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Abstract

:

Star-shaped polymers are very attractive because of their potential application ability in various technological areas due to their unique molecular topology. Thus, information on the molecular structure and chain characteristics of star polymers is essential for gaining insights into their properties and finding better applications. In this study, we report molecular structure details and chain characteristics of 17-armed polystyrenes in various molecular weights: 17-Arm(2k)-PS, 17-Arm(6k)-PS, 17-Arm(10k)-PS, and 17-Arm(20k)-PS. Quantitative X-ray scattering analysis using synchrotron radiation sources was conducted for this series of star polymers in two different solvents (cyclohexane and tetrahydrofuran), providing a comprehensive set of three-dimensional structure parameters, including radial density profiles and chain characteristics. Some of the structural parameters were crosschecked by qualitative scattering analysis and dynamic light scattering. They all were found to have ellipsoidal shapes consisting of a core and a fuzzy shell; such ellipse nature is originated from the dendritic core. In particular, the fraction of the fuzzy shell part enabling to store desired chemicals or agents was confirmed to be exceptionally high in cyclohexane, ranging from 74 to 81%; higher-molecular-weight star polymer gives a larger fraction of the fuzzy shell. The largest fraction (81%) of the fuzzy shell was significantly reduced to 52% in tetrahydrofuran; in contrast, the lowest fraction (19%) of core was increased to 48%. These selective shell contraction and core expansion can be useful as a key mechanism in various applications. Overall, the 17-armed polystyrenes of this study are suitable for applications in various technological fields including smart deliveries of drugs, genes, biomedical imaging agents, and other desired chemicals.
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1. Introduction


Star-shaped polymers are structurally intriguing materials that consist of several linear polymer chains connected at one point (i.e., a central core). In fact, star-shaped polyamides with four and eight arms were reported in 1948 as the first star polymers, which were prepared by step-growth polymerization [1]. Star polystyrenes having three and four arms were introduced in 1962 as the first well-defined star polymers, which were synthesized by anionic polymerization [2]. Since these discoveries, star polymers have become attractive to both academia and industry because of the unique molecular topologies and unusual physical and chemical properties expected. As a result of much research effort that was carried out particularly during the last three decades, various synthetic schemes have been developed to provide well-defined star polymers; they were reviewed in several articles [3,4,5,6,7,8].



Star polymers were found to exhibit very interesting properties, such as smaller hydrodynamic radii, smaller radii of gyration, and lower viscosities, compared to the linear counterparts [4,5,6,7,9,10,11,12]. Crystalline star polymers revealed lower melt temperatures, lower crystallization temperatures and lower degrees of crystallinities than the linear counterparts [7]. These unusual properties might originate basically from the compactness of molecular structures and the geometrical constrain of arm chains in such compact structure. The unique properties of star polymers were also reported to vary with the length and number of arms in addition to their chemical structure [7,11]. Furthermore, the structure and properties were further influenced by their central core structures [12,13]. These results give very limited information but are still important indications that the structure and properties of a star polymer are changed sensitively by all molecular parameters, including chemical structural nature, core structure, arm length (i.e., molecular weight), arm number, arm chain flexibility or rigidity, and polydispersity. Despite the compact molecular structures, star polymers can own peripheral end groups and additional internal groups, depending on their molecular designs [3,4,5,6,7,8]. Both arm end groups and internal groups could be active due to either their own chemical natures or functionalizations [3,4,5,6,7,8]. Such peripheral and internal functional groups could expand the applicability of star polymers in various areas including lubrications [3,14], thermoplastic elastomers [15,16], catalysis [3], micro- and nano-electronics [17,18,19], cosmetics [3], drug and gene deliveries [3,4], biomedicals [3,4,20], and nanostructural materials [3,4,21,22,23]. Therefore, deeper understanding in the molecular structure and properties are still challenged for better applications and smarter molecular design of star polymers.



In this study, we have made great efforts to obtain the molecular structure details and arm chain characteristics of a series of 17-armed star polystyrenes in various molecular weights which are essential for gaining insights into properties and finding better applications: 17-Arm(2k)-PS, 17-Arm(6k)-PS, 17-Arm(10k)-PS, and 17-Arm(20k)-PS (Figure 1; Table 1). The star polymers were examined in a theta (Θ) condition (cyclohexane (CHX) at 35.0 °C) as well as in a good solvent (tetrahydrofuran (THF) at 25.0 °C) by using synchrotron X-ray scattering and dynamic light scattering (DLS). The quantitative X-ray scattering analysis has been successfully performed, providing a comprehensive set of three-dimensional (3D) structural parameters and chain characteristics. Qualitative scattering analysis, as well as DLS analysis, gave additional information on the sizes. Overall, the star polymers all exhibit fuzzy ellipsoidal shapes. They reveal interesting 3D structural characteristics based on the individual arms’ unique behaviors. Excitingly, they demonstrate highly selective volume alterations (i.e., expansion and contraction) of core and fuzzy shell in the opposite direction through solvent changes, which can be a very powerful mechanism for storing and delivering (releasing) desired chemicals or agents. All results are discussed with considering molecular weight effects on geometrical molecular structure and arm characters.




2. Materials and Methods


A series of 17-armed star polystyrenes in various molecular weights were supplied from Prof. A. Hirao’s laboratory; each star polymer was synthesized by the coupling reactions of polystyrene anions (i.e., lithium 1,1-diphenylethylene-end-capped polystyrene (DPE-end-capped PS−Li+)) of a given molecular weight to polystyrene of a chosen molecular weight with one-end group in dendritic architecture which was multifunctionalized by bromobenzyl moieties (PS(BnBr)16) according to the method reported previously [8,24,25]: 17-Arm(2k)-PS, 17-Arm(6k)-PS, 17-Arm(10k)-PS, and 17-Arm(20k)-PS (Figure 1). The molecular characteristics of the dendritic-core-based star polystyrenes are summarized in Table 1. CHX (C6H12, >99%) was purchased from Sigma Aldrich Company (Seoul, Korea) and THF (C4H8O, 99.8%) was supplied by Samchun Chemical Company (Seoul, Korea).



