a second approach to control seed lengths. This is based on the chemical 

disassembly of fibers by reduction of the disulfide bonds of the macrocycles at the fiber ends 

mediated by dithiothreitol (DTT) (Figure 5.4). Starting from seeds with Ln = 60 nm (the 

shortest we could get from the experiments with the couette cell), we added DTT in different 

amounts. The reduction, expressed in percentage of initial hexamer, was found to be 16%, 31% 

and 42% respectively as monitored by UPLC (Figure 5.4b-e). 
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Figure 5.3. Histograms showing the length distribution of fiber seeds upon application of shear rates of (a) 4712, (b) 

16850, (c) 33702 and (d) 67405 s
-1
 using a Couette cell setup. Fiber lengths values get shortened upon applying 

higher shear rates. Lw, Ln (in nm) and PDI values respectively: (a) 227, 200, 1.14; (b) 113, 106, 1.07; (c) 86, 82, 1.05 and 

(d) 63, 61, 1.03. (e-h) Negative-stained TEM images for hexamer seeds of 1a sheared with shear rates (e) 4210, (f) 

16850, (g) 33702 and (h) 67405 s
-1
. 

 

TEM experiments were performed after 24 hours in order to measure the length distribution of 

the resulting fibers: we found a linear decrease of Ln and Lw values with an increase in the 

reduction percentage, while the PDI values were unaffected and smaller than 1.05 (Figure 5.5a). 

With this approach, we could obtain seeds which are 13%, 30% and 35% shorter, respectively, 

than the minimum length that could be obtained by mechanical agitation alone. We 

performed the same experiment on longer fibers (Ln = 106 nm), successfully shortening these 

without adversely affecting the PDI values (smaller than 1.08) (Figure 5.5b). 
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Figure 5.4. (a) Schematic representation of the DTT-mediated reaction at the fiber ends causing the reduction of 

the disulfide bonds. UPLC traces of hexamer seeds (1a) 10 min after the addition of different amounts of DTT. The 

hexamer content in the samples are reduced by (b) 0%, (c) 16%, (d) 31% and (e) 42%. 

 

 

Figure 5.5. Average seed lengths and PDI values upon partial DTT-mediated reduction for the seeds produced at 

shear rates of (a) 67405 s
-1
; (b) 16850 s

-1
. 

  



 

 

85 Controlling the Structure and Dimension of Self-Synthesizing Supramolecular 
Polymers through Nucleated Growth and Disassembly 

 

5.2.2 Covalent capture of self-synthesizing fibers 

To probe the stability of the seeds with aging and the kinetics of end-to-end recombination,8,9 

short seeds of Ln ~ 60 nm were incubated without any agitation. We observed that the length 

distribution of the resulting seeds did not change during the first two days, but the average 

fiber length values gradually increased afterwards, as did the PDI values (Figure 5.6 and 

Experimental Section). Thus, the length distribution of the sheared seeds does not broaden 

significantly within two days after shearing: this constitutes a convenient time frame for 

seeding-mediated elongation experiments. 

In order to stabilize the fibers for a longer time and to avoid end-to-end recombination 

processes, we modified a previously reported protocol10 irradiating samples with fiber lengths 

of 140 and 62 nm at 312 nm for only 12 hours to avoid the gel formation. This resulted in the 

homolytic cleavage of the disulfide bonds.11 The resulting sulfur-based radicals can then react 

with adjacent disulfide bonds causing disulfide macrocycles to convert to larger disulfide 

oligomers, enhancing the stability of the fibers. Figure 5.6 shows that, indeed, photoirradiation 

improves the stability of the fibers preventing end-to-end recombination for a longer period of 

time. 
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Figure 5.6. (a) Comparison of time dependence of the average fiber lengths of noncovalent hexamer fibers and 

covalently fixed fibers (Ln= 140 nm and 62 nm). (b) Average fiber lengths of noncovalent hexamer fibers (62 nm) 

during the first two days; (c,d) PDI obtained from the average lengths (140 nm and 62 nm). Covalent fixation was 

done by irradiating the fibers with UV light (312 nm) for 12 hours. Lw, Ln and PDI are denoted by black, red and blue 

traces, respectively. 
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5.2.3 Controlled and living supramolecular polymerization 

