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6 Sequence Isomeric Giant Surfactants with Distinct Self-Assembly 
7 in Solution
8 Wei Zhang,a Wenpeng Shan,a Shuailin Zhang,a Yuchu Liu,a Hao Su,b Jiancheng Luo,a Yanfeng Xia,a 
9 Tao, Li,c Chrys Wesdemiotis,a,d Tianbo Liu,a Honggang Cui,b Yiwen Li,e* Stephen Z.D. Cheng a,f*

10 We have designed and synthesized a pair of sequence isomeric 
11 giant surfactants based on polystyrene (PS) and polyhedral 
12 oligomeric silsesquioxane (POSS) nanoparticles. Although those 
13 two macromolecules possess identical compositions as “sequence 
14 isomers”, the distinctly arranged POSS sequence leads to different 
15 molecular packing conformation, and further induce distinguished 
16 self-assembly behaviors in DMF/water solutions. 

17 Design and synthesis of sequence-defined macromolecules has 
18 attracted a lot of attentions in recent years and still remains to be 
19 very challenging. In the synthetic aspect, quite a few elegant 
20 approaches have been developed.1-9 For instance, Meier et al. 
21 developed a method to synthesize sequence-controlled oligomers 
22 through the Passerini three-component reaction.10 Lutz and co-
23 workers synthesized sequence-coded polymers with >10k Dalton 
24 molecular masses based on the phosphoramidite coupling 
25 reaction.11, 12 Zhang’s group achieved sequence-controlled polymers 
26 by using furan-protected maleimide as a latent monomer.13 Although 
27 sequence has been well known to be one of the key molecular 
28 parameters to determine the structures and properties in 
29 biomacromolecules, such as peptides, peptoids and nucleic acid,14-18 
30 there are only limited amount of works regarding to the sequence 
31 effect on synthetic macromolecules.19-22 Johnson et al. very recently 
32 demonstrated that the stereochemical sequence could dictate 
33 unimolecular diblock copolymer assembly in the bulk.23 Our group 
34 has developed sequence-controlled “giant molecules”, which are 

35 precisely defined macromolecules in terms of stereochemistry, 
36 composition, sequence, topology and molecular mass built on 
37 molecular nanoparticles (MNP) such as polyhedral oligomeric 
38 silsesquioxane (POSS) nanoparticles.24-26 By using POSS nanoparticles 
39 as  macromonomers, the sequence effect of giant molecules can be 
40 amplified, and versatile distinct phase structures, including 
41 unconventional Frank-Kasper A15, sigma and dodecagonal 
42 quasicrystal structures, have been obtained from the sequence 
43 isomers in the solid state.24, 27 It could also be interesting to 
44 investigate the sequence effect of synthetic macromolecules on their 
45 self-assembly behaviors in solution or thin film states.
46 In another aspect, the solution self-assembly behaviors of giant 
47 surfactants have been widely investigated in our group.28-30 Giant 
48 surfactants are a kind of precisely defined amphiphilic 
49 macromolecules composed of MNP heads and polymer tails. These 
50 giant surfactants capture the essential feature of small molecular 
51 surfactants while possess much larger sizes.28 They are thus bridging 
52 the gap between traditional amphiphilic block copolymers and small 
53 molecular surfactants. Several macromolecular parameters, such as 
54 the molecular composition and topology, have been demonstrated 
55 to play important roles in the self-assemble behaviors of giant 
56 surfactants in solution.30-33 To further advance our understanding, 
57 how does the sequence, as another molecular parameter, affect the 
58 solution assembly of giant surfactants remains to be explored. In this 
59 letter, we have prepared a pair of polystyrene (PS) and POSS-based 
60 “sequence isomers” PS-(BPOSS)2(APOSS) and PS-(APOSS)(BPOSS)2 
61 (denoted as PS-BBA and PS-ABB, where B represents BPOSS with 
62 seven isobutyl groups at corners of the POSS core, and A represents 
63 APOSS with seven carboxylic acid groups at corners of the POSS core) 
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1
2 Figure 1. Molecular structures of PS-ABB and PS-BBA.
3
4 The polymer-POSS conjugates are synthesized through 
5 iteratively performed strain-promoted alkyne cycloadditions (SPACC) 
6 and oxime ligations as we previously reported.8 Their molecular 
7 structures are shown in Figure 1. The detailed synthetic route is listed 
8 in the Supporting Information. The building blocks such as DIBO-B-
9 CHO, DIBO-V-CHO, DIBO-B, DIBO-V and the “click adaptor” were 