For synchrotron X-ray scattering and DLS analyses, solutions (0.25−1.00 wt% concentration) of each star polymer were prepared in CHX and THF and then filtered by using disposable syringes equipped with polytetrafluroethylene filters (0.22 μm pore size). X-ray scattering measurements were carried out at the 4C beamline [26,27,28] of the PLS-II facility (a third-generation synchrotron radiation facility being operated at 3.0 GeV and 400 mA by Pohang Accelerator Laboratory, Pohang, Korea) by using an X-ray beam with a wavelength λ of 0.07336 nm and a two-dimensional (2D) charged-coupled detector (CCD: model Rayonix 2D SX 165, Evanston, IL, USA); the sample-to-detector distances (SDD) was 1.0 and 4.0 m. Quartz capillary cells with 1.5 mm outer diameter were used as solution sample cells; for each cell, around 70 μL solution sample was used. The polymer solutions in THF (good solvent) were exposed to the X-ray beam for 20 s at 25.0 °C (± 0.1 °C); the polymer solutions in CHX (Θ solvent) were exposed to the X-ray beam for 20 s at 35.0 °C (± 0.1 °C) (Θ condition). The scattering angles were calibrated by using a precalibrated Ti-SBA-15 (Sigma Aldrich Company, Seoul, Korea) and silver behenate (Tokyo Chemical Industry, TCI, Tokyo, Japan) as standards. The individual 2D scattering data were circularly averaged with respect to the X-ray beam center and then followed by normalizing to the transmitted X-ray beam intensity which was monitored with a scintillation counter positioned behind the sample. The scattering data was further corrected for the scattering arising from either THF at 25.0 °C or CHX at 35.0 °C. DLS measurements were performed at 25.0 °C (± 0.1 °C) for the polymer solutions in THF and at 35.0 °C (± 0.1 °C) for the solutions in CHX by using a Malvern DLS instrument (model: Zetasizer NanoZS90, Malvern Instruments Ltd., Worcestershire, UK) equipped with a He-Ne laser source of 632.8 nm wavelength and a detector at 90° scattering angle. Low-volume quartz batch cuvettes (model: ZEN2112, Malvern Instruments Ltd.) were used as sample cells.




3. Results and Discussion


The 17-armed star polymers have been subjected to synchrotron solution X-ray scattering analysis in order to get insights into their 3D molecular structure and arm chain characteristics. Figure 2 displays representatives of the X-ray scattering data measured in CHX at 35.0 °C (Θ condition) and THF at 25.0 °C (a good solvent condition).



We have tried to analyze these scattering data first by using several conventional analysis schemes in qualitative manners below.



First, the scattering data has been analyzed by using the Guinier analysis scheme [29] valid under two boundary conditions, namely (i) spherical (or globular) scatterer and (ii) q regime (q = (4π/λ)sinθ where 2θ is the scattering angle) of less than 1.3/Rg (here, Rg is the radius of gyration of polymer), in order to get molecular size information on the star polymers; the detail of this analysis scheme is given in Supplementary Information. The scattering data in the low q regime are fitted well by the Guinier law, giving Rg,G (Figure 3; Table 2). Rg,G varies over the range 2.67−7.18 nm in the Θ condition and 2.80−8.52 nm in the good solvent, depending upon the molecular weights. Higher-molecular-weight 17-armed star polymer reveals larger size. All star polymers exhibit larger sizes in the good solvent than in the Θ solvent. The size expansion in the good solvent is 5% for 17-Arm(2k)-PS, 10% for 17-Arm(6k)-PS, 16% for 17-Arm(10k)-PS, and 19% for 17-Arm(20k)-PS. Namely, higher-molecular-weight 17-armed star polystyrene expands more in the good solvent.



Second, the Kratky analysis scheme [30] has been applied in three different ways to the scattering data in the intermediate q regime in order to get information on the geometrical shape characteristics of the star polymers (details of the analysis scheme in Supplementary Information). The analysis results are shown in Figure 4 and Table 2. For 17-Arm(2k)-PS in the Θ condition, the overall shape of Kratky plot is quite different from that of a flexible linear polymer exhibiting Gaussian sphere as well as from that of a hard sphere (Figure 4a). In addition, a peak maximum appears at 1.74 (=qmaxRg,G), which is far from that (qmaxRg,G = 1.49) observed for isotropic sphere. Similar characteristics are observed in a modified Kratky plot (Figure 4c). The scattering intensity is found to follow a q−4.64 power law rather than q−2 and q−5/3 power laws (Figure 4e). Interestingly, similar scattering characteristics are discernible in the Kratky plots of the data measured in the good solvent (Figure 4b,d,f). Furthermore, similar scattering characteristics are also observed for the other star polystyrenes in the Θ condition as well as in the good solvent (Figure 4). These Kratky analysis results collectively inform that all 17-armed star polystyrenes in the Θ and good solvent conditions have very unique shapes, which are far from isotropic, Gaussian, and hard spheres.



Third, the Porod analysis scheme [31] has also been considered for the scattering data in the high q regime in order to get information on the outmost surface of the star polymers (details of the analysis scheme in Supplementary Information). The star polymers in the Θ condition show scattering profiles obeying a q−n power law with n = 1.40 to 1.98 in the high q region, depending on the molecular weights (Figure 5a). In the good solvent, they reveal scattering profiles following a q−n power law with n = 1.00 to 1.65 in the high q region (Figure 5b). For these star polymers, the exponents are much smaller than 4 for the sharp and smooth surface of particle. These analysis results confirm that all 17-armed star polymers have much less sharp (i.e., much less dense) and smooth surfaces regardless of the Θ and good solvent conditions and the molecular weights. In addition, higher-molecular-weight star polymer has a higher degree of surface sharpness and smoothness.



