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1 ABSTRACT

2 Interfacial properties of polymeric materials are significantly influenced by their 

3 architectural structures and spatial features. In this work, we studied, for the first time, the 

4 interfacial behavior of catenated poly(L-lactide) (C-PLA) at the air-water interface and compared 

5 it with its linear alternative (L-PLA). Results from the surface pressure-area per repeating unit 

6 isotherms showed significant interfacial behavioral difference between the two polymers. Isobaric 

7 creep experiments and compression-expansion cycles also showed that C-PLA demonstrated 

8 higher stability at the air-water interface. Furthermore, when the films at different surface pressures 

9 were transferred via the Langmuir-Blodgett method, successive atomic force microscopy imaging 

10 displayed distinct nanomorphologies, in which the surface of C-PLA exhibited nanofibrous 

11 structures, while that of the L-PLA revealed a smoother topology with fewer fiber-like structures. 
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1 INTRODUCTION

2 Topological structures have been proven effective in determining the air-water interfacial behavior 

3 of many polymeric materials.1 Topological polymers exhibit more unique self-assembling 

4 morphology2-3 and distinctive interfacial properties,4-5 compared to their linear alternatives. 

5 Considered as one of the most commonly used methods for interfacial studies, the Langmuir-

6 Blodgett (LB) film technique renders well-controlled dynamic studies and efficiently transfers 

7 well-ordered monolayers to solid substrates.6-8 A wide range of techniques, including atomic 

8 transfer microscopy (AFM),9 transmission electron microscopy (TEM),10 Brewster angle 

9 microscopy (BAM),11 and X-ray diffraction (XRD),12-13can be used in tandem with LB to 

10 investigate the self-assembly and crystallinity of polymers with different topological structures. 

11 For example, Leon et al.14 synthesized dendronized polymers with varying degrees of 

12 polymerization and found that high generation of dendrons showed stronger intermolecular 

13 interaction at the air-water interface and formed more ordered monolayers via LB technique. Using 

14 different ratios of hydrophobic to hydrophilic blocks, Patrick et al.15 synthesized a series of 

15 copolymers that exhibited distinguishing morphologies and stability when transferred to a solid 

16 substrate and examined by AFM. Polylactide (PLA), a biocompatible and biodegradable polymer, 

17 has received significant attention, not only because of its practical applications in thin film coatings, 

18 drug delivery, and tissue engineering,16-17 but also due to the interesting air-water interfacial 

19 behavior of its stereocomplex and topological analogues.18-19 For example Kenta et al.20 used LB 

20 technique in conjunction with AFM to investigate the surface morphology, crystallinity, and 

21 distinctive behavioral response during isothermal compression of linear and cyclic PLA 

22 stereocopolymers.
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1 While much work has been done on investigating the interfacial properties of branched 

2 polymers,21-22 the interfacial behavior of block copolymers,23-24 cyclic polymers,25-27 and high-

3 order topological polymers, such as catenanes, knots, and rotaxanes, at the air-water interface has 

4 been rarely studied due to the difficulty in their synthesis.28-29 Although some studies have 

5 explored catenated molecules using entropic driving ring-closure method,30-31 this statistical-based 

6 approach requires a highly dilute condition to minimize the intermolecular reactions, which, in 

7 turn, reduce the yield of these polymers and, thus, limit their characterization. Previously, our 

8 group designed a rational strategy for synthesizing catenated poly(L-lactide) (C-PLA) in bulk.32-33 

9 The high yield and substantial amount of C-PLA that we synthesized allowed us to investigate the 

10 interfacial behavior of highly ordered polymeric structures.

11 In this study, we investigated the interfacial behavior of C-PLA at the air-water interface and 

12 compared the result with its linear alternative (L-PLA). To the best of our knowledge, the behavior 

13 of catenated polymeric materials at the air-water interface has not been reported. To address the 

14 behavioral and stability difference between these two polymers caused by their architectural 

15 structures, isothermal compression, isobaric creep, and compression-expansion hysteresis cycle 

16 experiments were employed. Furthermore, the films formed at different surface pressures were 

17 transferred to solid substrates for AFM imaging. 

