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General and Robust Strategies for Multifunctional Oragnic-Inorganic 

Nanocomposites via Direct Growth of Monodisperse Nanocrystals 

Intimately and Permanently Connected with Polymers 

Zhiqun Lin; Professor 

School of Materials Science and Engineering, Georgia Institute of Technology, 

Atlanta, GA 30332 

Final Report on the AFOSR project: FA9550-13-1-0101 (03/2013-05/2016) 

Over the past three years, we have made very good progress on the project. The key 

results are summarized as follows. 

Recent research has witnessed tremendous advances in isotropic nanomaterials synthesis, 

which has provided access to a large array of nanoparticles with controlled size, shape and 

functionality. Going beyond simple zero-dimensional nanoparticles,(1, 2)
 
one-dimensional 

nanocrystals such as nanorods,(3) nanotubes,(4) nanowires,(5) and shish-kebab-like 

heterostructures(6, 7) exhibit a broad range of unique properties (e.g., optical,(8) electrical,(9) 

magnetic,(10) and catalytic properties(11)) that are dependent sensitively on their size and 

shape. Such nanocrystals of both fundamental and practical interest.(12, 13) Current 

emerging synthesis approaches, including template-assisted synthesis,(14-16) chemical vapor 

deposition,(17) and colloidal synthesis,(18) render the preparation of intriguing 1D 

nanocrystals with controlled dimensions. However, some of these procedures involve tedious 

multistep reactions and purification, require rigorous experimental conditions, and more 

importantly are difficult to be generalized. Clearly, it remains a grand challenge to identify a 

viable approach that applies to the synthesis of any desirable and uniform 1D nanocrystals.  

In this context, our strategy capitalizes on a set of rationally designed bottlebrush-like 

block copolymers, with well-defined molecular architecture and molecular weight (MW), as 

nanoreactors to effectively produce a myriad of 1D nanocrystals with unprecedented control 

over their dimension, composition, and architecture. These bottlebrush-like block copolymers 

(BBCPs) are unimolecular cylindrical polymer brushes possessing a cellulose backbone with 

densely grafted diblock or triblock copolymers as side chains (i.e., arms). Cellulose forms a 

rigid backbone because of intramolecular hydrogen bridges between the secondary hydroxyl 

groups at the C3 position of an anhydroglucose unit (AGU) and the oxygen of the pyrane ring 

in the adjacent AGU.(19) As a result, the free rotation around the glycosidic bond is hindered. 

In addition, the three substitutable hydroxyl groups on each AGU offer easy access to graft 

dense polymer side chains from the cellulose backbone. Thus, we utilize these advantages 

peculiar to cellulose for the synthesis of straight cylindrical BBCPs carrying densely grafted 

functional block copolymer side chains (see Supplementary Information Sections I-III). A 

family of BBCPs synthesized by either sequential atom transfer radical polymerization 

(ATRP) or ATRP(s) followed by a click reaction include cellulose-graft-[poly(acrylic 

acid)-block-polystyrene] (denoted cellulose-g-[PAA-b-PS]) and cellulose-graft-[poly(acrylic 

acid)-block-poly(ethylene glycol)] (cellulose-g-[PAA-b-PEG]) with linear amphiphlic 

PAA-b-PS and all hydrophilic PAA-b-PEG diblock copolymers as side chains, respectively, 

and cellulose-graft-[poly(4-vinylpyridine)-block-poly(tert-butyl acrylate)-block-polystyrene] 

(cellulose-g-[P4VP-b-PtBA-b-PS]), 
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cellulose-graft-[poly(4-vinylpyridine)-block-poly(tert-butyl acrylate)-block-poly(ethylene 

glycol)] (cellulose-g-[P4VP-b-PtBA-b-PEG]), cellulose-graft-[polystyrene-block-poly(acrylic 

acid)-block-polystyrene] (cellulose-g-[PS-b-PAA-b-PS]) and 

cellulose-graft-[polystyrene-block-poly(acrylic acid)-block-poly(ethylene glycol)] 

(cellulose-g-[PS-b-PAA-b-PEG]) with linear amphiphlic P4VP-b-PtBA-b-PS, 

P4VP-b-PtBA-b-PEG, PS-b-PAA-b-PS and PS-b-PAA-b-PEG triblock copolymers as side 

chains, respectively.  

 

Starting with the simplest architecture, plain nanorods and nanowires of varied 

diameters and chemical compositions were first synthesized by exploiting amphiphilic 

cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Figure 1a, Table S2, and Supplementary 

Information Sections III-IV). As each AGU in the celloulose backbone enables the growth 

of three PtBA-b-PS diblocks by ATRP due to the presence of three hydroxyl groups per AGU 

(upper left panel in Figure 1a;  Supplementary Information Sections II-III), the heavily 

grafted PtBA-b-PS diblock brushes in conjuction with the inherent rigidity of the cellulose 

backbone forces the cellulose-g-[PtBA-b-PS] BBCP to adopt a well-defined, straight, 

cylindrical conformation that exhibits exceptionally high chain stiffness (upper right panel in 

Figure 1a). The subsequent hydrolysis of the PtBA blocks yields amphiphilic 

cellulose-g-[PAA-b-PS] composed of inner hydrophilic PAA blocks and outer hydrophobic 

PS blocks (lower right panel in Figure 1a). Upon addition of inorganic precursors, they are 

preferentially segregated in the interior cylindrical region occupied by densely grown PAA 

blocks via strong cooridination reaction between the carboxylic acid groups of PAA and the 

metal moieties of precursors.(20) This leads to the formation of nanorods (or nanowires) by 

refluxing in dimethylformamide (DMF) at the elevated temperature (see Supplementary 

Information Section V for the proposed formation mechanisms). The direct tethering of PS 

chains on the surface of nanorods (and nanowires) facilitates their dispersion and solubility in 

various organic solvents (lower left panel in Figure 1a).   
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Figure 1. Stepwise representation of synthetic strategies for 1D nanocrystals with precisely 

controlled dimension, composition, surface chemistry and architecture by capitalizing on 

amphiphilic cylindrical bottlebrush-like block copolymers (BBCPs) as nanoreactors. (a) 

Synthesis of plain nanrods and nanowires; (b) Synthesis of core/shell nanorods; and (c) 

Synthesis of nanotubes.  

 

 

 

      As proof of concept, we synthesized upconversion NaYF4:Yb/Er nanorods as an 

illustrative example of our nanoreactor strategy for producing high-quality 1D plain 

nanorods. Representative TEM images at different magnifications in Figure 2a clearly 

demonstrate the formation of uniform NaYF4:Yb/Er nanorods with an average diameter of 

9.80.5 nm and length of 979 nm. These nanorods are highly crystalline and possess a 

hexagonal phase as revealed by high-resolution TEM (HRTEM; Figure 2a) and X-ray 
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powder diffraction (XRD) measurements (Figure S80), respectively. Energy dispersive 

X-ray spectroscopy (EDS) microanalysis also confirmed the composition of NaYF4:Yb/Er 

nanorods (Figure S92). Thermogravimetric analysis (TGA) measurements showed that the 

volume fraction of PAA blocks encapsulated in NaYF4:Yb/Er nanorods was approximately 

~11.2% (Figure S64).  

 

It is worth noting that ATRP, a living free radical polymerization technique, affords a 

superior controllability over molecular weight (MW), and thus enables the precise design of 

unimolecular architecture and functionality of BBCPs with a tunable MW and narrow MW 

distribution of each constituent block. Consequently, the diameter (core diameter and shell 

thickness, or shell thickness) of 1D plain nanorods (core/shell nanorods, or hollow nanotubes) 

is dictated by the chain length of hydrophilic inner block (hydrophilic inner and intermediate 

blocks, or hydrophilic intermediate block) in a BBCP brush, which can be readily regulated 

by tuning the polymerization time of the different blocks during ATRP. Moreover, the 

solubilty of 1D nanocrystals, either organic solvent-soluble or water-soluble, is rendered by 

the type of outer blocks of the BBCP brushes, which are originally covalently bonded to the 

inner (or intermediate) blocks. Finally, the length of 1D nanocrystals can be easily adjusted 

by varying the length of the cellulose-based macroinitiator (denoted cellulose-Br; 

Supplementary Information Section II), that is, essentially the backbone of BBCP 

nanoreactor. To obtain a specific length of cellulose-Br macroinitiator, natural cellulose after 

being modified with 2-bromoisobutyryl bromide in a mixed solvent of ionic liquid 

1-allyl-3-methylimidazolium chloride (AMIMCl), anhydrous 1-methyl-2-pyrrolidione (NMP) 

and DMF was purified by fractional precipitation (see Supplementary Information Section 

II). Taking noble metal Au nanorods as an exmple, Figure 2b depicts such facile control over 

the length and diameter of nanorods by deliberately tuning the length of the cellulose-Br 

macroinitiator and the molecular weight of the PAA blocks, respectively, in 

cellulose-g-[PAA-b-PS]. Obviously, as the molecular weight of cellulose-Br increased from 

11.2x10
3
 g/mol to 23.5x10

3 
g/mol to 41.8x10

3 
g/mol to 79.6x10

3 
g/mol, the length L of the Au 

nanorods synthesized by employing cellulose-g-[PAA-b-PS] increased from 51±4 nm to 98±8 

nm to 206±19 nm to 414±39 nm (upper panel; the corresponding diameters are D = 10.4±0.6 

nm for L = 51±4 nm and L = 98±8 nm long Au nanorods; and D = 21.2±1.5 nm for L = 

206±19 nm and L = 414±39 nm long Au nanorods). With the increase of molecular weight of 

PAA block from 5.2x10
3
 g/mol to 11.2x10

3 
g/mol, the diameter D of Au nanorods increased 

from 10.4±0.6 nm to 21.2±1.5 nm (lower panel; the corresponding lengths are L = 98±8 nm 

for D = 10.4±0.6 nm, and L = 206±19 nm for D = 21.2±1.5 nm Au nanorods).  

 

Conceptually, as appropriate precursors that are amenable to the cylindrical 

unimolecular nanoreactor strategy are quite diverse, a rich variety of plain nanorods and 

nanowires with high uniformilty can thus be created. Figure 3 shows noble metal Au and Pt, 

ferroelectric BaTiO3, upconversion NaYF4:Yb/Er, semiconducting CdSe, and thermoelectric 

PbTe nanorods, as well as magnetic Fe3O4 nanowires synthesized by subjecting the 

appropriate precursors to selectively react with the PAA blocks in cylindrical 

cellulose-g-[PAA-b-PS] nanoreactors. It is noteworthy that they represent just a few examples 

of the kind of plain nanorods and nanowires that can be crafted using this technique. 

Conversely, such good control over the size and shape of nanorods and nanowires signifies 

that cylindrical unimolecular nanoreactors are structurally stable under various experimental 

conditions. Moreover, it is interesting to note that our strategy enabled the synthesis of some 

nanorods (e.g., BaTiO3 and Fe3O4 described above) with uniform diameter and length which 

have not yet been demonstrated via wet-chemistry approaches in literature. The possible 

mechanisms for the growth of  these plain nanorods and nanowires are discussed in  
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Figure 2. Formation of plain nanrods and nanowires. (a) Representative TEM images of 

upconversion NaYF4:Yb/Er nanorods at different magnifications (length, L = 97±9 nm, D = 

9.8±0.5 nm) synthesized by empolying cylindrical cellulose-g-[PAA-b-PS] BBCP as a 

nanoreactor (i.e., Sample-2A in Table S2). An HRTEM image of an NaYF4:Yb/Er nanorod 

with clear crystalline lattices is shown on the lower right panel. Insets: digital images of 

NaYF4:Yb/Er nanorods in toluene (lower left panel) and dry state (upper right panel) before 

(left) and after (right) exposure to a 2W 980-nm near-infrared laser, respectively. (b) The 

dimension tunability of 1D nanocrystals illustrated by utilizing metallic Au nanorods as an 

example. The upper panel depicts the dependence of the length of Au nanorods (i.e., 51±4 nm, 

98±8 nm, 206±19 nm and 414±39 nm) on the molecular weight of cellulose-Br macroinitiator 

(Sample-1, Sample-2, Sample-3 and Sample-4 as nanoreactors, respectively, in Table S1). 

The lower panel displays the dependence of the diameter of Au nanorods (i.e., 10.4±0.6 nm 

and 21.2±1.5 nm) on the molecular weight of PAA blocks in BBCP nanoreactor (Sample-2A, 

and Sample-3B as nanoreactors, respectively, in Table S2).   

 

 

 

 

Supplementary Information Section V. Their crystalline lattices are shown as insets in 

Figure 3 and Fig. S61. Their crystal structures and compositions were further substantiated 

by XRD measurements and EDS microanalysis (Supplementary Information Section X). 

As the surface of nanorods and nanowires is directly and permanently tethered with PS chains 

that prevent their aggregation, they are readily sobluble in a wide range of organic solvents 

(e.g, toluene), forming a homogeneous solution as clearly evidenced in Figure S62. It is 

notable that the excess precursors that are present outside the cylindrical BBCP nanoreactor 

can easily form large, irregular, inorganic materials due to the lack of surface capping by PS 

chains, and thus readily precipitated from organic solvents. Clearly, our nanoreactor strategy 

is very convenient and effective in producing relatively pure 1D nanocrystals 

(Supplementary Information Section VI).  

 

Quite intriguingly, by simply employing double-hydrophilic cylindrical 

cellulose-g-[PAA-b-PEG] BBCP as a nanoreactor synthesized by a combination of ATRP and 

a click reaction (Figure S14, Table S3, and Supplementary Information Section III), a 

series of water-soluble PEG-tethered plain nanorods and nanowires, such as Au (Figure 

S30-S31), NaYF4:Yb/Er (Figure S32), and Fe3O4 (Figure S33), are also successfully created 

(Supplementary Information Section IV). These water-soluble 1D nanocrystals are 

pertinent to a number of scientific areas including self-assembly, bioimaging and 

biosensors.(13) 

 

Strikingly, our cylindrical BBCP nanoreactor strategy also affords a unique platform 

to synthesize high-quality core/shell nanorods composed of two substantially disparate 

materials with large lattice mismatches between them. For synthesis of high-quality core/shell 

nanoparticles, it often relies on moderate lattice mismatch (<2%) between two dissilamar 

materials in order to entail an expitaxial growth.(21) This greatly limits the core and shell 

material choices due to such conditioned material combination (i.e., crystal structure, bonding, 

and epitaxial growth sequence)(22) for epitaxial linkage. More importantly, in comparison to 

core/shell nanoparticles, the effective methods to produce core/shell nanorods are 

comparatively few and limited in scope.(23)  

 

The creation of core/shell nanorods with controlled dimensions (i.e., core diameter,  
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Figure 3. Representative TEM images of a rich variety of plain nanorods and nanowires 

crafted by using cellulose-g-[PAA-b-PS] as a nanoreactor (i.e., Sample-1A, Sample-2A, 

Sample-3A, Sample-3B  and Sample-5A in Table S2). They include noble metal (Au and Pt), 

ferroelectric (BaTiO3), upconversion (NaYF4:Yb/Er; green emitting; NaYF4:Yb/Tm, blue 

emitting), semiconducting (CdSe), and thermoelectric (PbTe) nanorods, as well as magnetic 

(Fe3O4) nanowires. The dimensions of these 1D nanocrystals are as follows: Au nanorods (L 

= 206±19 nm, D = 21.2±1.5 nm; Sample-3B as nanoreactor); Pt nanorods (L = 48±5 nm, D = 

10.2±0.6 nm; Sample-1A as nanoreactor); BaTiO3 nanorods (L = 101±8 nm, D = 10.6±0.8 

nm; Sample-2A as nanoreactor); NaYF4:Yb/Er nanorods (green emitting, L = 99±10 nm, D = 

9.6±0.4 nm; Sample-2A as nanoreactor); NaYF4:Yb/Tm nanorods (blue emitting, L = 103±7 

nm, D = 10.4±0.5 nm; Sample-2A as nanoreactor); CdSe nanorods (L = 98±9 nm, D = 

10.1±0.7 nm; Sample-2A as nanoreactor); PbTe nanorods (L = 102±10 nm, D = 9.9±0.6 nm; 

Sample-2A as nanoreactor); Fe3O4 nanowires (L = 203±16 nm, D = 10.2±0.8 nm, Sample-3A 

as nanoreactor; and L = 916±87 nm, D = 10.3±0.5 nm, Sample-5A as nanoreactor). The 

crystalline lattices of each sample are clearly evident in the HRTEM images shown as insets. 

Corresponding digital images of these nanorods and nanowires are included in Figure S62.  