Finally, the scattering data have been analyzed additionally by using the indirect Fourier transformation (IFT) method [32], which is a model independent analysis scheme; the detail of this method is given in Supplementary Information. Figure 6a,c illustrates the pair distance distribution function p(r) profiles obtained from the scattering data measured in the Θ condition and in the good solvent, respectively. Here, the pair distance distribution function describes the probability of finding two scatterers separated by a distance r inside a star polymer molecule. From each p(r) profile, the radius of gyration Rg,IFT, radius at the peak maximum Rmax, and maximum size Dmax of star polymer have been extracted. The radial electron density distribution profile Δρ(r) has been additionally tried to be extracted. However, meaningful and realistic density profile could not be obtained, which might be caused from the assumption of monodispersity in size distribution in the IFT scheme. The obtained structural parameters are listed in Table 2. All p(r) profiles are asymmetric rather than symmetric in shape. The Rmax,IFT/Rg,IFT values are much smaller than that (1.36) of an isotropic sphere (Figure 6b,d). Moreover, the Dmax,IFT/Rmax,IFT values are much larger than that (2.00) of a sphere. These results collectively confirm again that all 17-armed star polymers are geometrically far from spherical shapes in the Θ condition and more far from isotropic spheres in the good solvent. These analyses also confirm again that each star polymer has expanded volume in the good solvent when compared against that in the Θ condition: The size expansion in the good solvent against the Θ condition is 4% for 17-Arm(2k)-PS, 13% for 17-Arm(6k)-PS, 18% for 17-Arm(10k)-PS, and 26% for 17-Arm(20k)-PS.



Taking into account the qualitative analysis results above, we have tried to further analyze the X-ray scattering data in a quantitative manner by using structural model approach, in order to get structural details on the star polystyrenes. In this quantitative analysis, we have considered several possible structural models and then found that the fuzzy ellipsoidal model is most suitable to analyze the scattering data successfully. As shown in Figure 7, all scattering profiles have been fitted satisfactorily with fuzzy ellipsoidal model together with the contribution of blobs (i.e., local density fluctuations) (see the structural model in Figure 8a); details of this model analysis is given in Supplementary Information. In addition, radial electron density distribution profiles Δρ(r) have been successfully extracted by the numerical Fourier transformation of the respective scattering amplitudes determined in this quantitative analysis (Figure 8b,c); the extraction detail of Δρ(r) is given in Supplementary Information. Moreover, the size distributions (namely, radial distributions) have been determined, as presented in Figure 8d,e. Pair distance distribution functions p(r) have also been extracted by numerical Fourier transformations of the extrapolated scattering intensity profiles obtained by the model analysis (Figure S1). All obtained structural parameters are listed in Table 2.



This quantitative analysis has found structural details of the star polymers below.



First, all 17-armed star polystyrenes exhibit fuzzy ellipsoidal shapes rather than spherical ones, regardless of the molecular weights as well as of the Θ and good solvent conditions. The mean equatorial radii Re are always much longer than the mean polar radii Rp; here, Re and Rp are defined under the assumption of isotropic ellipsoid (Figure 8a). For the Θ condition, the ellipsoidicity ratio ε (=Rp/Re) is decreased a little bit from 0.51 to 0.46 by increasing molecular weight. In contrast, for the good solvent the ε value is increased slightly from 0.50 to 0.54 by increasing molecular weight. Overall, all star polymers have oblate ellipsoids in both the Θ condition and the good solvent. Considering the equivalent arm length of a 17-armed star polystyrene in Figure 1, the oblate ellipsoid shape might originate from the geometrical nature of the dendritic core part in the synthetic design.



Second, in the Θ condition, Re is 3.53 nm for 17-Arm(2k)-PS, 4.86 nm for 17-Arm(6k)-PS, 6.78 nm for 17-Arm(10k)-PS, and 9.30 nm for 17-Arm(20k)-PS. In the good solvent, Re is enlarged 9% for 17-Arm(2k)-PS, 19% for 17-Arm(6k)-PS, 26% for 17-Arm(10k)-PS, and 34% nm for 17-Arm(20k)-PS. These expansion trends in the good solvent are also confirmed by the averaged radii Rav and radii of gyration Rg.



Third, the pair distribution functions p(r) and their Rmax and Dmax values are almost identical to those obtained by the IFT analyses of the scattering data (Figure S1; Figure 6), confirming again that the quantitative model analyses of the scattering data were done successfully. In particular, the Rg values are very close to those estimated by the Guinier and IFT analyses. These comparisons indicate that the Guinier and IFT schemes are reasonably good tools to determine the radii of gyration for the star polystyrenes of this study.



Fourth, a characteristic parameter σf,e is determined along the equatorial direction for the fuzziness (i.e., fuzzy part); here, higher σf,e indicates the presence of thicker fuzzy part in the ellipsoidal star polymer. In the Θ condition, σf,e is 0.69 nm for 17-Arm(2k)-PS, 0.99 nm for 17-Arm(6k)-PS, 1.44 nm for 17-Arm(10k)-PS, and 2.11 nm for 17-Arm(20k)-PS. In the good solvent, σf,e is lowered 13% for 17-Arm(2k)-PS, 34% for 17-Arm(6k)-PS, 31% for 17-Arm(10k)-PS, and 30% nm for 17-Arm(20k)-PS. The alterations of the star polymers due to the swelling are clearly discernible in the radial density profiles. These results collectively inform that high-molecular-weight 17-armed star polystyrene has a thicker fuzzy part in the Θ solvent, namely the unperturbed condition. However, such fuzzy part becomes thin in the good solvent; the thinning of fuzzy part due to the good solvent molecules is significantly pronounced by increasing the molecular weight of arm. Interestingly, a most amplified thinning of fuzzy part is achieved for 17-Arm(6k)-PS. These fuzzy part thinning behaviors may be attributed to the alteration of arm chain characteristics by the heavy association of good solvent molecules.



Fifth, more detailed structural information has been gained from the radial density profiles together with the σf,e and Re data. From each radial density profile, the core radius rc,e is extracted directly, corresponding to the term [Re − 3σf,e]; and the whole fuzzy part is estimated to have a thickness tf,e, which corresponds to 6σf,e. In the Θ solvent, rc,e and tf,e are 1.46 and 4.14 nm for 17-Arm(2k)-PS, 1.89 and 5.94 nm for 17-Arm(6k)-PS, 2.46 and 8.64 nm for 17-Arm(10k)-PS, and 2.97 and 12.66 nm for 17-Arm(20k)-PS. In the good solvent, rc,e is increased 41% for 17-Arm(2k)-PS, 103% for 17-Arm(6k)-PS, 127% for 17-Arm(10k)-PS, and 171% for 17-Arm(20k)-PS; in contrast, tf,e is decreased for all star polymers discussed above. These results confirm again that in the good solvent, 17-armed star polymer is expanded in the core part but shrunk in the fuzzy shell part. However, the fuzzy shell part of the star polymer exhibits larger thickness than the core radius, regardless of the molecular weights and the solvent conditions.