10 prepared as previously described.8, 27 An azido terminated 
11 polystyrene (PS-N3) with molecular weight of 2k is used as the 
12 starting material. Then, two BPOSSs are installed onto the polymer 
13 chain-end through two reaction cycles of SPAAC and oxime ligations, 
14 followed by attaching one more VPOSS, which has seven vinyl groups 
15 at each corner and is the precursor of APOSS. As the POSS NPs are 
16 attached onto the polymer chains, in the 1H NMR spectra, the 
17 characteristic signals from BPOSS (δ 1.8-1.9 ppm for -CH(CH3)2) and 
18 VPOSS (δ 5.8-6.2 ppm for -CH=CH2) appear clearly as shown in Figure 
19 S1a, and the GPC curves exhibit clear shift toward low retention time, 
20 indicating the increase of molecular weight (Figure S1b). 
21 Furthermore, matrix-assisted laser desorption ionization time-of-
22 flight (MALDI-TOF) mass spectrum also shows consistent molecular 
23 weight compared to the calculated molecular weight with a single 
24 distribution with distance of 104 Da., which corresponds to a styrene 
25 repeat unit (Figure S1c). Finally, VPOSS is converted into APOSS via 
26 thiol-ene click reaction34 to afford PS-BBA (Scheme S2). Its “sequence 
27 isomer” PS-ABB can be synthesized in a similar way but just with the 
28 incorporation of VPOSS or BPOSS in a different step (Scheme S3). Due 
29 to the same chemical composition, these two macromolecules show 
30 almost identical NMR, GPC and MALDI-TOF spectra (Figures S2-S5).
31 In the solution assembly study, dimethylformamide (DMF) was 
32 used as the common solvent for both the hydrophilic and 
33 hydrophobic parts to dissolve the materials at different initial 
34 concentrations, water was then added very slowly into the system as 
35 we previously described for PS-(APOSS)n samples.29, 31 In order to 
36 directly compare the influence of sequence issue on these two giant 
37 molecules, we used exactly identical conditions to prepare the 
38 micellar samples, including initial concentrations of 0.1 wt%, 0.4 wt% 
39 and 1 wt%, respectively. It was observed in the transmission electron 
40 microscopy (TEM) results that PS-BBA can only form spherical 
41 aggregates at different initial concentrations in the experiments 
42 (Figures 2a-2c). However, it is very interesting to note that its 
43 “sequence isomer” PS-ABB shows different assembly morphologies. 
44 For example, at a low concentration (0.1 wt%), it also forms spherical 
45 assemblies (Figure 2d). As the initial concentration increases to 0.4 

46 wt%, it becomes cylindrical assemblies (Figure 2e). Further increase 
47 the initial concentration to 1 wt%, it could form a kind of ribbon-like 
48 assemblies instead of traditional vesicular structures as show in 
49 Figure 2f.

50
51 Figure 2. TEM images of the assembled structures of PS-BBA (a-c) and 
52 PS-ABB (d-f) at initial concentration of 0.1 wt%, 0.4 wt% and 1 wt%, 
53 respectively.
54