Insets: digital images of upconversion nanorods under near-infrared laser illumination (980 

nm at 2W) displaying green (NaYF4:Yb/Er) and blue (NaYF4:Yb/Tm) fluorescence. Likewise, 

digital images of Fe3O4 nanowires toluene solution demonstrating their magnetic properties 

are shown in inset. Fe3O4 nanowires were deposited on the wall of vials (right) by placing a 

magnetic bar next to the vial.  
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shell thickness, and length) and compositions, including organic solvent-soluble and 

water-soluble core/shell nanorods, is enabled by employing a new class of cylindrical BBCPs 

comprising densely grafted amphiphilic triblock copolymer as side chains, that is, 

cellulose-g-[P4VP-b-PtBA-b-PS] and cellulose-g-[P4VP-b-PtBA-b-PEG], respectively, as 

nanoreactors (Supplementary Information Section IV) through coordination reactions 

between functional blocks in the triblock copolymer-containing BBCP and the respective 

precursors. 

 

We utilize the synthesis of noble metal/magnetic Au/Fe3O4 core/shell nanorods as an 

example to demonstrate the effectiveness of cylindrical cellulose-g-[P4VP-b-PtBA-b-PS] 

BBCPs (upper right panel in Figure 1b) as nanoreactors in producing organic solvent-soluble 

core/shell nanorods (Supplementary Information Section III). The Au core nanorod with L 

= 103±7 nm and D = 10.5±0.6 nm (Figure 4b) was first synthesized through the preferential 

incorporation of its precursors in the space occupied by the inner P4VP blocks via the 

selective coordination interaction between the pyridyl functional group of P4VP blocks and 

the metal moieties of precursors (central panel in Figure 1b). The possible formation 

mechanism is illustrated in Figure S53. Subsequently, the PtBA blocks of PtBA-b-PS 

tethered on the surface of Au core nanorod were hydrolyzed into PAA blocks 

(Supplementary Information Section IV), thus templating the formation of Fe3O4 shell 

(Figure S54). The resulting Au/Fe3O4 core/shell nanorods tethered by PS chains exhibited 

uniform dimensions. The HRTEM image in Figure 4b clearly shows that the highly 

crystalline Au core appeared dark and was surrounded by a shell of relatively lighter Fe3O4 

(4.6 ± 0.4 nm thick). The XRD and EDS measurements further verified the crystal structures 

and compositions of Fe3O4 and Au, respectively (Figure S85 and Figure S97). It is important 

to note that in spite of a more than 50% lattice mismatch between Fe3O4 and Au,(24) 

Au/Fe3O4 core/shell nanorods were successfully created by capitalizing on the cylindrical 

cellulose-g-[P4VP-b-PtBA-b-PS] BBCP nanoreactor. More importantly, organic 

solvent-soluble core/shell nanorods with many other material combinations can also be 

readilly prepared by choosing appropriate precursors (e.g., magnetic/metallic Fe3O4/Au in 

Figure S35, and metallic/semiconducting  Au/TiO2 in Figure S37).   

 

     Similarly, the use of cylindrical cellulose-g-[P4VP-b-PtBA-b-PEG] BBCP containing 

two independent template compartments (i.e., inner P4VP for core, and PAA hydrolyzed from 

PtBA for shell) (Supplementary Information Section III; upper right panel in Figure S16) 

as a nanoreactor yielded water-soluble core/shell nanorods (lower left panel in Figure S16); 

such as metallic/semiconducting Au/TiO2 (Figure S39), metallic/upconversion 

Au/NaYF4:Yb/Er (Figure S40) directly connected with hydrophilic PEG blocks (Table S5 

and Supplementary Information Section IV). Likewsie, the crystal structures and 

compositions of these nanorods were comfirmed by XRD and EDS measurements 

(Supplementary Information Section X). 

 

We note that the core diameter and shell thickness of nanorods can be precisely tuned 

by varying the molecular weight of the inner P4VP block and the intermediate PtBA block 

(subsequently hydrolyzed into PAA). These are readily controlled by mediating the 

polymerization time during the ATRP of 4-vinylpyridine and tert-butyl acrylate, respectively. 

Moreover, the uniform length of nanorods is also attainable by controlling the length of 

cellulose-Br macroinitiator through fractional precipitation. More importantly, as the core and 

shell materials can be grown independently in the respective templates, this cylindrical 

cellulose-g-[P4VP-b-PtBA-b-PEG] BBCP nanoreactor strategy virtually eliminates the 

restriction of lattice matching requirements.(21) Thus, our cylindrical BBCP composed of 
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amphiphilic triblock copolymer arms has the potential to underpin the creation of an exotic 

set of core/shell nanorods which would otherwise be challenging to obtain. These 

multifunctional core/shell nanorods render the tailoring and exploration of their unique size 

and shape-dependent material properties.  

 

Remarkably, the amphiphilic cylindrical BBCP nanoreactor strategy is quite versatile 

as it also enables the synthesis of uniform nanotubes (i.e., hollow nanorods) by selectively 

restricting the appropriate precursors in the intermediate B block to grow into nanotubes, 

where their inside and outside surfaces are tethered by inner and outer A blocks, when 

cylindrical BBCP comprising A-b-B-b-A triblock copolymers as arms is exploited as 

nanoreactor. As an example, organic solvent-soluble Au nanotubes (Table S6; 

Supplementary Information Section IV) were synthesized by using amphiphilic 

cellulose-g-[PS-b-PAA-b-PS] as a nanoreactor (upper right panel in  Figure 1c). The Au 

precursors were sequestered in the intermediate PAA compartment, and ultimately formed 

PS-tethered Au nanotubes (lower left panel in Figure 1c). Figure 4c clearly shows that the 

center of nanotubes appears brighter and signifies that they were hollow. The HRTEM image 

(lower right panel in Figure 4c) and XRD pattern (Figure S87) suggested that the nanotubes 

are highly crystalline. Moreover, the composition analysis by EDS measurements further 

corroborated the successful formation of Au nanotubes (Figure S99). The diameter of the 

hollow interior and the thickness of the nanotube can be accurately controlled by tailoring the 

molecular weights of the inner PS block and intermediate PtBA block during the ATRP of 

styrene and tert-butyl acrylate, respectively. Thus, an assortment of nanotubes with different 

sizes and compositions can be produced, including upconversion NaYF4:Yb/Er nanotubes 

(Figure S42) and semiconducting TiO2 nanotubes (Figure S44). Despite the uniform 

diameter and thickness, there was a distribution of Au nanotube length (Figure 4c) due to the 

presence of different lengths of individual cellulose-Br macroinitiators used to prepare 

cellulose-g-[PS-b-PAA-b-PS] nanoreactors. However, cellulose-Br macroinitiators with 

uniform length can be  realized by fractional precipitation as demonstrated in the production 

of plain and core/shell nanorods. Likewise, by using cellulose-g-[PS-b-PAA-b-PEG] as a 

nanoreactor (Figure S18), water-soluble nantubes (e.g., Au, TiO2 and NaYF4:Yb/Er in Figure 

S45, S46 and S47, respecitively) intimately linked with hydrophilic PEG blocks can also be 

synthesized (Table S7; Supplementary Information Section IV).  
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Figure 4. TEM and digital images of metallic/magnetic Au/Fe3O4 core/shell nanorods and 

metallic Au nanotubes formed by exploiting cellulose-g-[P4VP-b-PtBA-b-PS] (Sample-2B in 

Table S4) and cellulose-g-[PS-b-PAA-b-PS] (Sample-2A in Table S6) as nanoreactors, 
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respectively. (A) TEM images of Au nanorods as core (L = 103±7 nm, D = 10.5±0.6 nm) at 

two different magnifications. Digital image of the Au core nanorods toluene solution and 

HRTEM image of a Au nanorod are shown as insets. (B) TEM images of Au/Fe3O4 core/shell 

nanorods (Fe3O4 shell thickness, t = 4.6±0.4 nm) at varied magnifications. The representative 

HRTEM image clearly shows the crystalline lattices of the Au core and Fe3O4 shell (relatively 

dark Au core surrounded by light Fe3O4 shell; white dashed lines for guidance). The magnetic 

properties of Au/Fe3O4 nanorods are evident in the digital image of Au/Fe3O4 nanorods 

toluene solution in response to an external magnet, during which the solution became clear 

and nanorods were deposited on the wall of the vial. (C) TEM images of Au nanotubes at 

different magnifications (L = 103±12 nm, t = 5.1±0.5 nm; the diameter of hollow interior = 

5.3±0.4 nm). Interestingly, the representative HRTEM image of Au nanotubes revealed that 

the Au shell was highly crystalline, and the  appearance of crystalline lattice in the center 

was due to the presence of the crystalline Au shell below and above the hollow interior during 

imaging.  

 

 

For all 1D nanocrystals produced (Figures 2-4), the two ends of each nanocrystal 

were round. This is not surprising as each cellulose backbone was heavily grafted with 

diblock or triblock copolymers as arms, these densely populated arms can stretch out at the 

two ends of cylindrical BBCP due to the free space available at the ends. Moreover, the two 

ends of a cellulose backbone had two hydroxyl groups which allowed for the growth of a 

diblock or triblock copolymer arm at each end by ATRP. Taken together, the brushes on the 

ends of the cylindrical BBCP possessed a hemi-spherical chain conformation. This lead to the 

formation of hemisphere-shaped nanocrystals situated at both ends of the 1D nanocrystals. It 

is also noteworthy that the formation of highly crystalline nanorods (HRTEM images in 

Figure 2a-2b and Figure 3), core/shell nanorods (HRTEM images in Figure 4a-4b), and 

nanotubes (HRTEM image in Figure 4b) is of special interest in their own right. They merit 

a detailed in-situ TEM study and will be the subject of future investigation. 

 

In summary, over the past three years we developed a general and roubust strategy for 

the synthesis of a spectacular variety of 1D nanocrystals with high-level control over 

dimension, anisotropy, composition, surface chemistry (i.e., tethered with either hydrophobic 

polymers for organic solvent-soluble nanocrystals or hydrophilic polymers for water-soluble 

nanocrystals), architecure (i.e., plain nanorods and nanowires, core/shell nanorods, and 

nanotubes). Central to this effective strategy is the rational design and synthesis of functional 

BBCPs as nanoreactors. Theses cylindrical BBCPs are composed of a cellulose backbone 

densely grafted with diblock or triblock copolymers of precisely tunable arm lengths. In 

particular, this cylindrical BBCP nanoreactor strategy provides exciting opportunities for 

crafting intriguing size-tailorable core/shell nanorods composed of two dissimilar materials. 

They possess unique properties due to the close proximity between disparate constituent 

materials and offer an opportunity for exploring many fundamental nanoscale physics. All 

these 1D nanocrystals can serve as building blocks for the bottom-up assembly for 

nanostructured materials and devices with desirable characteristics enabled by the properties 

of individual nanocrystals and their proper spatial arrangement for use in optics, electronics, 

photonics, optoelctronics, magnetic technologies, sensory materials and devices, lightweight 

structural materials, catalysis, drug delivery, biotechnology. They can also serve as model 

systems for fundamental research in self-assembly, phase behavior and crystallization 

kinetics of nanocrystals.(25) Looking to the future, more compositionally-different and 

morphologically-complex multifunctional 1D nanocrystals (for example, core/shell 1/shell 2 
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nanorods) may also be created by conveniently implementing cylindrical BBCP templates 

possessing tetrablocks, pentablocks, and more block copolymers as arms, thus rendering 

investigation of their peculiar properties (e.g., synergistic functionality) for versatile 

applications. Moreover, this preparative strategy may also enable the production of a wealth 

of polymeric 1D nanostructures(26) reached through selectively crosslinking the target block 

of grafted copolymer arms in cylindrical BBCPs, for example, 1D nanocapsules for potential 

applications in selective ion transport, biosensor, controlled release of drugs, etc.(27) Finally, 

we note that the future of 1D nanocrystal synthesis capitalizing on cylindrical BBCPs as 

nanoreactors is to scale up production for a myriad of technological applications. This will be 

the focus of future work. 
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Section I 

Materials and Characterizations 

1. Materials 

  Cellulose powder (microcrystalline, MP Biomedicals LLC), 1-methylimidazole 

(99%, Alfa Aesar) and allyl chloride (> 98.0%, TCI) were used as starting materials 

without further purification. 2-Bromoisobutyryl bromide (98%), 

N,N,N',N'',N''-pentamethyldiethylene triamine (PMDETA, 99%), 

tris[2-(dimethylamino)ethyl]amine (Me6-TREN, 97%), 1-methyl-2-pyrrolidinone 

(NMP, anhydrous, 99.5%) and propargyl bromide solution (80 wt.% in toluene) were 

purchased from Sigma-Aldrich, and used as received. CuBr (98%, Sigma-Aldrich) 

was stirred for 24 h in acetic acid, filtered, washed with ethanol and diethyl ether 

successively, and dried in vacuum. Two samples of poly(ethylene glycol) methyl ether 

(mPEG, Mn =5,000 and Mn =10,000, respectively;  Sigma-Aldrich) was used as 

received. tert-Butyl acrylate (tBA, Sigma-Aldrich, 98%), 4-vinylpyridine (4VP, ≥ 

95%, Sigma-Aldrich), methyl ethyl ketone (99.9%, Fisher Scientific) and 

N,N-dimethylformamide (DMF, Fisher Scientific, 99.9%) were dried by CaH2 and 

distilled under reduced pressure prior to use. Styrene (St, Sigma-Aldrich ≥99%) was 

purified with 10% NaOH aqueous solution and water successively, dried by adding 

anhydrous MgSO4 and CaH2 sequentially, and then distilled under reduced pressure. 

Diphenylmethyl sodium (DPMNa) (c = 0.56 M) was prepared according to the 

literature.
1
 Tetrahydrofuran (THF, 99%, BDH) was dried by refluxing with sodium, 

and then distilled from sodium naphthalenide solution. Trifluoroacetic acid (TFA, 

99%), Yttrium(III) oxide (Y2O3, 99.99%), Ytterbium(III) oxide (Yb2O3, 99.9%), 

Erbium(III) oxide (Er2O3, ≥99.99%) and Thulium(III) oxide (Tm2O3, 99.9%) were 

purchased from Sigma-Aldrich and used as received. Gold(III) chloride trihydrate 

(HAuCl4·3H2O,  ≥99.9%), tert-butylamine borane (TBAB, 97%), chloroplatinic acid 

hexahydrate (H2PtCl6.6H2O, ACS reagent, ≥ 37.50% Pt basis), ethylene glycol (EG, 

anhydrous, 99.8% ), sodium hydroxide (NaOH, ≥ 98%), barium chloride dihydrate 

(BaCl2.2H2O, ≥ 99%), titanium(IV) chloride (TiCl4, ≥ 99%), iron(II) chloride 

tetrahydrate (FeCl2.4H2O, ≥ 99%), iron(III) chloride hexahydrate (FeCl3·6H2O, ≥ 
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98%), ammonium hydroxide solution (NH3.H2O, ACS reagent, 28.0-30.0% NH3 

basis), cadmium acetylacetonate (Cd(acac)2, ≥ 99.9%), selenium powder (Se, 99.99%), 

lead(II) carbonate (PbCO3, ≥ 99.99%), sodium borohydride (NaBH4, ≥ 99%), 

tellurium powder (Te, 99.99%), and titanium(IV) isopropoxide (TTIP,  ≥ 97.0%) 

were purchased from Sigma-Aldrich and used as starting materials without further 

purification. All other reagents were purified by common purification procedures.  