Sixth, for each star polymer in a given solvent condition, the overall radius Rt,e (i.e., total radius), including the full fuzzy region, is additionally determined from the radial density profile. Due to the presence of such fuzzy part, Rt,e is larger by 3σf,e against Re.



Seventh, the quantitative analysis has found the contribution of blobs (i.e., local density fluctuations inside the geometrical molecular volume of star polymer) to the measured X-ray scattering intensity profile, regardless of the molecular weight and the solvent conditions. Considering the molecular structure composed of the denser core and the less dense shell part in a density gradient, the blobs’ scatterings may occur mainly in the fuzzy shell part. The blob radius ξ (i.e., the average correlation length of local density fluctuations) is determined to range 0.40 to 2.60 nm in the Θ condition and 0.20 to 4.30 nm in the good solvent. In a given solvent, ξ exhibits some increment with increasing molecular weight. However, the ξ of 17-Arm(2k)-PS is significantly reduced in the good solvent. Interestingly, the ξ of 17-Arm(6k)-PS remains same in the good solvent. In contrast, those of 17-Arm(10k)-PS and 17-Arm(20k)-PS are increased in the good solvent respectively. Overall, the star polystyrenes could show no rationalized trend on the swelling dependency of ξ with good solvent.



Finally, each star polystyrene is found to have a size distribution (i.e., radius distribution). All star polystyrenes reveal single unimodal and narrow radius distributions, indicating that they were obtained in high purity through precise syntheses and subsequent purification processes. When they are compared, it is found that higher-molecular-weight star polystyrene shows relatively wider radius distribution. Furthermore, all star polystyrenes exhibit wider radius distributions in the good solvent, compared to those in the Θ condition.



In addition, the star polystyrenes in both the Θ condition and the good solvent have been further characterized by DLS. The measured DLS data have been analyzed reasonably well by using the cumulant method [33,34] and non-negatively constrained least square (NNLS) deconvolution algorithm scheme [34,35], as shown in Figure 9. The obtained parameters are listed in Table 2.



The DLS analysis found that all star polymers of this study have single unimodal radius distributions, again confirming that they were prepared in high purity. The hydrodynamic radius Rh,z (which were obtained by the analysis based on the cumulant method) ranges from 3.76 to 9.66 nm in the Θ condition and from 4.45 to 10.69 nm in the good solvent, depending on the molecular weights. Higher-molecular-weight star polystyrene reveals larger Rh,z value. They exhibit larger Rh,z values in the good solvent against those in the Θ condition. Overall, these characteristics and trends are in good agreement with those found by the X-ray scattering analysis. However, the radius distributions are much broader (namely, 362−850% broader) than those determined by the X-ray scattering analysis. The Rh,z values are 20−60% larger than the Rg values determined by the X-ray scattering analysis. The intensity-weighted averaged radius Rh,intensity values (which were obtained by the analysis based on the NNLS deconvolution algorithm) are also found to be 24−57% larger than the Rg values determined by the X-ray scattering analysis.




4. Conclusions


In this study, 17-armed star polystyrenes in various molecular weights were investigated in the Θ condition as well as in a solvent-swollen condition (good solvent) from the view of molecular structure and arm chain characteristics. Quantitative X-ray scattering analysis was successfully performed for the first time for the series of star polystyrenes in dilute solutions in a comprehensive manner, giving new insights into the 3D molecular structure details in the unperturbed condition and their alterations by swelling with good solvent molecules. The quantitative analysis results were further crosschecked in part by the DLS analysis as well as by the qualitative X-ray scattering analysis.



All 17-armed star polymers in the unperturbed state exhibit oblate fuzzy ellipsoids that are composed of a core (minor component: 19−26%) and a fuzzy shell (major component: 74−81%); the core fraction is the maximum (26%) for the lowest molecular weight star polymer, whereas the shell fraction is the maximum (81%) for the highest molecular weight star polymer. Nevertheless, the core becomes large and the fuzzy shell thickens, as the molecular weight increases. These structural characteristics are significantly altered in a good solvent. In particular, the core part is enlarged significantly, whereas the fuzzy shell is shrunk severely. These solvent-induced volume changes are obviously evidenced in the radial density profiles. The solvent-selective volume alterations of core and fuzzy shell parts in the opposite direction are quite unique. This exciting property together with relatively large fuzzy shell volume informs that 17-armed polystyrenes are very suitable for applications in various technological fields including smart deliveries of drugs, genes, bioimaging agents, and other desired chemicals.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4360/12/9/1894/s1, Figure S1. Pair distance distribution functions p(r) obtained from numerical Fourier transformation of the extrapolated scattering intensity profiles obtained by the model analysis: (a, b) CHX at 35.0 °C (Θ condition); (c, d) THF at 25.0 °C (good solvent).





Author Contributions


C.H.C., K.S.J., A.H. and M.R. designed and initiated the research. A.H. provided 17-armed star polystyrenes. J.C.W. prepared star polymer solutions. J.C.W., L.X. and K.H.N. conducted synchrotron X-ray scattering and DLS measurements. J.C.W. analyzed DLS data. J.C.W., X.L., and K.H.N. analyzed X-ray scattering data. J.C.W. prepared the manuscript draft. All authors contributed to discussions on the data analyses and results and to the finalization of manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


K.S.J. gratefully acknowledges financial support from the National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIP) (No. 2020R1F1A1054849).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Schaefgen, J.R.; Flory, P.J. Synthesis of multichain polymers and investigation of their viscosities. J. Am. Chem. Soc. 1948, 70, 2709–2718. [Google Scholar] [CrossRef]

	



Morton, M.; Helminiak, T.E.; Gadkary, S.D.; Bueche, F. Preparation and properties of monodisperse branched polystyrene. J. Polym. Sci. 1962, 57, 471–482. [Google Scholar] [CrossRef]