18 EXPERIMENTAL SECTION 

19 Materials. L-PLA, C-PLA, and decomplex-catenated poly(L-lactide) (DC-PLA) were synthesized 

20 following the procedures recently reported by our group (Supporting Information (SI), Scheme 

21 S1) [reference]. HPLC grade chloroform, used to dissolve the polymers, was purchased from 

22 Fisher Scientific and used as received. Milli-Q water (18.2 MΩ cm resistivity) was used in all 

23 experimental procedures where the use of water was required.
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1 Langmuir-Blodgett Studies. A KSV-2000 system (KSV Instruments, Finland) equipped with a 

2 standard trough (width = 150 mm and area = 78000 mm2) was used to investigate the monolayer 

3 interfacial properties and stability of the catenated and knotty polymers. The trough was cleaned 

4 with ethanol prior to filing with water. 25 µL of each polymer was dissolved in chloroform, giving 

5 a solution concentration of 2.0 mg mL–1, where 10 drops of each were spread carefully on the 

6 water surface. The solution was allowed to evaporate from the water for 15 min prior to conducting 

7 any experiments. The π-A isotherms and compression-expansion tests were measured at a constant 

8 compression or release rate of 10 mm min–1. 

9 AFM experiment. The interfacial structure of the polymer films was characterized by first 

10 transferring the floating layer onto silica wafer substrates, which were cleaned by sonication in 

11 acetone and successive plasma for 2 min prior to coating. The silica wafers were also immersed in 

12 the subphase before spreading the solution. After 15 min of chloroform evaporation, the barrier 

13 compressed according to the desired surface pressure and the substrates were pulled from the 

14 interface at a rate of 1 mm min–1. AFM was then performed on a Park System NX-10 atomic force 

15 microscope using the tapping mode.

16 X-ray reflectivity measurement. To gain insights on the structural profile of the LB thin films, 

17 X-ray reflectivity was performed on a Rigaku SmartLab X-ray diffractometer equipped with a 

18 PhotonMax high-flux 9-kW rotating anode and Cu-Kα radiation having a wavelength of 1.54 Å. 

19 The sample was aligned and measured on a motorized adjustable Rx-Ry sample stage capable of 

20 properly positioning the sample along the x-y direction, and commonly used for precise correction 

21 of substrate/film mis-cut for perfect on-axis measurement. Both the incidence and detector slit had 

22 a width of 2.5°. The reflectivity measurement was performed at incidence angles of 0 to 10° using 
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1 a 0.01° increment and rate of 0.666° per min. The film thickness, density, and roughness profiles 

2 were constructed using an Igor Pro 8.04 with a motofit add-on by Andrew Nelson [1].

3 Other characterizations. Electrochemical impedance spectroscopy (EIS) was performed using a 

4 XX potentiostat/galvanostat (COMPANY) from XX kHz to XX Hz at a 10-mV AC voltage about 

5 the open-circuit potential, with Ag/AgCl, Pt, and polymer coated on gold-coated glass substrates 

6 as the reference, counter, and working electrodes, respectively. Differential scanning calorimetry 

7 (DSC) was done using a DSC XXX (COMPANY) at a ramp rate of XX C min1 and N2 purge 

8 rate of XX C min1.

9 RESULTS AND DISCUSSION

10 The structural design and synthesis of both C-PLA and L-PLA (Scheme 1) have been previously 

11 reported by our group.33 As shown in Scheme S1 in the Supporting Information (SI), a templated 

12 catenane initiator was first prepared by complexing a triethylene glycol functionalized 

13 phenanthroline with copper and subsequent ring closure with dibutyldimethoxytin. C-PLA was 

14 then synthesized by inserting L-lactide monomer without breaking the catenane structure. For 

15 comparison, decomplexed PLA (DC-PLA) was prepared by removing the copper using KCN. 

16 Meanwhile, L-PLA was synthesized from L-lactide monomer using the same tin initiator. To 

17 obtain comparable results, the molecular weight of each ring in the C-PLA structure was kept 

18 nearly similar to that of L-PLA. Details on the molecular weight of these polymers are shown in 

19 Table S1.

20 Scheme 1

21 Surface Pressure-Area Isotherms. Figure 1 shows the surface pressure-area per repeating unit (𝜋

22 -𝐴) isothermal compression curves for both L-PLA and C-PLA at 20 °C. Note that the area per 
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1 repeating unit is calculated from the polymer concentration, total spread volume, and degree of 

2 polymerization (see section 2 of the SI for more details on the calculation). Consistent with the 

3 previous report,18 three different regions can be observed on the L-PLA isotherm: (i) a low surface 

4 pressure liquid-expansion region as evidenced by a sharp knee feature; (ii) a plateau attributed to 

5 the 2D chain to helix conversion or double layer formation;34 and (iii) a low compressible, high 