 

2. Methods  

Synthesis of 1D nanocrystals using cylindrical bottlebrush-like block copolymers 

as nanoreactors. For the synthesis of plain nanorods and nanowires, for example, 

NaYF4:Yb/Er nanorods, 10 mg of cellulose-g-[PAA-b-PS] template was dissolved in a 

10 mL DMF at room temperature, followed by the addition of an appropriate amount 

of precursors (i.e., Na(CF3COO), Y(CF3COO)3, Yb(CF3COO)3 and Er(CF3COO)3) 

that were preferentially encapsulated within the compartment occupied by inner PAA 

blocks. To maximize the incorporation of precursors into the PAA domains, the molar 

ratio of acrylic acid (AA) units in PAA block to precursors was set at 1:10. The 

mixture was then stirred for 1h under argon to ensure that all precursors were well 

dissolved in DMF. The reaction system was then slowly heated to the boiling point of 

DMF and refluxed for a period of time (i.e., 2 h for NaYF4:Yb/Er nanorods). In order 

to to yield a highly crystalline hexagonal phase of NaYF4:Yb/Er nanorods, the 

resulting solution and additional quantitative CF3COONa were then transferred to a 

20 mL Teflon-lined autoclave, stirred and heated at 200
o
C for 2h. For the preparation 

of core/shell nanorods, for example, Au/Fe3O4 core/shell nanorods, 10 mg 

cellulose-g-[P4VP-b-PtBA-b-PS] template was dissolved in  10 mL of DMF at room 

temperature. First, the core material was produced via the incorporation of its 

precursors (i.e., HAuCl4.3H2O with tert-butylamine-borane complex (TBAB) as 

reducer) in the space occupied by the inner P4VP blocks followed by reaction at a 

certain temperature for a period of time (i.e., at 60
o
C for 2 h for Au). Likewise, the 

molar ratio of 4-vinylpyridine (4VP) unit in P4VP block to precursors was also set to 
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be 1:10. Subsequently, the PtBA blocks of PtBA-b-PS situated on the surface of Au 

nanorod were hydrolyzed into PAA by trifluoroacetic acid (TFA). The shell material 

(Fe3O4, FeCl2·4H2O + FeCl3·6H2O + NH3.H2O used as precursors) was then formed 

by performing the reaction at 50
o
C for 30 min in DMF, with PAA blocks functioning 

as the template. Subsequently, the black mixture was aged at 80°C for 1 h to improve 

the Fe3O4 crystallization of the resulting Au/Fe3O4 core/shell nanorods. For the 

creation of nanotubes, for example Au nanotubes, 10 mg cellulose-g-[PS-b-PAA-b-PS] 

template was dissolved in 10 mL of DMF at room temperature. Similarly, the 

precursor (i.e., HAuCl4.3H2O with TBAB as reducer) was added into the template 

solution. The reaction solution was then slowly heated to a certain temperature for a 

period of time (i.e., at 60
o
C for 2 h for Au nanotubes). For the synthesis of 

water-soluble 1D nanocrystals tethered with hydrophilic PEG blocks as ligands, see 

Supplementary Information IV. 

 

Synthesis of 1D nanocrystals using linear block copolymers as templates. Linear 

block copolymers (i.e., PAA-b-PS, P4VP-b-PtBA-b-PS, and PS-b-PAA-b-PS) with 

similar molecular weights and block ratios to those of BBCPs were also synthesized 

by sequential ATRP. They were used as controls to assess the ability of these linear 

block copolymers to form 1D nanocrystals under the same experimental conditions. 

Instead of 1D nanocrystals, large aggregates with irregular size and shape were 

obtained when these linear block copolymers were utilized as templates (see 

Supplementary Information Section XI for detailed comparisons). 

 

 

3. Characterizations 

 

(1) Molecular weights of all synthesized polymers that can be well-dissolved in THF 

were characterized by gel permeation chromatography (GPC, Shimadzu) equipped 

with an LC-20 AD HPLC pump and a refractive index detector (RID-10A, 120 V). 

THF was used as the mobile phase at a flow rate of 1.0 ml/min at 35°C. One Phenogel 
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5 mm linear column and one Phenogel 5 mm 10E4A mixed bed column were 

calibrated with 10 monodisperse PS standard samples with molecular weights ranging 

from 500 to 1.2×10
6 

g/mole.  

 

(2) GPC analysis of P4VP-based polymers was performed in DMF containing 0.1% 

LiBr additive at 1 mL/min flow rate (LC-20AD pump) on a Shimadzu GPC setup 

equipped with two Phenomenex Phenogel 10 μm linear columns (300×7.8mm), 

autosampler (SIL-20A) and column oven (CTO-20A) set at 40°C. The detection was 

achieved using a RI detector (RID-10A). The instrument was calibrated with EasiVial 

poly(methyl methacrylate) standards (Agilent). 

 

(2) All 
1
H-NMR spectra were acquired using a Bruker 400 MHz spectrometer. 

 

(3) FTIR spectra were recorded on the Shimadzu IRAffinity-1 spectrometer equipped 

with a Miracle Single Reflection Horizontal ATR Accessory (Pike Technologies). 

 

(4) Morphologies of 1D nanocrystals were characterized by TEM (JEOL TEM 

100CX; operated at 100 kV), and HRTEM (FEI Tecnai F30; operated at 300kV). 

 

(5) Energy-dispersive x-ray spectroscopy (EDS) analysis of samples was carried out 

with scanning electron microscopy (SEM, LEO 1530, Zeiss).  

 

(6) Crystal structures of all samples were examined by XRD (X’Pert PRO, 

Netherlands). 

 

(7) UV-vis absorption spectra were obtained using a Shimadzu UV-2600 UV-vis 

spectrophotometer. 

 

(8) Photoluminescence spectra were acquired using a Shimadzu RF-5301 

spectrofluorometer (equipped with a 150 W xenon lamp light source and a R928 

photomultiplier). 

 

(9)  Emission spectra of 1D upconversion nanocrystals were recorded on a LS-55 

luminescence spectrometer (Perkin-Elmer) with an external tunable 2-W 980-nm 
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diode laser as the excitation source in the spectrometer. 

 

(10)  Weight fractions of polymers in 1D nanocrystals were measured by 

thermogravimetric analysis (TGA; TA Instrument TGA Q 50). 
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Section II 

Synthesis, purification and characterization of cellulose-based macroinitiators 

(cellulose-Br) with different lengths (molecular weights) for ATRP  

 

Because of chain stiffness and close packing via numerous intermolecular and 

intramolecular hydrogen bonds, it is extremely difficult to dissolve cellulose in water 

and most common organic solvents. Recently, ionic liquids as polar solvents 

exhibiting a negligible vapor pressure have garnered considerable attention for the 

processing of cellulose.
2-5

 Interestingly, cellulose in high concentrations without 

derivatization was found to be dissolved using 1-allyl-3-methylimidazolium chloride 

(AMIMCl) as the solvent for homogeneous esterification of cellulose.
6
 Considering 

the volatility, toxicity, difficulty for solvent recovery, and stability in application, we 

chose AMIMCl as the ionic liquid to dissolve cellulose in order to prepare 

cellulose-based macroinitiators (i.e., cellulose-Br).  

 

1. Preparation of 1-allyl-3-methylimidazolium chloride (AMIMCl) as ionic 

liquid (Figure S1)
7
  

1-Methylimidazole (50 mL) and allyl chloride (100 mL) were added to a 

round-bottomed flask. The solution was then refluxed under stirring at 55 °C for 8 h. 

The unreacted and excess chemical reagents were removed by vacuum distillation, 

and the resulting viscous product, AMIMCl, is slightly yellowish. 

 

 

 

Figure S1. Synthesis of 1-allyl-3-methylimidazolium chloride (AMIMCl). 

 

 

2. Synthesis of linear cellulose-based macroinitiator (i.e., cellulose-Br) by a 

two-step esterification process for subsequent atom transfer radical 

polymerization (ATRP) 
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(1) First esterification 

Synthesis of cellulose-Br macroinitiator was carried out according to the 

procedure shown in Figure S2. Prior to dispersing in 50g of AMIMCl (Figure S1), a 

total of 5.0 g of cellulose was vacuum-dried at 80
o
C for 24 h, and a trace amount of 

water was removed by the azeotropic distillation with 50 mL of dry toluene. The 

mixture was heated to 80 
o
C under stirring until the cellulose powder was completely 

dissolved, forming a viscous transparent solution. Subsequently, 30 mL anhydrous 

NMP and 30 mL anhydrous DMF were added in the reaction solution as the 

absorbents for HBr generated in the reaction and the diluting agents. 

2-Bromoisobutyryl bromide (23mL, the molar ratio of 2-bromoisobutyryl bromide to 

hydroxyl groups of cellulose = 2:1) was added dropwise to the cellulose solution 

under magnetic stirring at 0 
o
C. After this process was complete, the reaction 

temperature was maintained at 0 
o
C for 1 h and then slowly increased to room 

temperature, at which the esterification reaction was allowed to continue for 24 h. The 

resulting brownish solution was poured into 500 mL DI water, yielding white 

precipitate. After filtration, the final product was purified by dissolution-precipitation 

twice with acetone and DI water, and dried at 60 
o
C in vacuum for 1 day. After the 

first esterification, the conversion (i.e., esterification) efficiency of hydroxyl groups of 

cellulose was approximately 82% as calculated from the 
1
H-NMR spectrum based on 

the ratio of the integral areas of methyl groups of cellulose-Br to that of protons of 

cellulose.  

 

(2) Second esterification   

In order to convert all hydroxyl groups of cellulose by reacting with 

2-bromoisobutyryl bromide, the second esterification process was performed. 20g of 

dry cellulose-Br was dissolved in a 100 mL of anhydrous NMP and kept in ice-water 

bath. 20 mL of 2-bromoisobutyryl bromide was then added dropwise into the reaction 

system. The reaction solution was first maintained in ice water bath for 2 h, and then 

slowly increased to room temperature. The reaction was kept at room temperature for 

24 h. The resulting crude solution was poured into 500 mL of DI water, yielding 
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white precipitate. After filtration, the final product was purified by 

dissolution-precipitation twice with acetone and DI water, and dried at 60 
o
C in 

vacuum for 1 day. After the two-step esterification noted above, the esterification 

efficiency of hydroxyl groups of cellulose was nearly 100%, suggesting that all 

hydroxyl groups of cellulose were completely converted to bromoisobutyryl units as 

revealed by 
1
H-NMR measurement (Figure S3). 

 

 

 

 

Figure S2. Synthesis of linear cellulose-based macroinitiator (i.e., cellulose-Br) for 

subsequent ATRP. 

 

 

 

Figure S3. 
1
H-NMR spectrum of cellulose-Br (DMSO-d6 as solvent). 
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The efficiency of esterification of hydroxyl groups of cellulose can be calculated 

based on the following equation:  

         𝐸𝑇 =
Ab

18Aa
                          (S1)          

where ET is the esterification efficiency of hydroxyl groups of cellulose; and Ab and 

Aa are the integral areas of the methyl protons of cellulose-Br and protons of cellulose, 

respectively.  

 

 

3. Preparation of a series of cellulose-Br macroinitiators with different 

molecular weights and low polydispersity index (PDI) by fractional 

precipitation   

 

In order to synthesize high-quality 1D nanocrystals possessing uniform length 

using cylindrical bottlebrush-like block copolymers containing cellulose as the 

nanoreactor, it is of key importance to prepare monodisperse cellulose chains with 

narrow molecular weight distribution (i.e., low polydispersity index (PDI); for 

example, PDI <1.2). This is because the length of 1D nanocrystals is governed by the 

length of cellulose.  

As noted above, due to chain stiffness and close packing induced by numerous 

intermolecular and intramolecular hydrogen bonds, natural cellulose cannot be 

dissolved in water and most common organic solvents. Therefore, it is almost 

impossible to directly separate and purify natural cellulose by fractional precipitation.  

It is noteworthy that after esterification as described above, the resulting 

cellulose-Br macroinitiators can be easily dissolved in a large variety of organic 

solvents (e.g., acetone, THF, DMF, etc.) (Figure S4) as the intramolecular and 

intermolecular hydrogen bridges in cellulose no longer exist. Under this condition, 

crude cellulose-Br macroinitiators can be readily separated and purified. Thus, crude 

cellulose-Br was separated into a series of pure linear macroinitiators with very low 

PDI (below 1.2) by fractional precipitation with acetone as solvent and DI water as 

precipitator. Five samples with different molecular weights were thus yielded by 

fractional precipitation technique (Figure S6 and Table S1). 
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Figure S4. Comparison of solubility of natural cellulose and cellulose-Br in different 

solvents (THF, acetone and DMF) before (left) and after (right) the esterification 

process. 

 

 

 

Figure S5. GPC trace of crude macroinitiator (i.e., cellulose-Br) using THF as solvent 

before the fractional precipitation process. 
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Figure S6. GPC traces of purified cellulose-Br macroinitiators with different 

molecular weights after fractional precipitation process. 

 

 

Table S1. Molecular weights of purified cellulose-Br macroinitiators after fractional 

precipitation process (i.e., samples in Figure S6).  

Entry Mn
(a)

 (g/mol) PDI
(b)

 Length (nm)
 (c)

 

Sample-1 11.2K 1.19 ~51 

Sample-2 23.5K 1.16 ~98 

Sample-3 41.8K 1.12 ~206 

Sample-4 79.6K 1.09 ~414 

Sample-5 169.0K 1.18 ~916 

 

(a)
 Number-average molecular weight determined by GPC, calibrated with PS 

standards. 
(b)

 Polydispersity index (PDI) determined by GPC. 
(c)

 Length (L) of 

corresponding inorganic nanorods or nanowires. 
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Section III 

Synthesis and characterization of a new class of BBCPs by either sequential 

atom transfer radical polymerization (ATRP) or a combination of ATRP
8, 9

 with 

click reaction,
10, 11

 including cellulose-graft-[poly(acrylic acid)-block-polystyrene] 

(denoted cellulose-g-[PAA-b-PS]) and cellulose-graft-[poly(acrylic 

acid)-block-poly(ethylene glycol)] (cellulose-g-[PAA-b-PEG]) with linear 

amphiphilic PAA-b-PS and double hydrophilic PAA-b-PEG diblock copolymers 

as side chains, respectively, and 

cellulose-graft-[poly(4-vinylpyridine)-block-poly(tert-butyl 

acrylate)-block-polystyrene] (cellulose-g-[P4VP-b-PtBA-b-PS]), 

cellulose-graft-[poly(4-vinylpyridine)-block-poly(tert-butyl 

acrylate)-block-poly(ethylene glycol)] (cellulose-g-[P4VP-b-PtBA-b-PEG]), 

cellulose-graft-[polystyrene-block-poly(acrylic acid)-block-polystyrene] 

(cellulose-g-[PS-b-PAA-b-PS]) and cellulose-graft-[polystyrene-block-poly(acrylic 

acid)-block-poly(ethylene glycol)] (cellulose-g-[PS-b-PAA-b-PEG]) with linear 

amphiphilic P4VP-b-PtBA-b-PS, P4VP-b-PtBA-b-PEG, PS-b-PAA-b-PS and 

PS-b-PAA-b-PEG triblock copolymers as side chains, respectively. 

 

 

The synthetic schemes for the BBCPs used as nanoreactors for 1D nanocrystals are 

shown in Figure 1 and Figures S7, S14-S18. 

 

1. Synthesis of amphiphilic cellulose-g-[PAA-b-PS] BBCP (Figure 1a and Figure 

S7; steps a-c) and double hydrophilic cellulose-g-[PAA-b-PEG] BBCP 

(Figure S14; steps d-h) 

 

(a) Synthesis of cellulose-g-PtBA bottlebrush-like polymer utilizing cellulose-Br 

as a macroinitiator 

Cellulose-g-PtBA bottlebrush-like polymer containing PtBA as side chains was 

first prepared by ATRP with the purified cellulose-Br of different molecular weights 

as macroinitiators. The polymerization of tert-butyl acrylate (tBA) monomers was 
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carried out in an ampoule. In a typical process, an ampoule was loaded with CuBr, 

PMDETA, cellulose-Br, tBA, and methyl ethyl ketone (as solvent) (the molar ratio of 

tBA : Br of cellulose-Br macroinitiator: copper bromide: PMDETA = 1000 : 1 : 2 : 2; 

the volume ratio of monomer : solvent = 1:1), and was then degassed by three 

freeze-pump-thaw cycles in liquid nitrogen. The ampoule was immersed into an oil 

bath at 60°C. The polymerization was stopped by removing the ampoule from the oil 

bath and dipping into the ice/water bath at the different desired times. The copper salt 

in the crude solution was removed by diluting the crude solution with acetone and 

then passing through a neutral alumina column. The solution was concentrated by the 

rotary evaporator, and then precipitated in the mixture of methanol/water (v/v=1:1). 

The final product cellulose-g-PtBA bottlebrush-like polymer was obtained by 

dissolution-precipitation twice with acetone and the mixture of methanol/water. The 

final product was dried at 50
o
C under vacuum for 1 day. 