	



Ren, J.M.; McKenzie, T.G.; Fu, Q.; Wong, E.H.H.; Xu, J.; An, Z.; Shanmugam, S.; Davis, T.P.; Boyer, C.; Qiao, G.G. Star Polymers. Chem. Rev. 2016, 116, 6743–6836. [Google Scholar] [CrossRef]

	



Wu, W.; Wang, W.; Li, J. Star polymers: Advances in biomedical applications. Prog. Polym. Sci. 2015, 46, 55–85. [Google Scholar] [CrossRef]

	



Higashihara, T.; Hayashi, M.; Hirao, A. Synthesis of well-defined star-branched polymers by stepwise iterative methodology using living anionic polymerization. Prog. Polym. Sci. 2011, 36, 323–375. [Google Scholar] [CrossRef]

	



Hadjichristidis, N.; Pitsikalis, M.; Pispas, S.; Iatrou, H. Polymers with complex architecture by living anionic polymerization. Chem. Rev. 2001, 101, 3747–3792. [Google Scholar] [CrossRef]

	



Lapienis, G. Star-shaped polymers having PEO arms. Prog. Polym. Sci. 2009, 34, 852–892. [Google Scholar] [CrossRef]

	



Hirao, A.; Hayashi, M.; Loykulnant, S.; Sugiyama, K. Precise syntheses of chain-multi-functionalized polymers, star-branched polymers, star-linear block polymers, densely branched polymers, and dendritic branched polymers based on iterative approach using functionalized 1,1-diphenylethylene derivatives. Prog. Polym. Sci. 2005, 30, 111–182. [Google Scholar] [CrossRef]

	



Chremos, A.; Douglas, J.F. Influence of polymer architectures on diffusion in unentangled polymer melts. Soft Matter 2017, 13, 5778–5784. [Google Scholar] [CrossRef]

	



Fetters, L.J.; Kiss, A.D.; Pearson, D.S.; Quack, G.F.; Vitus, F.J. Rheological behavior of star-shaped polymers. Macromolecules 1993, 26, 647–654. [Google Scholar] [CrossRef]

	



Jin, S.; Higashihara, T.; Jin, K.S.; Yoon, J.; Rho, Y.; Ahn, B.; Kim, J.; Hirao, A.; Ree, M. Synchrotron X-ray scattering characterization of the molecular structures of star polystyrenes with varying numbers of arms. J. Phys. Chem. B 2010, 114, 6247–6257. [Google Scholar] [CrossRef] [PubMed]

	



Jin, S.; Jin, K.S.; Yoon, J.; Heo, K.; Kim, J.; Kim, W.-W.; Ree, M.; Higashihara, T.; Watanabe, T.; Hirao, A. X-ray scattering studies on molecular structures of star and dendritic polymers. Macromol. Res. 2008, 16, 686–694. [Google Scholar] [CrossRef]

	



Snijkers, F.; Cho, H.Y.; Nese, A.; Matyjaszewski, K.; Pyckhout-Hintzen, W.; Vlassopoulos, D. Effects of core microstructure on structure and dynamics of star polymer melts: From polymeric to colloidal response. Macromolecules 2014, 47, 5347–5356. [Google Scholar] [CrossRef]

	



Gnanou, Y.; Lutz, P.; Rempp, P. Synthesis of star-shaped poly(ethylene oxide). Makromol. Chem. 1988, 189, 2885–2892. [Google Scholar] [CrossRef]

	



Knoll, K.; Nießner, N. Styrolux+ and styroflex+ - from transparent high impact polystyrene to new thermoplastic elastomers: Syntheses, applications and blends with other styrene based polymers. Macromol. Symp. 1998, 132, 231–243. [Google Scholar] [CrossRef]

	



Quirk, R.P.; Kim, J. Recent advances in thermoplastic elastomer synthesis. Rubber Chem. Technol. 1991, 64, 450–468. [Google Scholar] [CrossRef]

	



Forman, D.C.; Wieberger, F.; Gröschel, A.; Müller, A.H.E.; Schmidt, H.-W.; Ober, C.K. Comparison of star and linear ArF resists. In Proceedings of the SPIE ADVANCED LITHOGRAPHY, San Jose, CA, USA, 21–25 February 2010. [Google Scholar]

	



Lee, B.; Yoon, J.; Oh, W.; Hwang, Y.; Heo, K.; Jin, K.S.; Kim, J.; Kim, K.-W.; Ree, M. In-situ gazing incidence small angle X-ray scattering studies on nanopore evolution in low-k organosilicate dielectric thin films. Macromolecules 2005, 38, 3395–3405. [Google Scholar] [CrossRef]

	



Lee, B.; Oh, W.; Hwang, Y.; Park, Y.-H.; Yoon, J.; Jin, K.S.; Heo, K.; Kim, J.; Kim, K.-W.; Ree, M. Imprinting well-controlled nanopores in organosilicate dielectric films: Triethoxysilyl-modified six-armed poly(ε-caprolactone) and its chemical hybridization with organosilicate precursor. Adv. Mater. 2005, 17, 696–701. [Google Scholar] [CrossRef]

	



Liu, X.; Jin, X.; Ma, P.X. Nanofibrous hollow microspheres self-assembled from star-shaped polymers as injectable cell carriers for knee repairs. Nat. Mater. 2011, 10, 398–406. [Google Scholar] [CrossRef]

	



Matyjaszewski, K.; Tsarevsky, N.V. Nanostructured functional materials prepared by atom transfer radical polymerization. Nat. Chem. 2009, 1, 276–288. [Google Scholar] [CrossRef]

	



Rho, Y.; Kim, C.; Higashihara, T.; Jin, S.; Jung, J.; Shin, T.J.; Hirao, A.; Ree, M. Complex self-assembled morphologies of thin films of an asymmetric A3B3C3 star polymer. ACS Macro Lett. 2013, 2, 849–855. [Google Scholar] [CrossRef]

	