Having achieved excellent control over the length distribution of preformed fibers, we then 

aimed to achieve fiber growth while retaining the excellent PDI values. We first prepared a 

3mer/4mer solution (3.8 mM, pH 8.2 in borate buffer) made by oxidizing the monomer 

building block 1a with DTT to convert 95% of the thiols to disulfides. Without agitation and in 

an inert atmosphere, no spontaneous formation of fibers could be detected. We then added 

different amounts of 3mer/4mer mixture (0.25, 1.5, 4 and 9 eq, respectively) to solutions of the 

short seeds (Ln = 60 nm) and fibers were then allowed to grow un-agitated for one day (Figure 

5.7). TEM micrographs were recorded for each of the four libraries (Figure 5.7). 

 

 

Figure 5.7. Representation of the controlled growth experiment with different ratio of seed and 3mer/4mer mixture 

to obtain fibers (formed from 1a) of different lengths. Seed: 3 /4mer (a) 1:9, (b) 1:4, (c) 1:1.5 and (d) 1:0.25. TEM 

micrographs of the resulting fibers (e) 1:9, (f) 1:4, (g) 1:1.5 and (h) 1:0.25. 
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UPLC analysis12 showed that at least 95% of the total material in the mixture was converted to 

hexameric replicators. Length distribution analysis of the fibers indicates a linear correlation 

between Lw, Ln and the amount of 3mer/4mer mixture added (Figure 5.8) with almost retained 

PDI values in the range of 1.04 to 1.06. Therefore, we could achieve good control over fibers 

length distribution also during their growth. 
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Figure 5.8. Controlled supramolecular polymerization to furnish different fiber lengths with 0, 0.25 eq, 1.5 eq, 4 eq 

and 9 eq of 3/4mer mixture added to the seed. 

 

Finally, to prove the living nature of the supramolecular polymerization in the fiber formation, 

we aimed to develop an experimental setup in which we could add the 3mer/4mer solution 

multiple times without losing control over the fibers length distribution (Figure 5.9). At the 

end of each cycle we expected an elongation of the fibers by a factor of 2 without affecting the 

PDI values. This time, we mixed the 3mer/4mer solution, prepared as described above, in a 1:1 

ratio with short seeds (60 nm) (Figure 5.9). We then monitored the mixture by UPLC over 

time until the hexamer macrocycles accounted for at least 90% of the total material in the 

system (Figure 5.10c). At that point, half of the solution was removed and analyzed by TEM in 

order to determine the length distribution. The next cycle then started with the addition of a 

further equivalent of 3mer/4mer solution followed by TEM analysis (Figure 5.10a). In total, four 

consecutive equivalents of 3mer/4mer mixture were added following this protocol. 

We have observed a decrease in the rate of hexamer formation with every cycle (Figure 5.10 c): 

this accounts for the fact that we were decreasing the concentration of the fibers by half with 

every cycle. The length distribution gave excellent PDI values for all the cycles (between 1.04 

and 1.09, Figure 5.10 b). 
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Figure 5.9. Schematic representation of the growth of self-synthesizing fibers of 1a upon sequential addition of 

3mer/4mer solutions. In every cycle, half of the volume of fiber solution was removed and replaced by the 

3mer/4mer mixture. 
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Figure 5.10. (a) Weight-average length (Lw), number average length (Ln) and (b) PDI values of the seed and of the 

fibers after subsequent additions of 3mer/4mer mixture. (c) Initial time course and final measurement for the self-

replication of the hexamer indicative of continued fiber growth following each addition of 3mer/4mer mixture (3.8 

mM initial monomer concentration, seed:3 /4mer ratio = 1:1. Every addition step was performed when the library 

composition was at least 90% hexamer.  
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5.2.4 Formation of B-A-B triblock copolymers 