 

(b) Synthesis of cellulose-g-[PtBA-b-PS] BBCP comprising linear PtBA-b-PS as 

side chains by ATRP using cellulose-g-PtBA in (a) as cylindrical macroinitiator 

Cellulose-g-[PtBA-b-PS] BBCP comprising linear PtBA-b-PS as side chains was 

prepared by the sequential ATRP process. In an ampoule, the reaction mixture 

containing macroinitiator, monomer and catalyst (the molar ratio of styrene monomer : 

Br in cellulose-g-PtBA BBCP macroinitiator : copper bromide: PMDETA = 1000 : 1 : 

2 : 2) in anisole (as solvent; the volume ratio of monomer : solvent = 1:2) was 

degassed by three freeze-pump-thaw cycles in liquid nitrogen, and then placed in an 

oil bath maintained at 90°C for polymerization. The ampoule was taken out from the 

oil bath and dipped into the ice/water bath at the desired time interval to terminate the 

polymerization. The crude solution was diluted with THF, and then passed through a 

neutral alumina column to remove the catalyst. Cellulose-g-[PtBA-b-PS] BBCP was 

precipitated in an excess of cold methanol, and then filtered and dried under vacuum 

to yield pure cellulose-g-[PtBA-b-PS] BBCP containing linear PtBA-b-PS as side 

chains (i.e., brushes). 

 

(c) Synthesis of amphiphilic cellulose-g-[PAA-b-PS] BBCP via the hydrolysis of 
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the tert-butyl ester groups of PtBA blocks in cellulose-g-[PtBA-b-PS] BBCP 

In a typical process, cellulose-g-[PtBA-b-PS] BBCP was dissolved in CH2Cl2, 

and then a 10-fold molar excess of trifluoroacetic acid (CF3COOH, TFA) with respect 

to the amount of t-butyl groups in PtBA blocks was added. The reaction solution was 

stirred at room temperature for 24 h. During the hydrolysis process, the resulting 

amphiphilic cellulose-g-[PAA-b-PS] BBCP (Figure 1a, Figure S7 and Table S2) 

was gradually precipitated from solution. The crude product was separated by 

filtration, washed with CH2Cl2, and then thoroughly dried under vacuum at 60 °C for 

24 h. 

 

 

 

Table S2. Summary of amphiphilic cellulose-g-[PAA-b-PS] BBCPs. 

Macroinitiators 

in Table S1 
BBCPs

(a)
 

Length 

(nm)
 

(b)
 

Mn,PAA 
(c) 

(g/mol) 

Mn,PS 
(d) 

(g/mol) 
PDI

(e)
 

Diameter 

(nm)
 (f)

 

Sample-1 Sample-1A ~51 5.2K 5.6K 1.13 ~10 

Sample-2 Sample-2A ~98 5.4K 5.9K 1.10 ~10 

Sample-3 
Sample-3A ~206 5.3K 5.2K 1.16 ~10 

Sample-3B ~206 11.2K 12.3K 1.18 ~21 

Sample-4 Sample-4A ~414 11.8K 12.6K 1.14 ~21 

Sample-5 Sample-5A ~916 5.8K 6.1K 1.12 ~10 

 
(a)

Six samples were produced via the hydrolysis of inner PtBA blocks of 

cellulose-g-[PtBA-b-PS] BBCPs that were synthesized by using different cellulose-Br 

macroinitiators as shown in Table S1.
 (b)

 Length (L) of corresponding inorganic 

nanorods or nanowires. 
(c)

Number-average molecular weight (Mn) of each PAA block 

calculated from the molecular weight difference between PtBA block (before 

hydrolysis) and PAA block (after hydrolysis). 
(d)

Mn of each PS block calculated from 

1
H NMR data. 

(e)
Polydispersity index (PDI) determined by GPC. 

(f)
 Diameter (D) of 
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corresponding inorganic nanorods or nanowires. For Mn of each PtBA block, it can be 

obtained from the calculation of 
1
H-NMR spectrum based on the ratio of the integral 

area of the methyl protons in tert-butyl group of PtBA to that of protons at the -end 

of grafted PtBA in BBCP. 

 

 

 

Figure S7. Schematic representation of synthesis of cellulose-g-[PAA-b-PS] BBCP 

and its use as cylindrical nanoreactor for the preparation of PS-tethered (i.e., organic 

solvent-soluble) plain 1D nanocrystals (nanorods and nanowires). 

 

 

To demonstrate the success in preparing amphiphilic cellulose-g-[PAA-b-PS] 

BBCP, a series of characterizations by taking Sample-2A in Table S2 as an example 

were shown as follows: 
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Figure S8. GPC traces of cellulose-g-PtBA bottlebrush-like polymer (right black 

curve) and cellulose-g-[PtBA-b-PS] BBCP (left red curve; its hydrolysis yielded 

cellulose-g-[PAA-b-PS] (i.e., Sample-2A in Table S2)). 

 

 

Figure S9. 
1
H-NMR spectrum of cellulose-g-PtBA bottlebrush-like polymer. It was 

subsequently used as a macroinitiator for synthesis of cellulose-g-[PtBA-b-PS] BBCP. 

CDCl3 was used as solvent in the 
1
H-NMR measurement. An intense characteristic 

peak at δ = 1.45 ppm corresponded to the methyl protons in tert-butyl group of PtBA 

block. The chemical shift at δ = 1.21 ppm represented the methyl protons at the -end 

of PtBA side chains arms in cellulose-g-PtBA bottlebrush-like polymer. We note that 

the hydrolysis of cellulose-g-[PtBA-b-PS] yielded cellulose-g-[PAA-b-PS] (i.e., 

Sample-2A in Table S2). 
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Figure S10. 
1
H-NMR spectrum of cellulose-g-[PtBA-b-PS] BBCP. CDCl3 was used 

as solvent in the 
1
H-NMR measurement. The chemical shift at δ = 6.33-7.31 ppm can 

be assigned to the protons on the phenyl ring of the outer PS blocks. Its hydrolysis 

yielded cellulose-g-[PAA-b-PS] (i.e., Sample-2A in Table S2). 

 

 

Figure S11. 
1
H-NMR spectrum of cellulose-g-[PAA-b-PS] BBCP (Sample-2A in 

Table S2). DMF-d7 was used as solvent in the 
1
H-NMR measurement. The complete 

disappearance of the intense characteristic peak at δ =1.45 ppm, corresponding to the 

methyl protons of the tert-butyl group, suggested that PtBA blocks were successfully 

hydrolyzed into PAA. 
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Figure S12. FTIR spectra of cellulose-g-[PtBA-b-PS] BBCP (upper red curve) and 

the resulting amphiphilic cellulose-g-[PAA-b-PS] BBCP (lower black curve, 

Sample-2A in Table S2). A broad absorbance was seen at 2500-3600 cm
-1

, indicating 

the formation of carboxylic acid group after the hydrolysis of PtBA blocks. 

 

 

(d) Synthesis of cellulose-g-(PtBA-N3) BBCP with azide-functionalized PtBA as 

side chains 

Cellulose-g-(PtBA-Br) BBCP (1.0 g) was dissolved in 20 mL of anhydrous DMF, 

and then sodium azide (the molar ratio of Br in cellulose-g-(PtBA-Br): sodium azide 

= 1:10) was added to the reaction system. The reaction solution was stirred for 24 h at 

room temperature. 50 mL of CH2Cl2 was added to the mixture, and then passed 

through the alumina column to remove the sodium salt. After that, the mixture 

was washed with DI water for three times. The CH2Cl2 layer was dried with 

anhydrous MgSO4, and the solution was concentrated under vacuum. The product was 

precipitated in the cold mixture of methanol/water (1:1, volume ratio). The final 

product was collected and dried in vacuum oven at 40°C for 6 h. 

 

(e) Synthesis of diphenylmethyl sodium (DPMNa)
1
 

100mL of dry THF and 7.7 g (0.06 mol) of naphthalene were added to a 250 mL 

three-necked flask, and 1.38 g sodium with a fresh surface was at 40°C added under 
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argon atmosphere. After stirring at room temperature for 4 h, 11.1g (0.066 mol) of 

diphenylmethane was introduced into the reaction system with a syringe, and the 

reaction solution was then refluxed at 80 
o
C for 24 h. The concentration of DPMNa 

THF solution was 0.56 M by titrating with 0.1 M HCl. 

 

(f) Synthesis of alkyne-terminated mPEG (mPEG-propargyl)  

Alkyne-terminated mPEG (i.e., mPEG-propargyl) was prepared by the 

nucleophilic substitution of terminal hydroxyl group of mPEG (Mn =5,000 and Mn 

=10,000, respectively; Sigma-Aldrich; see Materials in Section I) with an alkyne 

group. In a typical process, a 250 mL three-necked round bottom flask was loaded by 

dry mPEG-OH (10.0 g, 2.0 mmol) and dry THF (150 mL). The reaction solution was 

then purged with argon. The DPMNa solution prepared in (e) was then added 

dropwise until the reaction system turned reddish-brown. The reaction flask was 

immersed in ice bath, during which propargyl bromide (10.0 mmol) was added 

dropwise into the reaction solution. The nucleophilic substitution reaction was 

allowed to proceed for 24 h at room temperature. The crude solution was diluted by 

adding 100 mL of CH2Cl2, and then passed through the alumina column to 

remove the sodium salt. The product solution was concentrated under vacuum, and 

the resulting mPEG-alkyne was then precipitated in cold diethyl ether. After being 

dried under vacuum at 50 
o
C, white powder was obtained. Another sample, 

mPEG-propargyl with Mn of 10,000 g/mol, was prepared by the same synthetic 

procedure. 
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Figure S13. 
1
H-NMR spectrum of mPEG-propargyl (Mn = 5,000 g/mol). CDCl3 was 

used as solvent in the 
1
H-NMR measurement. 

1
H-NMR δ ppm: 2.44 (t, 1H, 

-OCH2C≡CH), 4.20 (d, 2H, -OCH2C≡CH), 3.38 (s, 3H, CH3-O-PEG), and 3.60-3.70 

(m, -CH2CH2O- of PEG main chain). 

 

 

(g) Synthesis of cellulose-g-[PtBA-b-PEG] BBCP via click reaction  

A series of cellulose-g-[PtBA-b-PEG] BBCPs were synthesized by click reaction 

between cellulose-g-(PtBA-N3) prepared in (d) and mPEG-alkyne prepared in (f). In a 

typical process, click reaction was carried out in a dry ampoule loaded by 

cellulose-g-(PtBA-N3), mPEG-alkyne, CuBr, PMDETA and DMF (solvent). The 

molar ratio of –N3 of cellulose-g-(PtBA-N3), mPEG-alkyne, CuBr and PMDETA is 1 : 

2 : 10 : 10. The reaction solution was degassed by three freeze-pump-thaw cycles in 

liquid nitrogen. The click reaction was conducted at 90
o
C for 24 h. The crude product 

solution was diluted with CH2Cl2, and then passed through the alumina column to 

remove catalyst. The final product was precipitated in cold methanol and dried under 

vacuum condition at 60
o
C for 12h.    

 

(h) Synthesis of cellulose-g-[PAA-b-PEO] BBCP via the hydrolysis of tert-butyl 

ester groups of PtBA blocks 

The hydrolysis of PtBA blocks was completed in a mixed solution containing 

CH2Cl2 and TFA. Briefly, 0.5g of cellulose-g-[PtBA-b-PEG] was dissolved into 50 

mL of CH2Cl2, and 10 mL of TFA was then introduced. The hydrolysis reaction 



24 
 

continued at room temperature for 24 h. During the hydrolysis, the resulting final 

product was gradually precipitated from the CH2Cl2 solution. The final purified 

product, cellulose-g-[PAA-b-PEG] BBCP (Figure S14 and Table S3), was obtained 

by washing with CH2Cl2 and drying under vacuum at 60 
o
C for 12 h. 

 

 

Table S3. Summary of double hydrophilic cellulose-g-[PAA-b-PEG] BBCPs.  

Macroinitiators 

in Table S1 
BBCPs

(a)
 

Length 

(nm)
 (b)

 

Mn,PAA
(c) 

(g/mol) 

Mn,PEG 

(g/mol)
 

(d)
 

PDI
(e)

 
Diameter 

(nm)
 (f)

 

Sample-1 Sample-1A ~51 5.2K 5K 1.16 ~10 

Sample-2 Sample-2A ~98 5.4K 5K 1.14 ~10 

Sample-3 
Sample-3A ~206 5.3K 5K 1.18 ~10 

Sample-3B ~206 11.2K 10K 1.13 ~21 

Sample-4 Sample-4A ~414 11.8K 10K 1.19 ~21 

Sample-5 Sample-5A ~916 5.8K 5K 1.15 ~10 

 
(a)

Six samples were synthesized via the hydrolysis of the inner PtBA blocks of 

cellulose-g-[PtBA-b-PEG] BBCPs that were synthesized by using different 

cellulose-Br macroinitiators as shown in Table S1.
 (b)

 Length (L) of corresponding 

inorganic nanorods or nanowires.
 (c)

Number-average molecular weight (Mn) of each 

PAA block calculated from the molecular weight difference between PtBA block 

(before hydrolysis) and PAA block (after hydrolysis). 
(d)

Mn of each PEG block. 
(e)

 PDI 

determined by GPC. 
(f)

Diameter (D) of corresponding inorganic nanorods or 

nanowires. 
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Figure S14. Schematic representation of synthesis of cellulose-g-[PAA-b-PEG] 

BBCP and its use as a cylindrical nanoreactor for the preparation of PEG-tethered (i.e., 

water-soluble) plain 1D nanocrystals (nanorods and nanowires). 

 

 

2. Synthesis of cellulose-g-[P4VP-b-PtBA-b-PS] BBCP (Figure S15; steps a-c) and 

cellulose-g-[P4VP-b-PtBA-b-PEG] BBCP (Figure S16; step d) with linear 

amphiphilic P4VP-b-PtBA-b-PS and P4VP-b-PtBA-b-PEG triblock copolymers 

as side chains, respectively 

 

Synthesis of amphiphilic cellulose-g-[P4VP-b-PtBA-b-PS] and 

cellulose-g-[P4VP-b-PtBA-b-PEG] BBCPs with linear P4VP-b-PtBA-b-PS and 

P4VP-b-PtBA-b-PEG triblock copolymers as grafted side chains, respectively, was 

carried out using the same cellulose-Br macroinitiators and the same preparation 

procedures as cellulose-g-[PAA-b-PS] and cellulose-g-[PAA-b-PEG]. That is, 

sequential ATRP (for cellulose-g-[P4VP-b-PtBA-b-PS]) and a combination of 

sequential ATRP with click reaction (for cellulose-g-[P4VP-b-PtBA-b-PEG]) were 

employed.  

 



26 
 

(a) Synthesis of cellulose-g-P4VP bottlebrush-like polymer by ATRP using 

cellulose-Br macroinitiator 

 

Cellulose-Br was used as a macroinitiator for ATRP of 4VP monomers. Briefly, 

an ampoule was loaded with cellulose-Br, CuBr, Me6-TREN, 4VP and 2-propanol 

(solvent). It was then degassed by three freeze-pump-thaw cycles in liquid nitrogen 

and immersed into an oil bath at 50°C. The molar ratio of –Br in cellulose-Br, CuBr, 

Me6-TREN and 4VP was 1: 2: 2: 1000. The volume of 2-propanol was twice that of 

the 4VP monomer. The polymerization reaction was stopped by dipping the reaction 

system into ice/water bath at a desired time. The crude solution was diluted with 

2-propanol and passed through a neutral alumina column to remove the catalyst. The 

final solution was concentrated under vacuum and precipitated in cold hexane. The 

final product was purified by dissolution/precipitation twice with 2-propanol and cold 

hexane, and then dried in a vacuum oven at 60°C for 2 days. 

 

 

(b) Synthesis of cellulose-g-[P4VP-b-PtBA] BBCP utilizing cellulose-g-P4VP 

bottlebrush-like polymer as an ATRP macroinitiator 

 

Similar to the synthesis of cellulose-g-[PtBA-b-PS] by sequential ATRP, the 

polymerization of the second monomer tBA was carried out in an ampoule. The 

polymerization solution (the molar ratio of tBA : Br of cellulose-g-P4VP : CuBr : 

Me6-TREN = 1000 : 1 : 2 : 2) in methyl ethyl ketone (1 ml tBA in 2 ml solvent) were 

degassed by three freeze-pump-thaw cycles in liquid nitrogen. The polymerization 

was conducted at 60 
o
C for a desired time. The crude mixture was diluted with THF, 

and then passed through a neutral alumina column to remove the catalyst. The final 

cellulose-g-[P4VP-b-PtBA] BBCP was precipitated in an excess of cold methanol, 

and then dried under vacuum at 60 
o
C for 12 h. 