55
56 Figure 3. Characterizations of the ribbon-like structure of PS-ABB. (a) 
57 cryo-TEM image; (b) AFM image and (c) height profile (d) wide angle 
58 X-ray diffraction.
59
60 By looking at the ribbon-like assemblies in details, phase 
61 separated lamellar structures exist with spacing of about 10 nm. The 
62 ribbon-like structure is further confirmed by Cryo-TEM to exclude the 
63 drying effects (Figure 3a). The lengths of the ribbon-like assemblies 
64 are several hundreds of nanometers with widths around 70-100 nm 
65 from the TEM results. The thickness of the ribbon-like assemblies is 
66 measured to be about 25 nm using atomic force microscope (AFM) 
67 (Figures 3b and 3c). 
68 The concept of packing parameter (p) established in self-
69 assembly of small molecular surfactant system also can be applied to 
70 evaluate giant surfactants.29-31 It is defined as p = V/(a×l), where V, l 
71 and a are the volume and length of the hydrophobic tail, and the 
72 cross-section area of the hydrophilic head group, respectively.35 
73 Three regions of the p values, p < 0.33, 0.33 < p < 0.5, and p > 0.5, 
74 usually indicate spherical micelles, cylindrical micelles and 
75 vesicles/lamellae, respectively. Our previous work has demonstrated 
76 that the initial concentration of giant surfactant is one of the criteria 
77 in determining the final assembled structure via the degree of 
78 ionization of carboxylic acid groups on APOSS, which decreases as 
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1 the initial concentration increases.30 This results in the reduction of 
2 effective head size and cross-section area of the surfactant, finally 
3 leading to the increase of p.31

4 For these two sequence isomeric giant surfactants, the volume 
5 of the hydrophobic part (V) is identical and can be estimated to be 
6 5.6 nm3 by the following calculation:

7   ,𝑉 = 𝑉𝐵 + 𝑉𝑃𝑆 =
𝑀𝐵

𝑁𝐴𝜌𝐵
+

𝑀𝑃𝑆

𝑁𝐴𝜌𝑃𝑆

8 where VB and VPS are the volume of the BPOSS and PS parts, 
9 respectively; MB = 1.6 kg/mol (for simplification we include the linker 

10 as well) and MPS = 2 kg/mol are the molecular mass of the BPOSS and 
11 PS parts, respectively; ρB = 1.1 g/cm3 and ρPS = 1.04 g/cm3 are their 
12 densities;36 and NA is the Avogadro constant. 
13 Polymer tails in giant surfactant has been previously found to be 
14 highly stretched especially for low molecular weight, which is 
15 different from most traditional amphiphilic block copolymers.29 So, 
16 for simplified qualitative analysis of the difference in self-assemble 
17 trending, the contour length of polystyrene tail (lPS) in this work can 
18 be estimated about 5 nm by l = 0.154nsin(109.5o/2), where n = 40 
19 (two carbons per repeat unit). The length of BPOSS part with the 
20 linkers (lB) is also about 5 nm. When we assume no ionization 
21 condition, the smallest cross-section area of APOSS (aA) can be 
22 estimated to be 1.8 nm2 according to the its diameter of about 1.5 
23 nm. In the self-assembly of PS-BBA, the hydrophobic BPOSS and PS 
24 are on the same side of APOSS and thus, they could stay together in 
25 the hydrophobic core. This molecule resembles a “one-head one-
26 tail” giant surfactant. As the initial concentration increase, the 
27 degree of ionization of carboxylic acids on APOSS decreases, which 
28 leads in the decrease of effective head size and aA,31 so that p 
29 becomes larger. Note that p reaches the maximum possible value by 
30 assuming no ionization of APOSS and the polar head becomes the 
31 smallest volume. It could be calculated to be pmax ≈ 0.31 via the 
32 formula pPS-BBA = V/[a×(lPS + lB)]. Therefore, the macromolecule would 
33 only adapt to a cone-shape conformation and form spheres with any 
34 initial concentration of PS-BBA. At the same time, the cone-angle 
35 may decrease due to the smaller heads thus more molecules will 
36 assemble into one sphere as the concentration increases. This is 
37 evidenced from the light scattering experiments in Figure S5 that the 
38 size of the spheres increases with the initial concentrations. Notably, 
39 the assumption of using contour length of PS in the calculation is also 
40 supported by analyzing the spherical micelles of PS-BBA with initial 
41 concentration of 0.1% as an example. By subtracting the size of 
42 APOSS and the length of BPOSS part with linkers from the measured 
43 micelle size of about 11 nm, the calculated length of PS part is about 
44 4.5 nm, which is closed to its fully stretched length.
45 While for the other sequence isomer PS-ABB, the hydrophobic PS 
46 and BPOSS are phase separated by APOSS. In order to avoid the 
47 hydrophobic moieties to direct contact with water, the molecule has 
48 to adapt to a folded conformation so that both the PS and BPOSS 
49 could stay in the hydrophobic core phase. This makes PS-ABB to 
50 resemble a “one head two heterogeneous tails” giant surfactant, in 
51 which one tail is PS and another tail is two BPOSSs. The two bulky 
52 “parallel” linked tails of PS-ABB will make its assembly behavior very 
53 different from its sequence isomer PS-BBA. The maximum possible p 
54 value can be calculated to be pmax ≈ 0.62 based on the similar 
55 calculation (See SI). Therefore, PS-ABB has higher tendency to form 
56 non-spherical assemblies such as cylindrical micelles or vesicles, 
57 especially at higher concentrations. When the concentration is 
58 relatively high at 1 wt%, we speculate that p > 0.5 and the it should 
59 be in the “vesicle/lamellae region”, in which giant surfactants usually 
60 forms vesicles.28 However, in this case, the PS-ABB molecules 
61 alternatively form the nanoribbon-like assemblies containing 