The cycle experiments proved the living nature of the fibers ends. We reasoned we could 

achieve the formation of mixed block co-polymers simply by using two different building 

blocks, 1a and 1d. Following the protocol described in the previous sub-chapter, we prepared 

the 3mer/4mer mixture of building block 1a with hexameric fibers of 1d in a 3mer/ 4mer:seed 

ratio 3:1. We were expecting to create a supramolecular triblock copolymer with a central core 

of hexamers of 1d linked to hexamers of 1a on both sides (Figure 5.11). However, we were not 

able to visualize the formation of the block-copolymer with TEM experiments, since fibers 

from the two building blocks have similar diameter and contrast. Therefore, we made use of 

DTT in order to achieve partial reduction of the fiber ends. Fibers were reduced from the ends 

and we could prove the formation of the copolymers through a UPLC analysis of the area of 

the two hexameric species (Figure 5.11c-e). We observed that upon increasing the percentage of 

reduction from 0% to 20%, the hexamer peak area of 1a decreased accordingly, while the peak 

area of 1d was almost unchanged since it constitutes the core of the fibers. 

 

Figure 5.11. (a) Schematic representation of the hexameric triblock co-fibers of 1a6-1d6-1a6. (b) DTT-mediated partial 

reduction from the fiber ends for the supramolecular triblock co-polymer of composition 1a6-1d6-1a6, prepared using 

a 3 /4mer:seed 1d6 ratio of 3:1. UPLC traces (monitored at 254 nm) of the product mixture obtained by addition of 

pre-existing hexamer fibers of 1d6 to a 3mer/4mer mixture made from 1a (c) after 5 min with no agitation, (d) after 2 

days with no agitation (e) after 10 mol% DTT was added to the fibers of 1a6-1d6-1a6. UPLC analysis was performed 25 

min after DTT addition. 
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A control experiment was performed, mixing preformed fibers of both the building blocks (3:1 

ratio) and reducing the resulting solution with DTT from 0% to 20% as well (Figure 5.12). This 

time both the hexamers were reduced to the same extent with an increase in the amount of 

added DTT. Thus, this allows us to prove the formation of block co-polymers using self-

synthesizing fibers. 

 

 

Figure 5.12. (a) Cartoon representations composition of a control experiment containing separate hexameric fibers 

of 1a6 and 1d6. (b) DTT-mediated partial reduction from the fiber ends for the mixture of separate hexameric fibers 

of 1a6 and 1d6 (molar ratio 3:1). UPLC trace (monitored at 254 nm) of the product mixture obtained by mixing pre-

existing fibers formed from 1a6 and 1d6 (c) after 1 day with no agitation, 0 mol% DTT (d) after 1 day with no 

agitation, 10 mol% DTT. UPLC was recorded 25 min after DTT addition. 

 

5.3 Conclusions 

We have demonstrated that self-synthesizing systems allow access to supramolecular polymers 

of well-defined and controllable lengths, including block-copolymers. The resulting assemblies 

may be also covalently fixed by photoirradiation. The fact that spontaneous self-assembly (i.e. 

unassisted by seeds) is extremely slow is essential for the success of this approach because the 

self-assembling molecules are only minor species in the dynamic mixture prior to nucleation: 

nucleation of the assemblies constitutes therefore a kinetic bottleneck. Control over fiber 
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length could be exerted by mechanical and chemical means to produce highly uniform and 

sufficiently stable seeds, from which well-defined materials can then be grown, with the 

reversible covalent chemistry producing more of the assembling molecules as the growth 

proceeds. The physical properties of the resulting materials have been investigated in our 

group and will soon be submitted for publication.13 This work establishes a new platform for 

the production of precise self-assembled materials combining the advantages of dynamic 

covalent chemistry and self-assembly. 
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5.5 Experimental Section 

5.5.1 Materials 

Building blocks, 1a and 1d (>95% purity) were obtained from Cambridge Peptides 

(Birmingham, UK). Doubly distilled water was used for all solutions. Boric acid and potassium 

hydroxide, utilized for the preparation of buffers and pH adjustment were obtained from Acros 

Organics and Merck Chemicals, respectively. Acetonitrile (HPLC-S/LC-MS grade) and 

trifluoroacetic acid were purchased from Bisolve BV. 