 

 

(c) Synthesis of cellulose-g-[P4VP-b-PtBA-b-PS] BBCP by ATRP using 
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cellulose-g-[P4VP-b-PtBA] as macroinitiator 

 

In a typical process, cellulose-g-[P4VP-b-PtBA] macroinitiator, styrene monomer, 

CuBr, Me6-TREN, and anisole as solvent were added to an ampoule and then 

degassed by three freeze-pump-thaw cycles. The molar ratio of styrene, 

bromoisobutyryl groups on cellulose-g-[P4VP-b-PtBA], CuBr, Me6-TREN was 1000: 

1: 2: 2, and the concentration of styrene monomers in anisole was 1 g St monomer per 

2 mL anisole. The sealed ampoule was then immersed in an oil bath at 90 °C. After a 

certain time, the ampoule was dipped into ice/water bath to stop the polymerization. 

The mixture solution was then diluted with THF and passed through a column of 

neutral alumina to remove the catalyst. The final polymers 

(cellulose-g-[P4VP-b-PtBA-b-PS] BBCP; Figure 1b, Figure S15 and Table S4) were 

precipitated with an excess of cold methanol, filtered, and dried under vacuum at 60 

o
C for 1 day.  

 

 

Table S4. Summary of cellulose-g-[P4VP-b-PtBA-b-PS] BBCPs. 

Cellulose-Br(a) 

in Table S1 
BBCPs 

Length 

(nm) (b) 

Mn,P4VP 
 

(g/mol) 

(c) 

Diameter 

of core 

(nm) (d) 

Mn,PtBA
  

(g/mol) 

(e) 

Thickness 

of shell 

(nm) (f) 

Mn,PS(g/mol) 

(g) 
PDI(h) 

Sample-2 
Sample-2A ~98 7.8K ~10 8.4K ~3 8K 1.15 

Sample-2B ~98 7.8K ~10 11.6K ~5 13.2K 1.18 

Sample-3 Sample-3A ~206 8.2K ~10 11.9K ~6 12.5K 1.12 

Sample-4 Sample-4A ~414 21.5K ~22 49.5K ~23 32.2K 1.09 

 

(a)
Different cellulose-Br macroinitiators (see Table S1).

 (b)
Length (L) of 

corresponding inorganic nanorods or nanowires.
 (c)

Number-average molecular weight 

of each inner P4VP block in calculated from 
1
H NMR data.

 (d)
Diameter (D) of 

corresponding inorganic nanorods or nanowires. 
(e)

Number-average molecular weight 

of each intermediate PtBA block calculated from 
1
H NMR data.

 (f)
Thickness (t) of 

shell of corresponding inorganic core/shell nanorods or nanowires. 
(g)

Mn of each outer 

PS block calculated from 
1
H NMR data. 

(h)
 PDI determined by GPC.  
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Figure S15. Schematic representation of the synthesis of 

cellulose-g-[P4VP-b-PtBA-b-PS] BBCP and its use as a cylindrical nanoreactor for 

the preparation of PS-tethered (i.e., organic solvent-soluble) core/shell nanorods. 

 

 

(d) Synthesis of cellulose-g-[P4VP-b-PtBA-b-PEG] BBCP via a combination of 

sequential ATRP with click reaction 

 

Similar to the synthesis of cellulose-g-[PtBA-b-PEG] BBCP, a series of 

cellulose-g-[P4VP-b-PtBA-b-PEG] BBCPs (Figure S16 and Table S5) with different 

molecular weights were also synthesized via a combination of sequential ATRP and 

click reaction. 
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Table S5. Summary of cellulose-g-[P4VP-b-PtBA-b-PEG] BBCPs.  

Cellulose-Br(a) 

in Table S1 
BBCPs 

Length 

(nm) (b) 

Mn,P4VP 
 

(g/mol) 

(c) 

Diameter of 

core (nm) (d) 

Mn,PtBA
  

(g/mol) 

(e) 

Thickness of 

shell (nm) (f) 

Mn,PEG
  

(g/mol) 
PDI(g) 

Sample-2 
Sample-2A ~98 7.8K ~10 8.4K ~3 5K 1.19 

Sample-2B ~98 7.8K ~10 11.6K ~5 10K 1.14 

Sample-3 Sample-3A ~206 8.2K ~10 11.9K ~6 10K 1.16 

Sample-4 Sample-4A ~414 21.5K ~22 49.5K ~23 10K 1.15 

 

(a)
Different cellulose-Br macroinitiators (see Table S1).

 (b)
Length (L) of 

corresponding inorganic nanorods or nanowires.
 (c)

Number-average molecular weight 

of each inner P4VP block in calculated from 
1
H NMR data.

 (d)
Diameter (D) of 

corresponding inorganic nanorods or nanowires. 
(e)

Number-average molecular weight 

of each intermediate PtBA block calculated from 
1
H NMR data.

 (f)
Thickness (t) of 

shell of corresponding inorganic core/shell nanorods or nanowires. 
(g)

 PDI determined 

by GPC.  

 

 

 

Figure S16. Schematic representation of the synthesis of 

cellulose-g-[P4VP-b-PtBA-b-PEG] BBCP and its use as a cylindrical nanoreactor for 

the preparation of PEG-tethered (water-soluble) core/shell 1D nanorods. 
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3. Synthesis of amphiphilic cellulose-g-[PS-b-PAA-b-PS] BBCP (Figure S17, 

steps a-d) and cellulose-g-[PS-b-PAA-b-PEG] BBCP (Figure S18, step e) 

Similar to the synthesis of cellulose-g-[PAA-b-PS], cellulose-g-[PAA-b-PEG], 

cellulose-g-[P4VP-b-PtBA-b-PS] and cellulose-g-[P4VP-b-PtBA-b-PEG] BBCPs, 

amphiphilic cellulose-g-[PS-b-PAA-b-PS] and cellulose-g-[PS-b-PAA-b-PEG] 

BBCPs were also prepared by sequential ATRP and a combination of sequential 

ATRP with click reaction, respectively. 

 

(a) Synthesis of cellulose-g-PS bottlebrush-like polymer with PS as side chains 

 

A series of cellulose-Br with different molecular weights were used as 

macroinitiators. An ampoule filled with CuBr, PMDETA, cellulose-Br, and St 

monomer was degassed by three freeze-thaw-cycles in liquid nitrogen, then sealed 

and placed in an oil bath at 90°C.  The polymerization was terminated by placing the 

reaction ampoule into an ice/water bath after different desired reaction times. The 

solution was diluted with CH2Cl2 and then passed through a neutral alumina column 

to remove the catalyst, and precipitated in an excess of cold methanol. After filtration, 

the final product was purified by dissolution-precipitation twice with CH2Cl2 and cold 

methanol, and then dried in vacuum at 60°C for 1 day. 

 

(b) Synthesis of cellulose-g-[PS-b-PtBA] BBCP with PS-b-PtBA diblock 

copolymers as side chains 

 

Cellulose-g-PS synthesized in (a) was used as a macroinitiator. The reaction 

mixture containing cellulose-g-PS macroinitiator, tBA monomer, CuBr, PMDETA 

and methyl ethyl ketone (solvent) was introduced into an ampoule. Then it was 

degassed by three freeze-pump-thaw cycles in liquid nitrogen. The molar ratio of 

bromoisobutyryl groups in cellulose-g-PS : tBA : CuBr : PMDETA was 1 : 1000 : 2: 

2. The volume ratio of methyl ethyl ketone to tBA was 2 : 1. The polymerization 

reaction was carried out at 60 
o
C for a desired reaction time, and then the product was 

dipped into an ice/water bath to stop the reaction. The final solution was then diluted 

with acetone, and passed through a neutral alumina column to remove the catalyst. 

Cellulose-g-[PS-b-PtBA] was precipitated in a mixture of methanol/water (v/v=1/1), 

filtered, and then dried in a vacuum oven at 60 
o
C for 12 h. 
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(c) Synthesis of cellulose-g-[PS-b-PtBA-b-PS] BBCP with PS-b-PtBA-b-PS 

triblock copolymers as side chains 

 

The polymerization reaction was carried out in an ampoule. The reaction mixture 

with the molar ratio of St monomer : bromoisobutyryl groups in 

cellulose-g-[PS-b-PtBA] BBCP : CuBr : PMDETA at 1000 : 1 : 2 : 2 in anisole (1g St 

in 2ml anisole) was degassed by three freeze-pump-thaw cycles in liquid nitrogen, 

and then placed in an oil bath previously maintained at 90°C. After a desired time, the 

polymerization was terminated by immersing the ampoule in ice/water bath. The 

product solution was then diluted with CH2Cl2, and passed through a neutral alumina 

column to remove the catalyst. The final product was precipitated in an excess of cold 

methanol, filtered, and dried under vacuum t at 60 
o
C for 12 h. 

 

 

(d) Synthesis of amphiphilic cellulose-g-[PS-b-PAA-b-PS] BBCP via the 

hydrolysis of the tert-butyl ester groups of the PtBA blocks in 

cellulose-g-[PS-b PtBA-b-PS] BBCP  

 

  In a typical process, cellulose-g-[PS-b-PtBA-b-PS] BBCP (0.5 g) was dissolved 

in 50 mL of CH2Cl2 (solvent), and then 10 ml TFA was added. The reaction solution 

was stirred at room temperature for 24 h. During the hydrolysis process, the resulting 

cellulose-g-[PS-b-PAA-b-PS] BBCP (Figure 1c, Figure S17 and Table S6) was 

gradually precipitated from the solution. The final product was purified by washing 

with CH2Cl2, and then dried under vacuum at 60°C for 12 h. 
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Table S6. Summary of cellulose-g-[PS-b-PAA-b-PS] BBCPs. 

Cellulose-Br(a) 

in Table S1 
BBCPs 

Length 

(nm) (b) 

Mn, PS
 

(g/mol) 

(c) 

Diameter of 

hollow core 

(nm) (d) 

Mn,PAA
(e) 

(g/mol) 

Thickness 

of 

shell(nm) (f) 

Mn,PS
(g) 

(g/mol) 
PDI(h) 

Sample-2 Sapmle-2A ~98 4.8K ~5 5.9K ~5 8K 1.18 

Sample-3 Sapmle-3A ~206 11.2K ~11 6.5K ~6 9K 1.16 

 

(a)
Different cellulose-Br macroinitiators (Table S1).

 (b)
Length (L) of corresponding 

inorganic nanotubes.
 (c)

Number-average molecular weight of each inner PS block 

calculated from 
1
H NMR data.

 (d)
Diameter (D) of hollow interior of corresponding 

inorganic nanotubes.
 (e)

Number-average molecular weight of each intermediate PAA 

block calculated from the molecular weight difference between PtBA blocks (before 

hydrolysis) and PAA blocks (after hydrolysis).
 (f)

Thickness (t) of shell of 

corresponding inorganic nanotubes. 
(g)

Number-average molecular weight of each 

outer PS block calculated from 
1
H NMR data. 

(h)
PDI determined by GPC.  

 

 

Figure S17. Schematic representation of synthesis of cellulose-g-[PS-b-PAA-b-PS] 

BBCP and its use as cylindrical nanoreactor for the preparation of PS-tethered (i.e., 

organic solvent-soluble) nanotubes. 
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(e) Synthesis of cellulose-g-[PS-b-PAA-b-PEG] BBCP 

 

Similar to the synthesis of cellulose-g-[PAA-b-PEG], 

cellulose-g-[PS-b-PtBA-b-PEG] BBCP was also synthesized by a combination of 

sequential ATRP and click reaction. After the hydrolysis of the PtBA blocks in TFA, 

cellulose-g-[PS-b-PAA-b-PEG] BBCP (Figure S18 and Table S7) was obtained.  

 

 

Table S7. Summary of cellulose-g-[PS-b-PAA-b-PEG] BBCP. 

Cellulose-Br(a) 

in Table S1 
BBCPs 

Length 

(nm) (b) 

Mn, PS
 

(g/mol) 

(c) 

Diameter of 

hollow core 

(nm) (d) 

Mn,PAA
(e) 

(g/mol) 

Thickness 

of 

shell(nm) (f) 

Mn,PEG 

(g/mol) 
PDI(g) 

Sample-2 Sapmle-2A ~98 4.8K ~5 5.9K ~5 5K 1.14 

Sample-3 Sapmle-3A ~206 11.2K ~11 6.5K ~6 10K 1.19 

 

(a)
Different cellulose-Br macroinitiators (Table S1).

 (b)
Length (L) of corresponding 

inorganic nanotubes.
 (c)

Number-average molecular weight of each inner PS block 

calculated from 
1
H NMR data.

 (d)
Diameter (D) of hollow interior of corresponding 

inorganic nanotubes.
 (e)

Number-average molecular weight of each intermediate PAA 

block calculated from the molecular weight difference between PtBA blocks (before 

hydrolysis) and PAA blocks (after hydrolysis).
 (f)

Thickness (t) of shell of 

corresponding inorganic nanotubes. 
(g)

PDI determined by GPC.  
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Figure S18. Schematic representation of synthesis of cellulose-g-[PS-b-PAA-b-PEG] 

BBCP and its use as cylindrical nanoreactor for the preparation of PEG-tethered (i.e., 

water-soluble) nanotubes. 
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Section IV 

Detailed experimental conditions and procedures for the synthesis of a large 

variety of 1D nanocrystals with precisely controlled dimension, composition, 

surface chemistry and architecture by capitalizing on cylindrical bottlebrush-like 

block copolymers (BBCPs) as nanoreactors 

 

1. Synthesis of plain nanorods and nanowires 

 

 

 

Figure S19. Schematic of a plain nanorod illustrating the dimension (i.e., diameter, D, 

and length, L). The length of nanorod is dictated by the molecular weight of 

cellulose-Br macroinitiator, and the diameter of nanorod is governed by the molecular 

weight of inner hydrophilic blocks (e.g., PAA blocks in amphiphilic 

cellulose-g-[PAA-b-PS] used as nanoreactor). The outer blocks (e.g., PS blocks; 

referred to as “polymer ligands” in the Schematic) impart the solubility of nanorods 

(e.g., organic solvent-soluble). 

 

 

(1) Synthesis of plain nanorods and nanowires tethered with PS (i.e., organic 

solvent-soluble) by capitalizing on amphiphilic cylindrical 

cellulose-g-[PAA-b-PS] BBCP (i.e., samples in Table S2) as a nanoreactor 

(Figure 1a and Figure S7) 

 

(a) Organic solvent-soluble metallic nanorods 

 

(a1) Synthesis of organic solvent-soluble metallic Au nanorods with different 

diameters and lengths (Figure S20) 
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10 mg of cylindrical cellulose-g-[PAA-b-PS] template was dissolved in 10 mL of 

DMF at room temperature, followed by the addition of an appropriate amount of 

precursors (HAuCl4·3H2O with tert-butylamine-borane complex (TBAB) as reducer) 

that were selectively incorporated in the space occupied by inner PAA blocks. The 

molar ratio of acrylic acid (AA) units in PAA blocks to precursors was set at 1:10 in 

order to maximize the loading of precursors into the PAA compartment noted above. 

The mixture solution was stirred at room temperature under argon for 1h to ensure 

that all precursors were well dissolved in DMF. The reaction was then carried out at 

60 
o
C for 2 h. 

 

 

 

Figure S20. TEM images of Au nanorods (length, L = 98±8 nm; diameter, D = 

10.4±0.6 nm) tethered with PS synthesized using cylindrical cellulose-g-[PAA-b-PS] 

(Samaple-2A in Table S2) as nanoreactor. 

 

 

(a2) Synthesis of organic solvent-soluble metallic Pt nanorods with different 

lengths and diameters (Figure S21) 

10 mg of cylindrical cellulose-g-[PAA-b-PS] template was dissolved in 10 mL of 

DMF at room temperature, followed by the addition of an appropriate amount of 

precursor H2PtCl6.6H2O that was selectively incorporated into the space occupied by 

inner PAA blocks. Ethylene glycol (EG) was used as reducer. The molar ratio of 

acrylic acid (AA) units in PAA blocks to precursors was set at 1:10 in order to 

maximize the loading of precursors into the PAA compartment noted above. The 

mixture solution was stirred at room temperature under argon for 1h to ensure that all 
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precursors were well dissolved in DMF. The reaction mixture was then heated and 

refluxed under argon for 2h. 

 

 

 

Figure S21. TEM and HRTEM images of Pt nanorods (L = 209±18 nm, D = 20.8±1.6 

nm) tethered with PS synthesized using cylindrical cellulose-g-[PAA-b-PS] 

(Samaple-3B in Table S2) as a nanoreactor. Inset: digital image of Pt nanorods 

toluene solution (left). 