6 surface pressure region due to a multilayer formation.18 C-PLA also exhibited a similar three-

7 region behavior, but with different values of area and surface pressure. The transition from liquid-

8 expansion to the plateau region for C-PLA occurred at 7.2 mN m–1 surface pressure, higher than 

9 that of the L-PLA (4.8 mN m–1), while the corresponding area per repeating unit for C-PLA (24.8 

10 Å2) was lower than L-PLA (29.4 Å2). This result indicates that C-PLA forms a more compact self-

11 assembly structure than L-PLA. This phenomenon can also be evidenced by the transition of the 

12 plateau region to the high surface pressure zone, where a higher transition surface pressure of 9.7 

13 mN m–1 for C-PLA can be observed, compared to a value of 6.8 mN m–1 for L-PLA, coupled with 

14 a change in area per repeating unit from 13.9 Å2 for L-PLA to 9.2 Å2 for C-PLA. As shown in 

15 Figure S1, following decomplexation (i.e. removing the copper), the resulting DC-PLA isotherm 

16 showed no significant difference from that of C-PLA, implying that the self-assembly behavior of 

17 C-PLA is unaffected after decomplexation. 

18 Figure 1

19 To compare the elasticity of both L-PLA and C-PLA, the compressibility, 𝐶, and compressional 

20 elasticity, 𝜀𝑠, were determined from the isotherm curves using the following equation:34

21 𝜀𝑠 = 𝐶―1 = ―𝐴(
∂𝜋
∂𝐴 )

𝑇
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1 where 𝐴 is the area per repeating unit, 𝜋 refers to the surface pressure, and 𝑇 is the temperature 

2 (which is kept constant). The calculated results are plotted in Figure S2. At the beginning of 

3 compression, the polymers started to touch each other. Preliminary compression showed that both 

4 polymers demonstrated compressional elasticity increase in a linear fashion. Further compression 

5 at 34 Å2 revealed a decrease in slope for both curves, indicating the formation of a more compact 

6 structure for both polymers, in which C-PLA displayed a lower compressional elasticity than that 

7 of L-PLA. As illustrated in Scheme 2, because of its confined structure and inherent absence of 

8 end groups and linear chains, C-PLA endures less interpenetration, leading to fewer entanglements 

9 and reptation during compression. At the plateau region (Figure S2), the elasticity of C-PLA drops 

10 to nearly zero, suggesting a first order transition, where the polymeric structure does not collapse 

11 but merely reorganizes.14 After experiencing a sharp increase in the final compression region, the 

12 compressional modulus values drastically dropped upon reaching their highest limit. At this peak, 

13 the area per repeating unit is reported as a critical value, physically indicating the most possible 

14 compact structure of the floating film. Further compression at this point results in a collapsible 

15 film structure as illustrated by the compressional modulus drop. As shown in Figure 1b, the critical 

16 area per repeating unit for L-PLA and C-PLA are 6.5 and 4.1 Å2, respectively, illustrating a more 

17 confined structure for the latter than the former. 

18 Scheme 2 

19 Isobaric Study. Isobaric creep experiments were performed to investigate the stability of the 

20 polymers over time, an essential property for a successful LB film preparation. The measurements 

21 were done under surface pressures of 4, 8, 15 mN m–1, corresponding to three different isotherm 

22 regions, where each of these surface pressures was maintained constant, while monitoring the area 

23 change. In Figure 2, the time evolutional normalized area, At/A0, is plotted against time, where At 
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1 is the area at any given time, t, and A0 refers to the initial area. Compared to L-PLA, C-PLA 

2 exhibited slower decline in At/A0 at 4 mN m–1, with an area loss (i.e. <10%) lower than L-PLA 

3 (i.e. ~30%). This result, which suggests higher stability for C-PLA than L-PLA, may be due to the 

4 (i) more compact structure of C-PLA, resulting in a higher resistance against multilayer collapse, 

5 and (ii) absence of end groups, leading to a low hydrolysis rate35 and minimal material loss at the 

6 interface. Exhibiting similar behavior at both 4 and 8 mN m–1, the curve for L-PLA is characterized 

7 initially by a drastic area loss, followed by a nearly At/A0 plateau beginning at 3000 s. In contrast, 

8 both C-PLA and DC-PLA showed a linear behavior characterized by a continuous but relatively 

9 slower decrease in rate of area loss. Meanwhile, Figure 2c, which displays the area loss at a surface 

10 pressure of 15 mN m–1, reveals that the three polymers stabilize at a common area loss of roughly 

11 12%. This result, which is in good agreement with a polylactide material reported in the literature18 

12 indicates that all the polymers are capable of rapidly attaining equilibrium at high surface pressures, 

13 with C-PLA film being the most stable as evidenced by its slower relaxation and lower area loss 

14 at 15 mN m–1. 