Kim, Y.Y.; Jung, S.; Kim, C.; Ree, B.J.; Kawato, D.; Nishikawa, N.; Suemasa, D.; Isono, T.; Kakuchi, T.; Satoh, T.; et al. Hierarchical structures in thin films of miktoarm star polymers: Poly(n-hexyl isocyanate)(12k)-Poly(ε-caprolactone)1~3(5k). Macromolecules 2014, 47, 7510–7524. [Google Scholar] [CrossRef]

	



Hirao, A.; Tokuda, Y. Synthesis of well-defined star-branched polymers by coupling reactions of polymer anions consisting of two polymer chains with chain-end-multifunctionalized polystyrenes with benzyl bromide moieties. Macromolecules 2003, 36, 6081–6086. [Google Scholar] [CrossRef]

	



Hirao, A.; Hayashi, M.; Tokuda, Y. Synthesis of branched polymers by means of living anionic polymerization, 5. Synthesis of star polymers by reactions of end-functionalized polystyrenes with chloromethylphenyl groups with polymer anions consisting of two polymer chains. Macromol. Chem. Phys. 2001, 202, 1606–1613. [Google Scholar] [CrossRef]

	



Shin, S.R.; Jin, K.S.; Lee, C.K.; Kim, S.I.; Spinks, G.M.; So, I.; Jeon, J.-H.; Kang, T.M.; Mun, J.Y.; Han, S.-S.; et al. Fullerene attachment enhances performance of a DNA nanomachine. Adv. Mater. 2009, 21, 1907–1910. [Google Scholar] [CrossRef]

	



Wong, J.C.; Xiang, L.; Ngoi, K.H.; Chia, C.H.; Jin, K.S.; Ree, M. Quantitative structural analysis of polystyrene nanoparticles using synchrotron X-ray scattering and dynamic light scattering. Polymers 2020, 12, 477. [Google Scholar] [CrossRef]

	



Ngoi, K.H.; Xiang, L.; Wong, J.C.; Chia, C.H.; Jin, K.S.; Ree, M. Morphology details and size distribution characteristics of single-pot-synthesized silica nanoparticles. J. Ind. Eng. Chem. 2020, 89, 212–221. [Google Scholar] [CrossRef]

	



Glatter, O.; Kratky, O. Small Angle X-ray Scattering; Academic: New York, NY, USA, 1982. [Google Scholar]

	



Porod, V.G. Die Röntgenkleinwinkelstreuung von dichtgepackten kolloiden systemen. Kolloid-Zeitschrift 1951, 124, 83–114. [Google Scholar] [CrossRef]

	



Guinier, A.; Fournet, G.; Yudowitch, K.L. Small-Angle Scattering of X-rays; Wiley: New York, NY, USA, 1955. [Google Scholar]

	



Glatter, O.J. A new method for the evaluation of small-angle scattering data. J. Appl. Crystallogr. 1977, 10, 415–421. [Google Scholar] [CrossRef]

	



Koppel, D.E. Analysis of macromolecular polydispersity in intensity correlation spectroscopy: The method of cumulants. J. Chem. Phys. 1972, 57, 4814–4820. [Google Scholar] [CrossRef]

	



Available online: https://www.malvernpanalytical.com/en/learn/knowledge-center/technical-notes/TN101104IntensityVolumeNumber.html. (accessed on 1 August 2020).

	



Provencher, S.W. CONTIN. A general purpose constrained regularization program for inverting noisy linear algebraic and integral equations. Computer Phys. Comm. 1982, 27, 229–242. [Google Scholar] [CrossRef]








[image: Polymers 12 01894 g001 550] 





Figure 1. Chemical structure and characteristics of 17-armed star polystyrene: (a) schematic molecular structure representation; (b) chemical structure detail, which is composed of a dendritic core and 17 polystyrene arms. 






Figure 1. Chemical structure and characteristics of 17-armed star polystyrene: (a) schematic molecular structure representation; (b) chemical structure detail, which is composed of a dendritic core and 17 polystyrene arms.



[image: Polymers 12 01894 g001]







[image: Polymers 12 01894 g002 550] 





Figure 2. X-ray scattering data of 17-armed star polymers measured using an X-ray beam (λ = 0.07336 nm): (a) measured in Θ condition (cyclohexane (CHX) at 35.0 °C); (b) measured in a good solvent condition (tetrahydrofuran (THF) at 25.0 °C). q = (4π/λ)sinθ where 2θ is the scattering angle. 
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Figure 3. Guinier analysis results of the X-ray scattering data in Figure 2; CHX at 35.0 °C (Θ condition): (a) 17-Arm(2k)-PS; (b) 17-Arm(6k)-PS; (c) 17-Arm(10k)-PS; (d) 17-Arm(20k)-PS; THF at 25.0 °C (good solvent): (e) 17-Arm(2k)-PS; (f) 17-Arm(6k)-PS; (g) 17-Arm(10k)-PS; (h) 17-Arm(20k)-PS. 
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Figure 4. Kratky analysis results of the X-ray scattering data in Figure 2: (a,c,e) measured in CHX at 35.0 °C (Θ condition); (b,d,f) measured in THF at 25.0 °C (good solvent). 
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Figure 5. Porod analysis results of the X-ray scattering data in Figure 2 (a) CHX at 35.0 °C (Θ condition); (b) THF at 25.0 °C. 
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Figure 6. Indirect Fourier transformation (IFT) analysis results of the X-ray scattering data in Figure 2 (a,b) CHX at 35.0 °C (Θ condition); (c,d) THF at 25.0 °C (good solvent). p(r) is the pair distance distribution function. 
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Figure 7. Quantitative fuzzy ellipsoidal model analysis results of X-ray scattering data in Figure 2 CHX at 35.0 °C (Θ condition): (a) 17-Arm(2k)-PS; (b) 17-Arm(6k)-PS; (c) 17-Arm(10k)-PS; (d) 17-Arm(20k)-PS; THF at 25.0 °C (good solvent): (e) 17-Arm(2k)-PS; (f) 17-Arm(6k)-PS; (g) 17-Arm(10k)-PS; (h) 17-Arm(20k)-PS. The open symbols are the measured data and the red solid line represents the sum of the profiles obtained by fitting the data using fuzzy ellipsoid model (blue line) and blob contributions (purple line). 
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Figure 8. Fuzzy ellipsoidal structure, radial density profiles, and radial distributions determined by the quantitative analysis results of X-ray scattering data in Figure 7. (a) Oblate fuzzy ellipsoid in the front view of cross section and its structural parameters and radial density profile along the equatorial direction. Radial density profiles: (b) CHX at 35.0 °C (Θ condition); (c) THF at 25.0 °C (good solvent); radial distributions: (d) CHX at 35.0 °C (Θ condition); (e) THF at 25.0 °C (good solvent). 