62 lamellar structure within the ribbons. It is known that BPOSS is a 
63 crystalline moiety.37-39 When the molecule is in or close to a 
64 “vesicle/lamellae region”, crystallization with high enthalpy may act 
65 as the driving force to form unconventional structures.40 In current 
66 case, we speculate that BPOSS may have crystalized, so that a 
67 straight lamellar structure is preferred instead of  vesicles. According 
68 to literature and the above experiments, the freeze-dried self-
69 assemblies of these giant surfactant in solution  as shown in Figure 
70 4a could represent their true solution state.29 So, we perform wide 
71 angle X-ray diffraction (WAXD) of the freeze-dried PS-ABB  
72 assembled nanoribbon-like structure. In Figure 3d, it clearly shows 
73 the diffraction peaks attributed to crystalline BPOSS,38, 41 which 
74 supports our speculation. As the concentration decreases, aA 
75 increases and p decreases. For 0.4 wt%, p value may decrease to 
76 below 0.5, thereby, worm-like cylindrical assemblies are observed. 
77 At the lowest concentration of 0.1%, p may further decrease to be 
78 below 0.33, the assembled structures thus become spheres. In these 
79 two cases, due to the formation of curvature structures, BPOSSs are 
80 not crystallized, which is confirmed by the WAXD spectra of the 
81 corresponding freeze-dried samples as shown in Figure S9. 
82 Therefore, a possible model summary of the self-assembly behaviors 
83 of these two sequential isomers is proposed in Figure 4. 
84 In addition to different self-assembly behaviors in solution, PS-
85 ABB and PS-BBA also show differences in the bulk state. PS-ABB can 
86 also form a lamellar structure after thermal annealing (Figure S10a), 
87 but only a disorder structure can be observed in PS-BBA sample 
88 (Figure S10b).

89
90 Figure 4. Proposed models for the illustration of the different 
91 assembly process for the sequential isomer: (a) PS-BBA and (b) PS-
92 ABB. The blue ball represents BPOSS and the red ball represents 
93 APOSS. The red corona around the red ball indicates the partially 
94 ionized APOSS, which could become smaller when the initiate 
95 concentration increases
96 To conclude, we have designed and synthesized two giant 
97 surfactants with exactly the same composition but different 
98 sequences, PS-ABB and PS-BBA. The distinct nanoparticle sequences 
99 in giant molecules could lead to different macromolecular 

100 conformations, which could further affect their separate self-
101 assembly behaviors in DMF/water solution. The conjugate of PS-BBA, 
102 which resembles a “one head one tail” giant surfactant, can only 
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1 form spherical assemblies. While the conjugate of PS-ABB, which 
2 resembles a “one head two heterogeneous tail” giant surfactant, can 
3 form spheres, cylinders or a nanoribbon-like structure in response to 
4 different initial concentrations. With the growing field of sequence-
5 controlled oligomer/polymer chemistry, these results further 
6 support the importance of sequence-control in synthetic 
7 macromolecules, which can have dramatic impacts on the self-
8 assembled structures and macromolecular properties.
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Two sequence isomeric giant surfactants exhibit distinguished self-assembly behaviors, which is 
mandated by different molecular packing conformation induced by molecular sequence.
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