15 Figure 2

16 Hysteresis study. We also investigated the stability of the PLA monolayers using the results 

17 obtained from compression-expansion experiments. Figure 3 shows the compression-expansion 

18 cycles of L-PLA and DC-PLA at 4 and 8 mN m–1 and temperature of 20 °C. At low surface pressure 

19 of 4 mN m–1, DC-PLA revealed a more improved reversibility, while L-PLA showed a more 

20 apparent hysteresis. C-PLA, on the other hand, showed a slight hysteresis (Figure S3), but much 

21 less than that of L-PLA. Again, DC-PLA’s confined structure and absence of end groups result in 

22 less entanglement and reptation during compression, largely reducing its hysteresis phenomenon. 

23 Also, the L-PLA curves after each compression cycle slightly shifted to the smaller area. This 
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1 result may be caused by its adherence to the Wihelmy plate, desorption at the air-water interface, 

2 and entanglement irreversibility.36 Meanwhile, the less area change for DC-PLA (Figure S3(b1)) 

3 is an indication of its more stable LB film formation than L-PLA. Likewise, less hysteresis and 

4 less area loss for DC-PLA than those of L-PLA were also observed at a higher surface pressure of 

5 8 mN m–1. Similar conclusions can also be drawn for C-PLA for its less hysteresis and less area 

6 loss (Figure S3). Furthermore, at a high surface pressure of 25 mN m–1 region, L-PLA, C-PLA, 

7 and DC-PLA showed significant decrease in their area (Figure S3) after the first compression-

8 expansion cycle, indicating the irreversibility of their respective LB films at the air-water interface.

9 Figure 3

10 Deposited Film Study. To obtain an overview of the morphology and nanoscale structures of C-

11 PLA and L-PLA, the corresponding LB films at different surface pressures were transferred to 

12 silica wafers for AFM study. Surface pressures of 4, 8, and 25 mN m–1, representing the three 

13 different isotherm zones were chosen. As shown in Figure 4, a morphology difference between L-

14 PLA and C-PLA at 4 mN m–1 can be observed. C-PLA showed a nanofiber-like morphology, with 

15 a height between 1 and 1.5 nm and width of 20 nm as determined by a higher resolution scan 

16 (Figure S4a). This structural morphology, caused by lamellar crystal formation, is a characteristic 

17 of polylactide and its stereocomplex,.19 On the other hand, L-PLA revealed fewer and wider 

18 nanofiber-like structures with a flat morphology (Figure 4b and Figure S4b.) Again, the difference 

19 in morphology can be explained by their structural changes during isothermal compression. As 

20 previously shown in Scheme 2, L-PLA forms entanglements during compression, preventing 

21 crystal formation due to restricted chain mobility, while C-PLA becomes crystalline much easier 

22 due to its confined structure and less entanglements. This phenomenon can be evidenced by C-

23 PLA’s DSC curve in Figure S5, which shows lower glass transition temperature than L-PLA, 
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1 implying less chain movement hindrance. The lower melting temperature of C-PLA (144 °C) than 

2 L-PLA (166 °C), which is in good agreement with previously reported  catenated polycaprolactone, 

3 also supports this hypothesis.32 These results help explain why C-PLA requires a lower area per 

4 repeating unit to spread over the air-water interface and higher surface pressure in isotherms. As 

5 shown in Figure S5a, compared to L-PLA, C-PLA forms a smoother film structure with a thickness 

6 of 2 nm. By further compression to a surface pressure of 12 mN m–1, nanofiber like structures can 

7 be observed on the morphology of L-PLA (Figure S7a), indicating a higher force requirement for 

8 polymer crystallization, while DC-PLA,  at 8 mN m–1, forms a structure similar to that of C-PLA 

9 (Figure S7b). At 25 mN m–1, both L-PLA and C-PLA form collapsed multilayer but with different 

10 surface topology (Figure S8). 