Figure 8. Fuzzy ellipsoidal structure, radial density profiles, and radial distributions determined by the quantitative analysis results of X-ray scattering data in Figure 7. (a) Oblate fuzzy ellipsoid in the front view of cross section and its structural parameters and radial density profile along the equatorial direction. Radial density profiles: (b) CHX at 35.0 °C (Θ condition); (c) THF at 25.0 °C (good solvent); radial distributions: (d) CHX at 35.0 °C (Θ condition); (e) THF at 25.0 °C (good solvent).



[image: Polymers 12 01894 g008]







[image: Polymers 12 01894 g009 550] 





Figure 9. Dynamic light scattering (DLS) analyses of 17-armed star polystyrenes: (a) autocorrelation profiles measured in CHX at 35.0 °C (Θ condition); (b) analysis results of the data in (a), where the symbols are the measured data and the red solid lines were obtained by analysis using the cumulant method; (c) analysis results of the data in (a), where the symbols are the measured data and the red solid lines were obtained by analysis using the non-negatively constrained least square (NNLS) deconvolution algorithm; (d) intensity-weighted radius distributions obtained by the data analyses in (c); (e) volume-weighted radius distributions obtained from the radius distributions in (d); (f) number-weighted radius distributions obtained from the radius distributions in (d,e); (g) autocorrelation profiles measured in THF at 25.0 °C (good solvent); (h) analysis results of the data in (g), where the symbols are the measured data and the red solid lines were obtained by analysis using the cumulant method; (i) analysis results of the data in (g), where the symbols are the measured data and the red solid lines were obtained by analysis using the NNLS deconvolution algorithm; (j) intensity-weighted radius distributions obtained by the data analyses in (i); (k) volume-weighted radius distributions obtained from the radius distributions in (j); (l) number-weighted radius distributions obtained from the radius distributions in (j,k). 
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Table 1. Molecular characteristics and thermal properties of 17-armed star polystyrenes.
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Star Polymer

	
Arm

	
Polymer




	
      M ¯  n     a    ( g    mol  − 1   )    

	
Number b

	
      M ¯  w     c    ( g    mol  − 1   )    

	
Đ d






	
17-Arm(2k)-PS

	
2300

	
17

	
45800

	
1.02




	
17-Arm(6k)-PS

	
6000

	
17

	
112000

	
1.02




	
17-Arm(10k)-PS

	
9500

	
17

	
167000

	
1.02




	
17-Arm(20k)-PS

	
20300

	
17

	
340000

	
1.02








a Number-averaged molecular weight measured by size exclusion chromatography (SEC) with polystyrene standards. b Number of polystyrene arms. c Weight-averaged molecular weight measured by static light scattering (SLS). d Polydispersity index measured by SEC analysis.
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Table 2. Structural parameters of 17-armed star polystyrenes obtained by X-ray scattering and dynamic light scattering (DLS) analyses.
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Structure Parameter

	
Star Polymers




	
17-Arm(2k)-PS

	
17-Arm(2k)-PS

	
17-Arm(2k)-PS

	
17-Arm(2k)-PS




	
CHXa

	
THFb

	
CHX

	
THF

	
CHX

	
THF

	
CHX

	
THF






	
Guinier analysis: [lnI(q) vs. q2 plot]




	
Rg,Gc (nm)

	
2.67

	
2.80

	
3.75

	
4.12

	
5.20

	
6.05

	
7.18

	
8.52




	
Rg,G(THF)/Rg,G(Θ)

	

	
1.05

	

	
1.10

	

	
1.16

	

	
1.19




	
Kratky analysis-I: [I(q)q2vs. qRg,G plot]




	
qmaxRg,Gd

	
1.74

	
1.70

	
1.75

	
1.70

	
1.73

	
1.74

	
1.75

	
1.62




	
Kratky analysis-II [I(q)q5/3 vs. qRg,G plot]




	
qmaxRg,Ge

	
1.58

	
1.58

	
1.59

	
1.53

	
1.62

	
1.55

	
1.59

	
1.49




	
Kratky analysis-III [I(q)qn vs. q plot]




	
n f

	
4.64

	
4.80

	
4.39

	
4.43

	
3.87

	
3.92

	
3.82

	
3.92




	
Porod analysis: [I(q) vs. q−nplot]




	
n g

	
1.40

	
1.00

	
1.70

	
1.40

	
1.90

	
1.60

	
1.98

	
1.65




	
IFT analysis




	
Rg,IFTh (nm)

	
2.69

	
2.80

	
3.71

	
4.19

	
5.26

	
6.20

	
7.25

	
9.13




	
Rmax,IFTi (nm)

	
3.15

	
3.43

	
4.37

	
5.00

	
6.13

	
7.41

	
8.47

	
11.00




	
Dmax,IFTj (nm)

	
9.00

	
8.80

	
11.80

	
12.50

	
17.50

	
19.00

	
24.20

	
27.40




	
Rmax,IFT/Rg,IFT

	
1.17

	
1.23

	
1.18

	
1.19

	
1.17

	
1.20

	
1.17

	
1.20




	
Dmax,IFT/Rmax,IFT

	
2.86

	
2.57

	
2.70

	
2.50

	
2.86

	
2.56

	
2.86

	
2.49




	
Model analysis




	
Rek(nm)

	
3.53 (0.10) l

	
3.86 (0.14)

	
4.86 (0.18)

	
5.79 (0.25)

	
6.78 (0.29)

	
8.55 (0.34)

	
9.30 (0.41)

	
12.50 (0.50)




	
σf,em(nm)

	
0.69

	
0.60

	
0.99

	
0.65

	
1.44

	
0.99

	
2.11

	
1.48




	
ξ n (nm)