5.5.2 General Methods 

UPLC Analysis 

UPLC analyses were performed on a Waters Acquity H-class instrument equipped with a diode 

array UV/Vis detector. LC-MS analyses were performed on a Xevo G2 UPLC/TOF with ESI 

ionization, manufactured by Waters. All analyses were performed at 35 °C using a reversed-

phase UPLC column (Phenomenex Aeris Peptide, 2.1 x 150 mm; 1.7 µm). UV absorbance was 
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monitored at 254 nm. Positive-ion mass spectra were acquired using electro-spray ionization, 

injecting 10 µL of freshly aliquoted sample; column temperature 35 °C; flow rate 0.3 mL/min. 

The eluents, water (A) and acetonitrile (B) contained 0.1% of TFA as an additive. 

The library components were eluted with a gradient as follows: 

Time (min) A% B% 

0 90 10 
1 90 10 
1.3 75 25 
3 72 28 
11 60 40 
11.5 5 95 
12 5 95 
12.5 90 10 
17 90 10 

 

Library preparation and seeding 

Dynamic combinatorial libraries were prepared by dissolving building block 1a in 50 mM 

potassium borate buffer to a final concentration of 3.8 mM. The pH of the resulting solution 

was adjusted to 7.8 by addition of small amounts of a 2.0 M KOH solution. The library was 

then oxidized up to 70% using a freshly prepared solution of sodium perborate (40 mM, pH 

7.8) to give a mixture of monomer, trimer and tetramer. This mixture was seeded with 20 

mol% (in terms of equivalents of 1a) of a pre-formed library rich in the hexamer of 1a6 which 

had been continuously stirred at 1200 rpm. All libraries were contained in HPLC vials tightly 

closed with Teflon-lined snap caps. The libraries were stirred at 1200 rpm using a Teflon coated 

magnetic stirrer bar (5 x 2 mm, obtained from VWR), on an IKA RCT basic magnetic stir plate. 

Library compositions were monitored by UPLC. 

Short seed formation 

An aliquot of 0.25 mL of the above library was placed in a Couette cell (Rcup= 20.25 mm, Rbob = 

20 mm, average radius (R) = 20.125 mm, gap (∆R) = 0.25 mm and rotated with rotational 

frequencies (f) 500, 2000, 4000 and 8000 rpm for 30 min. These correspond to shear rates (γ) of 

4712, 16850, 33702 and 67405 s-1 calculated using equations 1 and 2, 

� = 2�� (1) 

 =
��

∆�
  (2) 
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Living polymerization: cycle experiments 

Short hexamer seeds of 1a6 were prepared by Couette shearing the sample at a shear rate of 

67405 s-1 for 30 minutes. The length distribution of the seeds was determined by TEM. 

Simultaneously, we oxidized monomer building block (95% of oxidation) to make an 

equilibrium solution of monomer, trimer and tetramer. 

Seeds and 3mer/4mer mixture were mixed 1:1 in ratio and incubated without agitation. The 

composition of the mixture was monitored by UPLC. We waited for the hexamer fibers to grow 

until they accounted for more than 95% of the composition as determined by UPLC. TEM was 

recorded at this stage. Half the volume of the 1st cycle mixture was set aside for TEM analysis 

and the other half was used as seed and was mixed with 3mer/4mer mixture in 1:1 ratio. This 

process was repeated for three more cycles. TEM images were analyzed at every stage to obtain 

the average length of the fibers (Ln and Lw). Increase in the length of the fibers was similar for 

each cycle and directly proportional to the amount of food added (in every cycle food was 

added at the same concentration and volume). 

Mixed block supramolecular co-polymer formation 

To a solution of 1a containing mostly trimer and tetramer (192 μL, 3.8 mM) obtained by 

oxidizing a solution of 1a with sodium perborate, a solution containing pre-existing hexamer 

seeds of 1d6 (72 μL, 3.4 mM) was added. The mixture was incubated without agitation to give 

mixed block co-fiber of 1a6-1d6-1a6. As a control sample, to a solution containing hexamer 

fibers of 1a6 (120 μL, 3.8 mM), a solution of pre-existing hexamer seeds of 1d6 (45 μL, 3.4 mM) 

was added and the mixture was incubated without agitation. Both samples were monitored by 

UPLC over a period of two days following the addition of the seeds. 