11 Figure 4

12 EIS, along with the use of an equivalent electrical circuit to fit the resulting impedance data, is a 

13 very useful electrochemical tool for the analysis of many polymeric coatings.[ref] We performed 

14 EIS to study the electrochemical surface behavior of our deposited L-PLA and C-PLA films on 

15 gold-coated glass slides at a surface pressure of 25 mN m–1. The shape of the resulting Nyquist 

16 plots in Figure 5 is composed of a semicircle characterized by a solution resistance (Rs) in series 

17 with a parallel pair of double layer capacitance (Cdl) and charge transfer resistance (Rct), followed 

18 by a low-frequency slanted line corresponding to a Warburg (ZW) diffusional process. As shown 

19 by its larger semicircle diameter plot, C-PLA exhibits a larger Rct value, indicating higher electron-

20 transfer resistance (~90 Ω cm2) at the interface than L-PLA (~19 Ω cm2). This result is an 

21 indication of a lower C-PLA film conductivity than that of the L-PLA, which supports the 

22 deduction of a more compact structure of the former than the latter polymer.

23 Figure 5
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1 XRR was performed to investigate the layered structure and interfacial properties of the polymer 

2 films deposited on a silicon wafer at 8 mN m–1. The results acquired, together with the fitted data 

3 were plotted in Figure S9, while the XRR parameters extracted from the fitting are tabulated in 

4 Table 1. At 8 mN m–1 surface pressure, C-PLA film is composed of two layers – one exposed to 

5 air (layer 1), while the other adheres to the silicon wafer surface (layer 2). The total thickness of 

6 the C-PLA film is 2.2 nm, which is in good agreement with the result obtained from AFM 

7 experiments. The thickness and roughness values of each layer of the L-PLA film are nearly 

8 equal to those of C-PLA, but the scattering length density (SLD) of layer 2 of the latter is lower 

9 than the former. This difference in SLD result can be attributed to the different assembly process 

10 of both polymers. Note that the two polymer films were deposited at the same surface pressure of 

11 8 mN m–1, at which L-PLA displayed a much lower area per repeating unit based on the isotherm 

12 experiment. This result suggests that larger amounts of L-PLA were compressed to give a higher 

13 SLD for the whole film. In contrast, higher area per repeating unit means that less amounts of the 

14 polymer materials were compressed to form layer 2, as in the case of C-PLA. Based on the 

15 results obtained from AFM, the morphology showed a more compact film where C-PLA 

16 aggregated while its total SLD remained lower because of loosened spaces in the total film.

17 Table 1: Parameters extracted from XRR fitting.

Sample Thickness (nm) SLD(10-6 A-2) Roughness(nm)

Layer 1 1.1 7.7 0.8C-PLA

Layer 2 1.1 15.6 0.6
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Layer 1 1.0 7.3 0.8L-PLA

Layer 2 1.0 20.2 0.7

1

2 CONCLUSION

3 The interfacial behavior of catenated polymers at the air-water interface was investigated, where 

4 C-PLA and DC-PLA, in comparison to L-PLA, demonstrated unique and distinctive interfacial 

5 properties as evidenced by surface pressure-area per repeating unit isotherms. Isobaric creep and 

6 compression-expansion cycles revealed that C-PLA and DC-PLA are highly stable at the air-water 

7 interface. In addition, polymer films at different surface pressures were transferred to silica wafers 

8 via LB method to observe their surface morphology. C-PLA showed nanofiber-like structures at 

9 low surface pressure, but formed a more compact film at high surface pressure than L-PLA. This 

10 result is supported by the impedance measurement, where a higher Rct value for C-PLA than L-

11 PLA was obtained. Overall, our initial assessment on the interfacial behavior of C-PLA at the air-

12 water interface will pave the way for more detailed surface characterization study for topological 

13 polymers.
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1 FIGURES

2

3 Scheme 1: Chemical structures of C-PLA and L-PLA. For comparison, the molecular weight of 

4 each ring in C-PLA is designed to be nearly equal to L-PLA.
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1

2 Scheme 2: Schematic representation of structural changes of the polymers during compression.
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1

2 Figure 1: Isothermal 𝜋-𝐴 compression curves for L-PLA and C-PLA.

3

4

5

6

7 Figure 2: At/A0 vs. time curves obtained from isobaric creep measurements at 4, 8, 15 mN/m
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1  
2 Figure 3: Compression-expansion curves for L-PLA and DC-PLA at 4 and 8 mN/m.

3

4
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1

2 Figure 4: AFM scan of C-PLA and L-PLA deposited on silica wafer at 4 mN/m.

3
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1

2 Figure 5: Nyquist diagrams for bare gold, L-PLA, and C-PLA, and the corresponding equivalent 
3 electrical circuit model.
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