 

 

(b) Organic solvent-soluble upconversion nanorods 

 

(b1) Synthesis of rare-earth precursor (RE (CF3COO)3)
12, 13

 

Rare-earth trifluoroacetates were prepared by reacting Y2O3, Yb2O3, Er2O3 

and Tm2O3 with excess trifluoroacetic acid (TFA), respectively. RE2O3 (RE = Y, Yb, 

Er, and Tm) samples were added into a mixed solvent containing TFA and DI water 

(1:1, V/V). The mixture was then refluxed at 85 
o
C. After reaction for 1 h, the 

corresponding precursor solution became clear. The mixture was allowed to stay 

overnight. The impurity was filtered and the filtrate was dried under vacuum to 

completely remove solvent and the excess TFA. The purification process was carried 

out by recrystallization from DI water, and then completely dried in vacuum oven at 

60 
o
C for 1 day. 
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(b2) Synthesis of organic solvent-soluble upconversion NaYF4:Yb/Er (18%/2%) 

nanorods (Figures S22 and S23) 

 

For the synthesis of plain upconversion NaYF4:Yb/Er nanorods, 10 mg of 

cellulose-g-[PAA-b-PS] template was dissolved in 10 mL of DMF at room 

temperature, followed by the addition of an appropriate amount of precursors (i.e., 

Na(CF3COO), Y(CF3COO)3, Yb(CF3COO)3 and Er(CF3COO)3) that were selectively 

encapsulated within the space occupied by inner PAA blocks. The molar ratio of 

acrylic acid (AA) units in PAA blocks to precursors was set at 1:10 in order to 

maximize the loading of precursors into the PAA compartment noted above. The 

mixture solution was stirred for 1h under argon to ensure that all precursors were well 

dissolved in DMF. The reaction system was then slowly heated to the boiling point of 

DMF and refluxed for 2h. In order to synthesize a highly crystalline hexagonal phase 

of nanorod, the resulting solution and additional quantitative amount of CF3COONa 

were then transferred to a 20 mL Teflon-lined autoclave, stirred and heated at 200
o
C 

for 2h. 

 

 

 

 

Figure S22. TEM image of upconversion NaYF4:Yb/Er nanorods (L =97±9 nm, D = 

9.8±0.5 nm) tethered with PS synthesized using cylindrical cellulose-g-[PAA-b-PS] 

(Samaple-2A in Table S2) as a nanoreactor.  
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Figure S23. Digital images of upconversion NaYF4:Yb/Er nanorods in dry state (i.e., 

power form) before (upper left and central panels) and after (upper right and all lower 

panels) exposure to a 2W 980-nm near-infrared laser, respectively. 

 

 

(b3) Synthesis of organic solvent-soluble upconversion NaYF4:Yb/Tm 

(30%/0.5%) nanorods (Figures S24 and S25) 

For the synthesis of plain upconversion NaYF4:Yb/Tm nanorods, 10 mg of 

cellulose-g-[PAA-b-PS] template was dissolved in 10 mL of DMF at room 

temperature, followed by the addition of an appropriate amount of precursors 

(Na(CF3COO), Y(CF3COO)3, Yb(CF3COO)3 and Tm(CF3COO)3) that were 

preferentially incorporated into the space occupied by inner PAA blocks. The molar 

ratio of acrylic acid (AA) units in PAA blocks to precursors was set at 1:10 in order to 

maximize the loading of precursors into the PAA compartment noted above. The 

mixture solution was stirred for 1h under argon to ensure that all precursors were well 

dissolved in DMF. The reaction system was then slowly heated to the boiling point of 

DMF and refluxed for 2h. In order to synthesize a highly crystalline hexagonal phase, 

the resulting solution and additional quantitative amount of CF3COONa were then 

transferred to a 20 mL Teflon-lined autoclave, stirred and heated at 200
o
C for 2h. 
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Figure S24. TEM image of upconversion NaYF4:Yb/Tm nanorods (L = 103±7 nm, D 

=10.4±0.5 nm) tethered with PS synthesized using cylindrical cellulose-g-[PAA-b-PS] 

(Samaple-2A in Table S2) as nanoreactor.  

 

 

 

Figure S25. Digital images of upconversion NaYF4:Yb/Tm nanorods in the dry state 

(upper two panels and lower left panel) and toluene solution (lower right panel) 

before (upper left panel) and after (upper right panel and lower two panels) exposure 

to a 2W 980-nm near-infrared laser, respectively. 
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(c) Organic solvent-soluble ferroelectric BaTiO3 nanorods (Figure S26)  

 

In a typical process, 10 mg of cellulose-g-[PAA-b-PS] template was dissolved in 

10 mL of DMF at room temperature, followed by the addition of an appropriate 

amount of precursors (BaCl2·2H2O + TiCl4 + NaOH) that selectively entered the 

space occupied by inner PAA blocks. The molar ratio of acrylic acid (AA) units in 

PAA blocks to precursors was set at 1:10 in order to maximize the loading of 

precursors into the PAA compartment noted above. The mixture was stirred for 1h 

under argon to ensure that all precursors were well dissolved in DMF. The reaction 

system was then slowly heated to the boiling point of DMF and refluxed for 2h. In 

order to synthesize highly crystalline BaTiO3 nanorods, the resulting solution was 

transferred into a 20 mL Teflon-lined autoclave and heated at 200
o
C for 2h. 

 

 

 

Figure S26. TEM images of ferroelectric BaTiO3 nanorods (L = 51±6 nm, D = 

10.8±0.7 nm) tethered with PS at different magnifications (i.e., scale bars). They were 

synthesized using cylindrical cellulose-g-[PAA-b-PS] (Samaple-1A in Table S2) as a 
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nanoreactor.  

(d) Organic solvent-soluble semiconducting CdSe nanorods 

 

(d1) Preparation of NaHSe
14, 15

 

 

NaHSe was prepared by reacting sodium borohydride and selenium powder in DI 

water. In a typical process, 1 mmol of selenium powder was introduced into 50 mL of 

DI water in a three-neck flask. After that, 3 mmol of NaBH4 was added into the 

reaction system under argon. The reaction was then carried out at room temperature 

for 8h under argon. After that, the solvent was removed by vacuum, and NaHSe was 

re-dispersed in dry DMF to yield the NaHSe DMF solution. 

 

(d2) Synthesis of organic solvent-soluble CdSe nanorods (Figure S27) 

 

In a typical process, 10 mg of cellulose-g-[PAA-b-PS] template was dissolved in 

10 mL of DMF at room temperature, followed by the addition of an appropriate 

amount of precursor Cd(acac)2 that was selectively incorporated in the space occupied 

by inner PAA blocks. The molar ratio of acrylic acid (AA) units in PAA blocks to 

precursors was set at 1:10 in order to maximize the loading of precursors into the 

PAA compartment noted above. Subsequently, an equimolar amount of 

freshly-prepared NaHSe DMF solution was added dropwise at room temperature, and 

The mixture was stirred for 1h under argon to ensure that all precursors were well 

dissolved in DMF. The reaction system was then slowly heated to the boiling point of 

DMF and refluxed for 2h.  
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Figure S27. TEM images of semiconducting CdSe nanorods (L = 98±9 nm, D = 

10.1±0.7 nm) tethered with PS at different magnifications (i.e., scale bars). They were 

synthesized using cylindrical cellulose-g-[PAA-b-PS] (Samaple-2A in Table S2) as 

nanoreactor.  
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(e) Organic solvent-soluble thermoelectric PbTe nanorods 

 

(e1) Preparation of the precursor system 

Prior to the synthesis of thermoelectric PbTe nanorods, their precursors were first 

prepared. In a typical synthetic process, tellurium powder was dispersed into DI water 

under argon, NaBH4 (the molar ratio of NaBH4 to Te powder was 3 : 1) was slowly 

introduced into the reaction solution at room temperature. The reaction solution was 

stirred to form NaHTe at room temperature under argon for 8 h. After that, an 

equimolar amount of PbCO3 was added into the reaction solution. After stirring for 1 

h, the resulting mixture was obtained by adding the excess cold methanol and 

centrifuging. 

 

(e2) Synthesis of organic solvent-soluble thermoelectric PbTe nanorods (Figure 

S28) 

  

For the synthesis of PbTe nanorods, 10 mg of cellulose-g-[PAA-b-PS] template 

was dissolved in 10 mL of DMF at room temperature, followed by the addition of an 

appropriate amount of precursors (NaHTe and PbCO3) that were selectively 

encapsulated into the space occupied by inner PAA blocks. The molar ratio of acrylic 

acid (AA) units in PAA blocks to precursors was 1:10 in order to maximize the 

incorporating of precursors into the PAA compartment noted above. The mixture was 

stirred under argon for 1h to ensure that all precursors were well dissolved in DMF. 

The reaction system was then slowly heated to the boiling point of DMF and refluxed 

for 2h.  
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Figure S28. TEM images of thermoelectric PbTe nanorods tethered with PS (L = 

102±10 nm, D = 9.9±0.6 nm) tethered with PS at different magnifications (i.e., scale 

bars). They were synthesized using cylindrical cellulose-g-[PAA-b-PS] (Samaple-2A 

in Table S2) as a nanoreactor. The digital image of PbTe nanorods toluene solution 

and HRTEM image illustrating the crystalline lattices of PbTe nanorod are shown as 

insets in right panels (fourth row) and left panels (fifth row), respectively. 

 

 

(f) Organic solvent-soluble magnetic Fe3O4 nanorods and nanowires (Figure S29) 

 

Synthesis of magnetic Fe3O4 nanorods and nanowires tethered with PS was 

described as follows. 10 mg of cellulose-g-[PAA-b-PS] template was dissolved in 10 

mL of DMF at room temperature, followed by the addition of an appropriate amount 

of precursors (FeCl2·4H2O+FeCl3·6H2O+NH3.H2O as the precursor system) that were 

preferentially incorporated in the space occupied by inner PAA blocks. The molar 

ratio of acrylic acid (AA) units in PAA blocks to precursors was set at 1:10 in order to 

maximize the loading of precursors into the PAA compartment noted above. The 

synthesis reaction was carried out at 50
o
C for 30 min. The black mixture was then 

aged at 80°C for 1 h for improving the crystallization of the resulting nanorods 

and nanowires. 
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Figure S29. TEM images of magnetic Fe3O4 nanorods (L = 52±6 nm, D = 11.2±0.7 

nm) tethered with PS synthesized using cylindrical cellulose-g-[PAA-b-PS] 

(Samaple-1A in Table S2) as nanoreactor.  

 

 

We note that the aspect ratio of spherical nanoparticles is 1. According to the 

literature,
16

 nanorods are defined as follows: a diameter of ~1-100 nm with the aspect 

ratio (the ratio of the length to diameter) larger than 1 but less than 20. For an aspect 

ratio larger than 20, it is referred to as nanowire. In the present work, we not only 

synthesized magnetic Fe3O4 nanorods (aspect ratio = ~5; Figure S29), but also 

produced magnetic Fe3O4 nanowires (aspect ratios = ~20 and ~90; Figure 3). 

 

(2) Synthesis of plain nanorods and nanowires tethered with PEG (i.e., 

water-soluble) by capitalizing on double hydrophilic cylindrical 
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cellulose-g-[PAA-b-PEG] BBCP (i.e., samples in Table S3) as nanoreactor 

(Figure S14) 

 

(a) Water-soluble metallic Au nanorods with different diameters and lengths 

(Figures S30 and S31) 

 

10 mg of cellulose-g-[PAA-b-PEG] template was dissolved in 10 mL of DMF at 

room temperature, followed by the addition of an appropriate amount of precursors 

(HAuCl4·3H2O with tert-butylamine-borane complex (TBAB) as reducer) that were 

selectively incorporated into the space occupied by inner PAA blocks. The molar ratio 

of acrylic acid (AA) units in the PAA blocks was set at 1:10 in order to maximize the 

loading of precursors into the PAA compartment noted above. The mixture was 

stirred at room temperature under argon for 1h to ensure that all precursors were well 

dissolved in DMF. The reaction was carried out at 60 
o
C for 2 h. 
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Figure S30. TEM (first and second rows) and HRTEM (third row) images of Au 

nanorods (L = 97±11 nm, D = 10.5±0.5nm) tethered with PEG at different 

magnifications (i.e., scale bars). They were synthesized using cylindrical 

cellulose-g-[PAA-b-PEG] (Samaple-2A in Table S3) as a nanoreactor. The digital 

image of Au nanorods water solution is shown as inset in right panels (second row). 
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Figure S31. TEM image of Au nanorods (L = 49±5 nm, D = 9.5±0.7 nm) tethered 

with PEG synthesized using cylindrical cellulose-g-[PAA-b-PEG] (Samaple-1A in 

Table S3) as a nanoreactor. The digital image of Au nanorods water solution is shown 

as an inset. 

 

 

(b) Water-soluble upconversion NaYF4:Yb/Er (18%/2%) nanorods (Figure S32) 

 

10 mg of cellulose-g-[PAA-b-PEG] template was dissolved in 10 mL of DMF at 

room temperature, followed by the addition of an appropriate amount of precursors 

(Na(CF3COO), Y(CF3COO)3, Yb(CF3COO)3 and Er(CF3COO)3) that were selectively 

incorporated in the space occupied by the inner PAA blocks. The molar ratio of 

acrylic acid (AA) units in PAA blocks to precursors was set at 1:10 in order to 

maximize the loading of precursors into the PAA compartment noted above. The 

mixture was stirred under argon for 1h to ensure that all precursors were well 

dissolved in DMF. The reaction system was then slowly heated to the boiling point of 

DMF and refluxed for 2h. In order to yield highly crystalline hexagonal of nanorods, 

the resulting solution and additional quantitative amount of CF3COONa were then 

transferred to a 20 mL Teflon-lined autoclave, stirred and heated at 200
o
C for 2h. 
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Figure S32. TEM images of upconversion NaYF4:Yb/Er nanorods (L = 96±8 nm, D = 

10.9±0.6 nm) tethered with PEG at different magnifications (i.e., scale bars). They 

were synthesized using cylindrical cellulose-g-[PAA-b-PEG] (Samaple-2A in Table 

S3) as a nanoreactor. Digital images of upconversion NaYF4:Yb/Er nanorods in dry 

state (i.e., in a film form – deposited on glass substrate) before (upper panel) and after 

(lower panel) exposure to a 2W 980-nm near-infrared laser, respectively (left), and an 

upconversion NaYF4:Yb/Er nanorods toluene solution after exposure to a 2W 980-nm 

near-infrared laser (right). 

 

 

(c) Water-soluble magnetic Fe3O4 nanowires (Figure S33) 

 

10 mg of cellulose-g-[PAA-b-PEG] template was dissolved in 10 mL of DMF at 

room temperature, followed by the addition of an appropriate amount of precursors 

(FeCl2·4H2O+FeCl3·6H2O+NH3.H2O as the precursor system) that were selectively 

encapsulated in the space occupied by the inner PAA blocks. The molar ratio of 

acrylic acid (AA) units in PAA blocks to precursors was set at 1:10 in order to 

maximize the loading of precursors into the PAA compartment noted above. The 

reaction was carried out at 50
o
C for 30 min. The black mixture was then aged at 

80°C for 1 h to improve the crystallization of the resulting nanowires. 
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Figure S33. TEM image (left) of magnetic Fe3O4 nanowires (L = 209±17 nm, D = 

10.5±0.6 nm) tethered with PEG synthesized using cylindrical 

cellulose-g-[PAA-b-PEG] (Samaple-3A in Table S3) as nanoreactor. Digital images 

(right) of Fe3O4 nanowires water solution demonstrating their magnetic properties. 

Fe3O4 nanowires were deposited on the wall of vials (right) in 30 min under the 

influence of magnet bar.  

 

 

2. Synthesis of core/shell nanorods 

 

 

Figure S34. Schematic of a core/shell nanorod illustrating the dimension (i.e., core 

diameter, D; shell thickness, t; and length, L). The length of core/shell nanorod is 

dictated by the molecular weight of the cellulose-Br macroinitiator. The core diameter 

and shell thickness of core/shell nanorod are governed by the molecular weights of 

the inner and outer hydrophilic blocks (e.g., P4VP and PtBA blocks in amphiphilic 

cellulose-g-[P4VP-b-PtBA-b-PS] used as a nanoreactor, where the hydrolysis of PtBA 

yields PAA). The outer blocks (e.g., PS blocks; referred to as “polymer ligands” in the 

Schematic) enable the solubility of core/shell nanorods (e.g., organic solvent-soluble). 