	
0.40

	
0.20

	
0.80

	
0.80

	
1.60

	
1.90

	
2.60

	
4.30




	
Ravo(nm)

	
2.95

	
3.22

	
4.05

	
4.84

	
5.56

	
7.13

	
7.63

	
10.58




	
ε p

	
0.51

	
0.50

	
0.50

	
0.51

	
0.46

	
0.50

	
0.46

	
0.54




	
Rt,eq(nm)

	
5.60

	
5.66

	
7.83

	
7.74

	
11.10

	
11.52

	
15.63

	
16.94




	
rc,er(nm)

	
1.46

	
2.06

	
1.89

	
3.84

	
2.46

	
5.58

	
2.97

	
8.06




	
tf,es(nm)

	
4.14

	
3.60

	
5.94

	
3.90

	
8.64

	
5.94

	
12.66

	
8.88




	
Rav,tt(nm)

	
4.69

	
4.72

	
6.53

	
6.48

	
9.10

	
9.60

	
12.82

	
14.34




	
rc,e/Rt,e

	
0.26

	
0.36

	
0.24

	
0.50

	
0.22

	
0.48

	
0.19

	
0.48




	
tf,e/Rt,e

	
0.74

	
0.64

	
0.76

	
0.50

	
0.78

	
0.52

	
0.81

	
0.52




	
Rg u (nm)

	
2.65

	
2.78

	
3.67

	
4.10

	
5.14

	
6.06

	
7.14

	
8.92




	
Rmaxv(nm)

	
3.13

	
3.34

	
4.30

	
4.95

	
5.96

	
7.30

	
8.24

	
10.90




	
Dmax w (nm)

	
9.27

	
7.91

	
12.64

	
12.44

	
17.24

	
21.77

	
23.65

	
30.90




	
Rg/Rg,G

	
0.99

	
0.99

	
0.98

	
1.00

	
0.99

	
1.00

	
0.99

	
1.05




	
Rg/Rg,IFT

	
0.99

	
0.99

	
0.99

	
0.98

	
0.98

	
0.98

	
0.98

	
0.98




	
Rmax/Rmax,IFT

	
0.99

	
0.97

	
0.98

	
0.99

	
0.97

	
0.99

	
0.97

	
0.99




	
Dmax/Dmax,IFT

	
1.03

	
0.90

	
1.07

	
1.00

	
0.99

	
1.15

	
0.98

	
1.13




	
DLS Analysis




	
Rh,zx (nm)

	
3.76

	
4.45

	
5.23

	
5.47

	
7.31

	
7.60

	
9.66

	
10.69




	
PDIDLSy

	
0.038

	
0.273

	
0.024

	
0.026

	
0.013

	
0.034

	
0.024

	
0.009




	
Rh,intensityz (nm)

	
3.96 (0.95)

	
4.37 (1.06)

	
5.52 (1.33)

	
5.79 (1.34)

	
7.63 (1.76)

	
8.00 (1.78)

	
10.10 (2.38)

	
11.10 (2.31)




	
Rh,voulmeaa (nm)

	
3.39 (0.85)

	
3.73 (0.95)

	
4.71 (1.20)

	
4.99 (1.24)

	
6.60 (1.63)

	
6.98 (1.68)

	
8.70 (2.19)

	
9.81 (2.26)




	
Rh,numberab (nm)

	
3.00 (0.65)

	
3.28 (0.74)

	
4.13 (0.93)

	
4.40 (0.98)

	
5.83 (1.29)

	
6.23 (1.32)

	
7.66 (1.71)

	
8.81 (1.86)




	
Rh,z/Rg

	
1.42

	
1.60

	
1.43

	
1.33

	
1.42

	
1.25

	
1.35

	
1.20




	
Rh,z/Re

	
1.06

	
1.15

	
1.08

	
0.94

	
1.08

	
0.89

	
1.04

	
0.86




	
Rh,z/Rt,e

	
0.67

	
0.79

	
0.67

	
0.71

	
0.66

	
0.66

	
0.62

	
0.63




	
Rh,intensity/Rg

	
1.49

	
1.57

	
1.50

	
1.41

	
1.48

	
1.32

	
1.41

	
1.24




	
Rh,intensity/Re

	
1.12

	
1.13

	
1.14

	
1.00

	
1.13

	
0.94

	
1.09

	
0.89




	
Rg,intensity/Rt,e

	
0.71

	
0.77

	
0.70

	
0.75

	
0.69

	
0.69

	
0.65

	
0.66








a Measured in cyclohexane (CHX) at 35.0 °C (Θ condition). b Measured in tetrahydrofuran (THF) at 25.0 °C (good solvent condition). c Radius of gyration determined from Guinier analysis. d Determined from Kratky analysis. e Determined from a modified Kratky analysis. f Exponent determined from another modified Kratky analysis. g Exponent determined from Porod analysis. h Radius of gyration determined from indirect Fourier transformation (IFT) analysis. i Radius determined from the peak maximum of the p(r) function in IFT analysis. j Maximum dimension determined from the p(r) function in IFT analysis. k Mean radius of isotropic ellipsoid along the equatorial direction. l Standard deviation. m Characteristic parameter for the thickness of fuzzy shell in fuzzy ellipsoid along the equatorial direction. n Average correlation length of density fluctuation (i.e., blob radius) in fuzzy ellipsoid (i.e., star polymer molecule). o Average radius of isotropic ellipsoid. p Ellipsoidicity ratio (polar radius/equatorial radius). q Mean radius (i.e., total radius) of fuzzy ellipsoid along the equatorial direction. r Mean core radius of fuzzy ellipsoid along the equatorial direction. s Mean thickness of fuzzy shell in fuzzy ellipsoid along the equatorial direction. t Averaged total radius of fuzzy ellipsoid. u Radius of gyration determined from quantitative model analysis. v Radius determined from the peak maximum of the p(r) function obtained by quantitative model analysis. w Maximum dimension determined from the p(r) function obtained by quantitative model analysis. x z-Averaged hydrodynamic radius. y Polydispersity index of hydrodynamic radius. z Intensity-weighted mean radius. aa Volume-weighted mean radius. ab Number-weighted mean radius.
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