Partial Reduction of the Mixed block by DTT 

An aliquot of 6 μL of mixed block co-fiber sample (1a6-1d6-1a6) solution was added to 180 μL 

H2O, and then different aliquots of DDT solution were added to reduce 5, 10, 15 or 20% of the 

fibrils. The solution was left for 25-30 min and then analyzed by UPLC. 

Negative-staining Transmission Electron Microscopy 

Samples were diluted 100 times using doubly distilled water. A small drop (5 µL) of sample was 

then deposited on a 400 mesh copper grid covered with a thin carbon film (supplied by Agar 

Scientific). After 30 seconds, the droplet was blotted on filter paper. The sample was then 

stained twice (4 µL each time) with a solution of 2% uranyl acetate deposited on the grid and 
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blotted on filter paper after 30 seconds each time. The grids were observed in a Philips CM120 

electron microscope operating at 120 kV. Images were recorded on a slow scan CCD camera. 

Analysis of the length distributions 

The analysis of the length distributions of the fibers were performed using image-J software, 

from the U.S. National Institutes of Health. From different area of the images 100 fibers were 

selected and a histogram was created by choosing bin and frequency in Microsoft Excel. The 

average length and PDI were estimated by calculating number average fiber length (Ln) and 

weight average fiber length (Lw) using equations 3-5. From measurements of the contour 

lengths (Li) of individual fiber, where Ni is the number of fibers of length Li, and n is the 

number of fibers examined in each sample, 

 �� =
∑ ����

��
���

∑ ���� 
�
���

  (3) 

 �� =
∑ ���� 

�
���

∑ ��
�
���

   (4) 

  

The length distribution was characterized by PDI index, 

��� =
� 

��
   (5) 

Covalent capture of the fibers 

Seeds of 1a6 were Couette sheared at a shear rate of 67405 s-1 for 30 min. Then they were 

diluted 10 times with water and placed in a quartz sample vial and irradiated with 312 nm using 

a UV lamp (8 W) for 12 hr. Also, the hexamer fibers obtained after incubating the short seeds 

with “food” (ratio 1:1) was irradiated in a similar manner. Length distributions of both the non-

irradiated and irradiated fibers were monitored over time using TEM. 
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5.6 Appendix 

Histograms for experiments on DTT-mediated disassembly of the fibers 

 

Figure 5.13. Histograms for the length distribution of hexamer seeds (1a6) obtained upon chemically reducing a 

sample of hexamer seed (sheared at 67405 s
-1
) with (a) 0; (b) 16; (c) 31; (d) 42% reduction using DTT. 

 

 

 

Figure 5.14. Histograms for the length distribution of hexamer seeds (1a6) obtained upon reducing a sample of 

hexamer seed sheared at 16850 s
-1
 with (a) 0; (b) 20; (c) 30; (d) 40% of DTT. 
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Histograms for controlled supramolecular polymerization 

 

Figure 5.15. Histograms for the length distribution of the resulting hexamer fibers (1a6) obtained upon incubating 

seeds of 1a6 sheared at 67405 s
-1
 with a non-agitated solution containing (a) 0, (b) 0.25 eq, (c) 1.5 eq, (d) 4 eq and (e) 

9 eq of 3mer/4mer mixture. 

 

 

Histograms for living supramolecular polymerization 

 

Figure 5.16. Histograms for length distribution of hexamer seeds (1a6) used in different cycles of living 

polymerization. As the cycle number increases, the spread in lengths increases and average length shifts towards 

higher values. 
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Histograms of covalently captured self-synthesizing fibers 

 

Figure 5.17. Histograms of length distributions of covalently fixed hexamer fibers (1a6) of Ln = 62 nm after they were 

incubated without agitation for different periods of time. 

 

 

 

Figure 5.18. Histograms of length distributions of covalently fixed hexamer fibers (1a6) of Ln = 140 nm after they 

were incubated without agitation for different periods of time. 
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Figure 5.19. Histograms of length distributions of hexamer fibers (1a6) of Ln = 132 nm after they were incubated 

without agitation for different periods of time. 
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