53 
 

(1) Synthesis of core/shell nanorods tethered with PS (i.e., organic 

solvent-soluble) by employing amphiphilic cylindrical 

cellulose-g-[P4VP-b-PtBA-b-PS] BBCP (i.e., samples in Table S4) as a 

nanoreactor (Figure 1b and Figure S15) 

 

(a) Organic solvent-soluble metallic/magnetic Au/Fe3O4 core/shell nanorods  

For synthesis of PS-tethered Au/Fe3O4 core/shell nanorods, 10 mg of 

cellulose-g-[P4VP-b-PtBA-b-PS] template was dissolved in 10 mL of DMF at room 

temperature. The Au core nanorods were first produced by preferentially 

encapsulating its precursors (HAuCl4·3H2O with tert-butylamine-borane complex 

(TBAB) as reducer) in the space occupied by inner P4VP blocks and reacting at 60
o
C 

for 2 h. The molar ratio of 4-vinylpyridine (4VP) units in P4VP blocks to precursors 

was set at 1:10. Subsequently, the PtBA blocks in PtBA-b-PS tethered on the surface 

of Au core nanorod were hydrolyzed into PAA blocks in trifluoroacetic acid (TFA). 

Similar to plain nanorods, the use of PAA blocks templated the formation of a Fe3O4 

shell by incorporating its precursors (i.e., FeCl2·4H2O+FeCl3·6H2O+NH3·H2O), and 

reacting at 50
o
C for 30 min in DMF. The black mixture was then aged at 80°C for 

1 h for improving the crystallization of the resulting Au/Fe3O4 core/shell nanorods.  

 

(b) Organic solvent-soluble magnetic/metallic Fe3O4/Au core/shell nanorods 

(Figure S35) 

For the synthesis of PS-tethered Fe3O4/Au core/shell nanorods, 10 mg of 

cellulose-g-[P4VP-b-PtBA-b-PS] template was dissolved in 10 mL of DMF at room 

temperature, followed by the addition of an appropriate amount of precursors 

(FeCl2·4H2O+FeCl3·6H2O+NH3·H2O as the precursor system) that were selectively 

incorporated into the space occupied by inner P4VP blocks. The molar ratio of 4VP 

units in P4VP blocks to precursors was set at 1:10 in order to maximize the loading of 

precursors into the P4VP compartment noted above. The synthesis reaction was 

carried out at 50
o
C for 30 min. The black mixture was then aged at 80°C for 1 h 

to improve the crystallization of the resulting Fe3O4 core nanorods. Subsequently, 

the PtBA blocks in in PtBA-b-PS tethered on the surface of Fe3O4 core nanorod were 

hydrolyzed into PAA blocks by thermally annealing in phenyl ether at 200 
o
C for 2h. 

After that, the Au shell was prepared by adding an appropriate amount of precursors 

(HAuCl4·3H2O with tert-butylamine-borane complex (TBAB) as reducer) that were 
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preferentially encapsulated in the space occupied by PAA blocks. The molar ratio of 

acrylic acid (AA) units in PAA blocks to precursors was also set at 1:10 in order to 

maximize the loading of precursors into the PAA compartment noted above. The 

stirring was continued at room temperature under argon for 1h. The reaction was then 

carried out at 60 
o
C for 2 h. 

 

 

 

 

Figure S35. TEM (first row) and HRTEM (second row) images of Fe3O4 core 

nanowires (left) tethered with PtBA-b-PS and Fe3O4/Au core/shell nanowires (L = 

198±18 nm, D = 9.6±0.8 nm, and t = 6.3±0.5 nm) tethered with PS synthesized using 

cylindrical cellulose-g-[P4VP-b-PtBA-b-PS] (Samaple-3A in Table S4) as a 

nanoreactor. Digital images (upper right insets) of Fe3O4/Au core/shell nanowires 

toluene solution that demonstrate their magnetic properties. Fe3O4/Au core/shell 

nanowires were deposited on the wall of vials (right) in 1 h under the influence of 

magnet bar.  
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(c) Organic solvent-soluble metallic/semiconducting Au/TiO2 core/shell nanorods 

(Figures S36 and S37) 

 

For the synthesis of PS-tethered Au/TiO2 core/shell nanorods, 10 mg of 

cellulose-g-[P4VP-b-PtBA-b-PS] template was dissolved in 10 mL of DMF at room 

temperature. The Au core nanorods were first produced by encapsulating its 

precursors (HAuCl4·3H2O with tert-butylamine-borane complex (TBAB) as reducer) 

in the space occupied by the inner P4VP blocks and reacting at 60
o
C for 2 h. The 

molar ratio of 4-vinylpyridine (4VP) units in P4VP blocks to precursors was set at 

1:10. Subsequently, the PtBA blocks in PtBA-b-PS tethered on the surface of the Au 

core nanorod were hydrolyzed into PAA blocks in TFA. The semiconducting TiO2 

shell was prepared by the addition of an appropriate amount of titanium(IV) 

tetraisopropoxide (TTIP) precursor that was selectively incorporated into the space 

occupied by the PAA blocks. The molar ratio of acrylic acid (AA) units in PAA 

blocks to precursors was also set to 1:10 in order to maximize the loading of 

precursors into the PAA compartment noted above. The stirring was maintained under 

argon for 1h to ensure that all precursors were well dissolved in DMF. The reaction 

system was then slowly heated to the boiling point of DMF and refluxed for 2h. In 

order to yield highly crystalline Au/TiO2 core/shell nanorods, the resulting solution 

was transferred into a 20 mL Teflon-lined autoclave, stirred and heated again at 200
o
C 

for 2h. 
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Figure S36. TEM images of Au core nanorods (L = 102±9 nm and D = 10.4±0.7 nm) 

tethered with PtBA-b-PS at different magnifications (i.e., scale bars). They were 

synthesized using cylindrical cellulose-g-[P4VP-b-PtBA-b-PS] (Samaple-2B in Table 

S4) as a nanoreactor. 
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Figure S37. TEM and HRTEM (right panel; fifth row) images of Au/TiO2 core/shell 

nanorods (L = 102±9 nm, D = 10.4±0.7 nm, and t = 5.2±0.5 nm) tethered with PS at 

different magnifications (i.e., scale bars). They were synthesized using cylindrical 

cellulose-g-[P4VP-b-PtBA-b-PS] (Samaple-2B in Table S4) as a nanoreactor.  

 

 

 

(2) Synthesis of core/shell nanorods tethered with PEG (i.e., water-soluble) by  

employing amphiphilic cylindrical cellulose-g-[P4VP-b-PtBA-b-PEG] BBCP 

(i.e., samples in Table S5) as a nanoreactor (Figure 1b and Figure S16) 

 

(a) Water-soluble metallic/semiconducting Au/TiO2 core/shell nanorods (Figures 

S38 and S39) 

 

For synthesis PEG-tethered Au/TiO2 core/shell nanorods, 10 mg of 

cellulose-g-[P4VP-b-PtBA-b-PEG] template was dissolved in 10 mL of DMF at room 

temperature. The Au core nanorods were first synthesized by sequestering its 

precursors (HAuCl4·3H2O with tert-butylamine-borane complex (TBAB) as reducer) 

in the space occupied by the inner P4VP blocks and reacting at 60
o
C for 2 h. Similarly, 

the molar ratio of 4-vinylpyridine (4VP) unit in P4VP blocks to precursors was 1:10. 

Subsequently, the PtBA blocks in PtBA-b-PS tethered on the surface of Au core 

nanorod were hydrolyzed into PAA blocks in TFA. The semiconducting TiO2 shell 

was then prepared by the addition of an appropriate amount of precursors TTIP that 

were selectively encapsulated into the space occupied by the PAA blocks. The molar 

ratio of acrylic acid (AA) units in PAA blocks to precursors was also set at 1:10 in 

order to maximize the loading of precursors into the PAA compartment noted above. 

The stirring was continued under argon for 1h to ensure that all precursors were well 

dissolved in DMF. The reaction system was then slowly heated to the boiling point of 

DMF and refluxed for 2h. In order to synthesize highly crystalline Au/TiO2 core/shell 

nanorods. The resulting solution was transferred into a 20 mL Teflon-lined autoclave, 

stirred and heated again at 200
o
C for 2h. 
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Figure S38. TEM images of Au core nanorods (L = 396±40 nm and D = 21.6±1.6 nm) 

caped with PtBA-b-PEG at different magnifications (i.e., scale bars). They were 

synthesized using cylindrical cellulose-g-[P4VP-b-PtBA-b-PEG] (Samaple-4A in 

Table S5) as a nanoreactor. The presence of irregular nanoparticles was resulted from 

the excess amount of Au precursors. 

 

 

 

Figure S39. TEM images of Au/TiO2 core/shell nanorods (L = 396±40 nm and D = 

21.6±1.6 nm, and t = 22.8±1.8 nm) tethered with PEG at different magnifications (i.e., 

scale bars). They were synthesized using cylindrical 

cellulose-g-[P4VP-b-PtBA-b-PEG] (Samaple-2B in Table S4) as a nanoreactor.  
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(b) Water-soluble metallic/upconversion Au/NaYF4:Yb/Er core/shell nanorods 

(Figure S40) 

 

For the synthesis of PEG-tethered Au/NaYF4:Yb/Er core/shell nanorods, 10 mg 

of cellulose-g-[P4VP-b-PtBA-b-PEG] template was dissolved in 10 mL DMF at room 

temperature. The Au core nanorods were first formed by encapsulating its precursors 

(HAuCl4·3H2O with tert-butylamine-borane complex (TBAB) as reducer) in the space 

occupied by the inner P4VP blocks and reacting at 60
o
C for 2 h. Similarly, the molar 

ratio of 4-vinylpyridine (4VP) units in P4VP blocks to precursors was 1:10. 

Subsequently, the PtBA blocks in PtBA-b-PS tethered on the surface of Au core 

nanorods were hydrolyzed into PAA blocks in TFA. The upconversion NaYF4:Yb/Er 

shell was then formed by the addition of an appropriate amount of precursors 

(Na(CF3COO), Y(CF3COO)3, Yb(CF3COO)3 and Er(CF3COO)3) that selectively 

entered into the space occupied by the PAA blocks. The molar ratio of acrylic acid 

(AA) units in PAA blocks to precursors was also set at 1:10 in order to maximize the 

loading of precursors into the PAA compartment noted above. The mixture was 

stirred under argon for 1h to ensure that all precursors were well dissolved in DMF. 

The reaction system was then slowly heated to the boiling point of DMF and refluxed 

for 2h. In order to yield highly crystalline hexagonal phase of upconversion 

NaYF4:Yb/Er nanorods, the resulting solution and an additional quantitative amount 

of CF3COONa were then transferred to a 20 mL Teflon-lined autoclave, stirred and 

heated at 200
o
C for 2h. 
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Figure S40. TEM images of Au/NaYF4:Yb/Er core/shell nanorods (L = 102±9 nm, D 

= 10.4±0.7 nm, t = 5.4±0.6 nm) tethered with PEG at different magnifications (i.e., 

scale bars). They were synthesized using cylindrical 

cellulose-g-[P4VP-b-PtBA-b-PEG] (Samaple-2B in Table S4) as a nanoreactor. 

Digital images of Au/NaYF4:Yb/Er core/shell nanorods water solution before (left) 

and after (right) exposure to a 2W 980-nm near-infrared laser, respectively. 
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3. Synthesis of nanotubes 

 

 

Figure S41. Schematic of a nanotube (i.e., hollow nanorod) illustrating the dimension 

(i.e., diameter of hollow interior, D; shell thickness, t; and length, L). The length of 

the nanotube is dictated by the molecular weight of cellulose-Br macroinitiator. The 

diameter of the hollow interior and the shell thickness are governed by the molecular 

weights of the inner hydrophobic and intermediate hydrophilic blocks (e.g., PS and 

PAA blocks in amphiphilic cellulose-g-[PS-b-PAA-b-PS] used as a nanoreactor 

(where the hydrolysis of PtBA yields PAA). The outer blocks (e.g., PS blocks; 

referred to as “polymer ligands” in the Schematic) enable the solubility of the 

nanotube (e.g., organic solvent-soluble). 

 

 

(1) Synthesis of nanotubes tethered with PS (i.e., organic solvent-soluble) by 

utilizing amphiphilic cylindrical cellulose-g-[PS-b-PAA-b-PS] BBCP (i.e., 

samples in Table S6) as a nanoreactor (Figure 1c and Figure S17) 

 

(a) Organic solvent-soluble metallic Au nanotubes  

 

For the synthesis of PS-tethered Au nanotubes, 10 mg of 

cellulose-g-[PS-b-PAA-b-PS] template was dissolved in 10 mL of DMF at room 

temperature. Similarly, the precursor (HAuCl4·3H2O with TBAB used as reducer) 

was added into the template solution. The molar ratio of acrylic acid (AA) units in the 

intermediate PAA blocks to precursors was set at 1:10 in order to maximize the 

incorporation of precursors in the space occupied by PAA blocks. The mixture was 
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stirred under argon for 1h to ensure that all precursors were well dissolved in DMF. 

The reaction solution was then slowly heated to 60
o
C for 2 h.  

 

(b) Organic solvent-soluble upconversion NaYF4:Yb/Er (18%/2%) nanotubes  

(Figures S42 and S43) 

For the synthesis of PS-tethered upconversion NaYF4:Yb/Er nanotubes, 10 mg of 

cellulose-g-[PS-b-PAA-b-PS] template was dissolved in 10 mL of DMF at room 

temperature, followed by the addition of an appropriate amount of precursors 

(Na(CF3COO), Y(CF3COO)3, Yb(CF3COO)3 and Er(CF3COO)3) that were selectively 

incorporated in the space occupied by the intermediate PAA blocks. The molar ratio 

of acrylic acid (AA) units in PAA blocks to precursors was 1:10 in order to maximize 

the loading of precursors into the PAA compartment noted above. The mixture was 

stirred under argon for 1h to ensure that all precursors were well dissolved in DMF. 

The reaction system was then slowly heated to the boiling point of DMF and refluxed 

for 2h. In order to produce highly crystalline hexagonal phase of upconversion 

NaYF4:Yb/Er nanotubes, the resulting solution and an additional quantitative amount 

of CF3COONa were then transferred to a 20 mL Teflon-lined autoclave, stirred and 

heated at 200
o
C for 2h. 

 

 

 

Figure S42. TEM images of upconversion NaYF4:Yb/Er nanotubes (L = 208±22 nm, 

D of hollow interior = 10.5±0.8 nm, and t of shell thickness = 5.5±0.5 nm) tethered 

with PS synthesized using cylindrical cellulose-g-[PS-b-PAA-b-PS] (Samaple-3A in 

Table S6) as a nanoreactor.  
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Figure S43. Digital images of upconversion NaYF4:Yb/Er nanotubes tethered with 

PS synthesized using cylindrical cellulose-g-[PS-b-PAA-b-PS] (Samaple-3A in Table 

S6) as a nanoreactor (upper panels: toluene solution; lower panels: solid powder) 

before (left panels) and after (right panels) exposure to a 2W 980-nm near-infrared 

laser, respectively. 

 

 

(c) Organic solvent-soluble semiconducting TiO2 nanotubes (Figure S44) 

 

For synthesis of PS-tethered semiconducting TiO2 nanotubes, 10 mg of 

cellulose-g-[PS-b-PAA-b-PS] template was dissolved in 10 mL of DMF at room 

temperature, followed by the addition of an appropriate amount of TTIP precursor 

that was selectively incorporated into the space occupied by the intermediate PAA 

blocks. The molar ratio of acrylic acid (AA) units in PAA blocks to precursors was set 

at 1:10 in order to maximize the loading of precursors into the PAA compartment 

noted above. The mixture solution was stirred under argon for 1h to ensure that all 
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precursors were well dissolved in DMF. The reaction system was then slowly heated 

to the boiling point of DMF and refluxed for 2h. In order to produce highly crystalline 

TiO2 nanotubes, the resulting solution was transferred into a 20 mL Teflon-lined 

autoclave, stirred and heated again at 200
o
C for 2h. 

 

 

 

 

Figure S44. TEM images of TiO2 nanotubes (L = 108±10 nm, D of hollow interior = 

5.5±0.5 nm, and t of shell thickness = 5.6±0.6 nm) tethered with PS at different 

magnifications. They were synthesized using cylindrical cellulose-g-[PS-b-PAA-b-PS] 

(Samaple-2A in Table S6) as nanoreactor.  
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(2) Synthesis of nanotubes tethered with PEG (i.e., water-soluble) by utilizing 

amphiphilic cylindrical cellulose-g-[PS-b-PAA-b-PEG] BBCP (i.e., samples in 

Table S7) as a nanoreactor (Figure S18) 

 

(a) Water-soluble metallic Au nanotubes (Figure S45) 

 

For synthesis of PEG-tethered Au nanotubes, 10 mg of 

cellulose-g-[PS-b-PAA-b-PEG] template was dissolved in 10 mL of DMF at room 

temperature. Similarly, the precursor (HAuCl4·3H2O with TBAB used as a reducer) 

was added into the template solution. The molar ratio of acrylic acid (AA) units in the 

intermediate PAA template phase to precursors was 1:10 for maximizing the 

incorporating of precursors into PAA template domains. The stirring was maintained 

for 1h under argon to ensure that all the precursors were well dissolved in DMF 

solvent. The reaction solution was then slowly heated to 60
o
C for 2 h.  
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Figure S45. TEM (first and second rows) and HRTEM (third row) images of Au 

nanotubes (L = 106±11 nm, D of hollow interior = 5.1±0.6 nm, and t of shell 

thickness = 5.3±0.5 nm) tethered with PEG at different magnifications. They were 

synthesized using cylindrical cellulose-g-[PS-b-PAA-b-PEG] (Samaple-2A in Table 

S7) as a nanoreactor. 
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(b) Water-soluble semiconducting TiO2 nanotubes (Figure S46) 

For the synthesis of PEG-tethered semiconducting TiO2 nanotubes, 10 mg of 

cellulose-g-[PS-b-PAA-b-PEG] template was dissolved in 10 mL of DMF at room 

temperature, followed by the addition of an appropriate amount of TTIP precursor 

that was selectively incorporated in the space occupied by the intermediate PAA 

blocks. The molar ratio of acrylic acid (AA) units in PAA blocks to precursors was set 

at 1:10 in order to maximize the loading of precursors into the PAA compartment 

noted above. The mixture was stirred under argon for 1h to ensure that all precursors 

were well dissolved in DMF. The reaction system was then slowly heated to the 

boiling point of DMF and refluxed for 2h. In order to yield highly crystalline TiO2 

nanotubes, the resulting solution was transferred into a 20 mL Teflon-lined autoclave, 

stirred and heated again at 200
o
C for 2h. 

 

 

 

Figure S46. TEM images of TiO2 nanotubes (L = 103±9 nm, D of hollow interior = 

5.2±0.6 nm, and t of shell thickness = 5.5±0.5 nm) tethered with PEG at different 

magnifications. They were synthesized using cylindrical 

cellulose-g-[PS-b-PAA-b-PEG] (Samaple-2A in Table S7) as a nanoreactor.  
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(c) Water-soluble upconversion NaYF4:Yb/Er (18%/2%) nanotubes (Figure S47) 

For the synthesis of PEG-tethered upconversion NaYF4:Yb/Er nanotubes, 10 mg 

of cellulose-g-[PS-b-PAA-b-PEG] template was dissolved in 10 mL of DMF at room 

temperature, followed by the addition of an appropriate amount of precursors 

(Na(CF3COO), Y(CF3COO)3, Yb(CF3COO)3 and Er(CF3COO)3) that were selectively 

incorporated into the space occupied by the intermediate PAA blocks. The molar ratio 

of acrylic acid (AA) units in PAA blocks to precursors was set at 1:10 in order to 

maximize the loading of precursors into the PAA compartment noted above. The 

reaction solution was stirred at room temperature under argon for 1h to ensure that all 

precursors were well dissolved in DMF. The reaction system was then slowly heated 

to the boiling point of DMF and refluxed for 2h. In order to achieve highly crystalline 

hexagonal phase of upconversion NaYF4:Yb/Er nanotubes, the resulting solution and 

additional quantitative CF3COONa were then transferred to a 20 mL Teflon-lined 

autoclave, stirred and heated at 200
o
C for 2h. 

  

 

 

 

 

Figure S47. TEM images of upconversion NaYF4:Yb/Er nanotubes (L = 105±11 nm, 

D of hollow interior = 5.4±0.5 nm, and t of shell thickness = 5.2±0.6 nm) tethered 

with PEG  at different magnifications. They were synthesized using cylindrical 

cellulose-g-[PS-b-PAA-b-PEG] (Samaple-2A in Table S7) as a nanoreactor. Insets: 

digital images of upconversion NaYF4:Yb/Er nanotubes water solution before (left) 

and after (right) exposure to a 2W 980-nm near-infrared laser, respectively. 
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Section V 

Proposed growth mechanisms for 1D nanocrystals by selective incorporation of 

precursors in the space occupied by hydrophilic blocks (PAA and P4VP) of 

cylindrical BBCP nanoreactors and then growing into nanocrystals 

 

The possible growth mechanisms of several 1D nanocrystals (plain nanorods and 

nanowires, core/shell nanorods, and nanotubes) are described as follows: 

 

 

 

 

Figure S48. Formation of Au nanorods (or nanowires) using amphiphilic cylindrical 

cellulose-g-[PAA-b-PS] BBCP as a nanoreactor. 
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Figure S49. Formation of BaTiO3 nanorods (or nanowires) using amphiphilic 

cylindrical cellulose-g-[PAA-b-PS] BBCP as a nanoreactor. 

 

 

 

 

Figure S50. Formation of CdSe nanorods (or nanowires) using amphiphilic 

cylindrical cellulose-g-[PAA-b-PS] BBCP as a nanoreactor. 
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Figure S51. Formation of PbTe nanorods (or nanowires) using amphiphilic 

cylindrical cellulose-g-[PAA-b-PS] BBCP as a nanoreactor. 

 

 

 

 

Figure S52. Formation of Fe3O4 nanorods (or nanowires) using amphiphilic 

cylindrical cellulose-g-[PAA-b-PS] BBCP as a nanoreactor. 
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Figure S53. Formation of Au core nanorods using amphiphilic cylindrical 

cellulose-g-[P4VP-b-PtBA-b-PS] BBCP as a nanoreactor. 

 

 

 

Figure S54. After the formation of Au core nanorods (see Figure S53), Au/Fe3O4 

core/shell nanorods are created using amphiphilic cylindrical 

cellulose-g-[P4VP-b-PAA-b-PS] BBCP as a nanoreactor (more specifically, using 

cylindrical PAA-b-PS BBCP tethered on the surface of Au core nanorods as a 

nanoreactor) 



74 
 

 

 

Figure S55. After the formation of Au core nanorods (see Figure S53), Au/TiO2 

core/shell nanorods are created using amphiphilic cylindrical 

cellulose-g-[P4VP-b-PAA-b-PS] BBCP as a nanoreactor (more specifically, using 

cylindrical PAA-b-PS BBCP tethered on the surface of Au nanorods as a nanoreactor) 

 

 

 

Figure S56. Formation of TiO2 nanotubes using amphiphilic cylindrical 

cellulose-g-[PS-b-PAA-b-PS] BBCP as a nanoreactor. 
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Section VI 

Characterization and determination of outer blocks (e.g., PS) that are tethered 

on the surface of 1D nanocrystals (e.g., PS-tethered upconversion NaYF4:Yb/Er 

nanorods synthesized using cylindrical cellulose-g-[PAA-b-PS] BBCP as a 

nanoreactor) 

 

 

 

Figure S57. TEM image of cellulose-g-[PAA-b-PS] BBCP (i.e., Sample-2A in Table 

S2). Prior to TEM imaging, the cellulose-g-[PAA-b-PS] BBCP sample was 

completely stained with RuO4 vapor. White dashed curve is for guidance. 
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Figure S58. TEM image of upconversion NaYF4:Yb/Er nanorods tethered with PS 

synthesized using cellulose-g-[PAA-b-PS] BBCP (i.e., Sample-2A in Table S2) as a 

nanoreactor. Prior to TEM imaging, the outer PS blocks in PS-tethered NaYF4:Yb/Er 

nanorods were stained with RuO4 vapor. White dashed curves are for guidance. 
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Figure S59. 
1
H -NMR spectrum of upconversion NaYF4:Yb/Er nanorods tethered 

with PS synthesized using cellulose-g-[PAA-b-PS] BBCP (i.e., Sample-2A in Table 

S2) as a nanoreactor (solvent: CDCl3). Digital images of upconversion PS-tethered 

NaYF4:Yb/Er nanorods CDCl3 solution before (left) and after (right) exposure to a 

2W 980-nm near-infrared laser are shown as insets. 
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Figure S60. Purification process used in the BBCP nanoreactor strategy for the 

synthesis of 1D nanocrystals tethered with outer polymer chains (i.e., blocks; for 

example, PS as in the case of synthesis of plain nanorods using 

cellulose-g-[PAA-b-PS] BBCP as a nanoreactor) as ligands. As the surface of 1D 

nanocrystals is tethered with polymer chains, they can be well dissolved in certain 

solvents (e.g., PS for toluene, PEG for chloroform, etc.). In addition, the excess 

amount of precursors that are present outside the cylindrical BBCP nanoreactor can 

easily form irregular inorganic materials due to the lack of surface capping by 

polymer chains, and thus they readily precipitate from solution. Clearly, our 

nanoreactor strategy is very convenient and effective in producing relatively pure 1D 

nanocrystals. 
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Section VII 

HRTEM images (showing clear crystalline lattices) and digital images of a large 

variety of plain nanorods synthesized by capitalizing on cylindrical 

cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Figure 1a and Figure S7) 

  

 

 

Figure S61. HRTEM images of a rich variety of plain nanorods and nanowires 

crafted by capitalizing on an amphiphilic cylindrical cellulose-g-[PAA-b-PS] BBCP 

nanoreactor (i.e., samples in Table S2).  
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Figure S62. Digital images of a large variety of plain nanorods and nanowires 

dissolved in toluene. These plain nanorods and nanowires were synthesized using 

cylindrical cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (i.e., samples in Figure 3 

and Table S2). Upconversion nanorods dissolved in toluene emitted green (for 

NaYF4:Yb/Er nanorods) and blue (NaYF4:Yb/Tm nanorods) fluorescence after (right) 

exposure to a 2W 980-nm near-infrared laser. Fe3O4 nanowires dissolved in toluene 

were deposited on the wall of vials (right) under the influence of a magnet placed next 

to the vial to demonstrate their magnetic properties.  
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Section VIII 

Thermogravimetric analysis (TGA) measurements on 1D nanocrystals 

 

 

 

 

Figure S63. TGA curve of cellulose-g-[PAA-b-PS] BBCP nanoreactor in air 

(Sample-2A in Table S2). 

 

 

 

 

Figure S64. TGA curve of plain NaYF4:Yb/Er nanorods in air. They were 

synthesized using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in 

Table S2). 



82 
 

 

 

 

Figure S65. TGA curve of cellulose-g-[P4VP-b-PtBA-b-PS] BBCP nanoreactor in N2 

(Sample-3A in Table S4). 

 

 

 

 

 

Figure S66. TGA curve of Fe3O4 core nanorods in N2. They were synthesized using 

cellulose-g-[P4VP-b-PtBA-b-PS] BBCP as a nanoreactor (Sample-3A in Table S4).  
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Figure S67. TGA curve of Fe3O4/Au core/shell nanorods in N2. They were 

synthesized using cellulose-g-[P4VP-b-PAA-b-PS] BBCP as a nanoreactor 

(Sample-3A in Table S4). More specifically, they are produced by using cylindrical 

PAA-b-PS BBCP tethered on the surface of Fe3O4 core nanorods as a nanoreactor 

(Figure S66). 

 

 

 

 

 

Figure S68. TGA curve of cellulose-g-[PS-b-PAA-b-PS] BBCP nanoreactor in air 

(Sample-3A in Table S6). 
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Figure S69. TGA curve of NaYF4:Yb/Er nanotubes in air. They were synthesized 

using cellulose-g-[PS-b-PAA-b-PS] BBCP as a nanoreactor (Sample-3A in Table 

S6). 

 

 

 

 

 

Figure S70. TGA curve of cellulose-g-[PAA-b-PEG] BBCP nanoreactor in air 

(Sample-2A in Table S3). 
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Figure S71. TGA curve of plain NaYF4:Yb/Er nanorods in air. They were 

synthesized using cellulose-g-[PAA-b-PEG] BBCP as a nanoreactor (Sample-2A in 

Table S3). 
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Section IX 

UV-vis absorption spectra of Au nanorods with different dimensions; UV-vis 

absorption and photoluminescence (PL) spectra of CdSe nanorods; 

Photoluminescence (PL) spectra of upconversion nanorods 

 

1. UV-vis absorption spectra of Au nanorods with different dimensions 

 

 

 

 

Figure S72. UV-vis absorption spectra of plain PS-tethered Au nanorods with 

different dimensions dissolved in toluene. They were synthesized using 

cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (black: Sample-1A in Table S2 (i.e., 

D=10.4±0.6 nm, L=51±4 nm); red: Sample-2A in Table S2 (i.e., D=10.40.6nm, L= 

988nm)). Clearly, they exhibited two absorption maxima: ~505 nm and ~854 nm 

(black), ~505 nm and ~1118 nm, corresponding to the transverse and longitudinal 

plasmonic modes, respectively.
17
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Figure S73. UV-vis absorption spectrum of PEG-tethered Au nanorods dissolved in 

water. They were synthesized using cellulose-g-[PAA-b-PEG] BBCP as a nanoreactor 

(Sample-2A in Table S3 (D=10.50.5nm, L=9711 nm)). The spectrum shows two 

absorption maxima at ~505 nm and ~1106 nm, corresponding to the transverse and 

longitudinal plasmonic modes, respectively. 

 

 

2. UV-vis absorption and photoluminescence (PL) spectra of CdSe nanorods. 

 

Figure S74. UV-vis absorption (black curve) and photoluminescence (PL; red curve) 

spectra of plain PS-tethered CdSe nanorods dissolved in toluene. They were 

synthesized using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in 

Table S2 (D=10.1±0.7 nm, L=98±9 nm)). 
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3. Photoluminescence (PL) spectra of upconversion nanorods. 

 

Figure S75. Emission spectrum of plain PS-capped upconversion NaYF4:Yb/Er 

(18%/2%) nanorods dissolved in toluene. The solution was excited with a 2W 980-nm 

near-infrared laser. They were synthesized using cellulose-g-[PAA-b-PS] BBCP as a 

nanoreactor (Sample-2A in Table S2 (D=9.6±0.4nm, L=99±10 nm)). 

 

Figure S76. Emission spectrum of plain PS-capped upconversion NaYF4:Yb/Tm 

(30%/0.5%) nanorods dissolved in toluene. The solution was excited with a 2W 

980-nm near-infrared laser. They were synthesized using cellulose-g-[PAA-b-PS] 

BBCP as a nanoreactor (Sample-2A in Table S2 (D=10.4±0.5 nm, L=103±7 nm)). 
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Section X 

X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS) 

characterizations of 1D nanocrystals produced using cylindrical BBCPs as 

nanoreactors 

 

The EDS and XRD measurements further confirmed the compositions and crystal 

structures of 1D nanocrystals synthesized using the BBCP nanoreactor strategy. The 

standard spectra for these 1D nanocrystals are as follows: Au (JCPDS 04-0784), Pt 

(JCPDS 65-2868), hexagonal NaYF4:Yb/Er and NaYF4:Yb/Tm (JCPDS 16-0334), 

tetragonal BaTiO3 (JCPDS 74-1960), Wurtzite CdSe (JCPDS 77-2307), cubic PbTe 

(ICDD 08-0028), Fe3O4(JCPDS 76-1849), and anatase TiO2 (JCPDS 21-1272). 

 

 

XRD measurements 

 

1. Plain nanorods and nanowires 

 

 

 

Figure S77. XRD pattern of plain Au nanorods tethered with PS synthesized using 

cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-3B in Table S2). 
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Figure S78. XRD pattern of plain Pt nanorods tethered with PS synthesized using 

cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-1A in Table S2). 

 

 

 

 

 

Figure S79. XRD pattern of plain BaTiO3 nanorods tethered with PS synthesized 

using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in Table S2).The 

(200) peak was split into two peaks, suggesting the formation of a tetragonal phase of  

BaTiO3 nanorods. 
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Figure S80. XRD pattern of plain NaYF4:Yb/Er nanorods tethered with PS 

synthesized using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in 

Table S2). 

 

 

 

 

 

Figure S81. XRD pattern of plain NaYF4:Yb/Tm nanorods tethered with PS 

synthesized using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in 

Table S2). 
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Figure S82. XRD pattern of plain CdSe nanorods tethered with PS synthesized using 

cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in Table S2). 

 

 

 

 

 

Figure S83. XRD pattern of plain PbTe nanorods tethered with PS synthesized using 

cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in Table S2). 
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Figure S84. XRD pattern of plain Fe3O4 nanowires tethered with PS synthesized 

using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-3A in Table S2). 

 

 

2. Core/shell nanorods 

 

 

 

Figure S85. XRD pattern of Au/Fe3O4 core/shell nanorods tethered with PS 

synthesized using cellulose-g-[P4VP-b-PtBA-b-PS] BBCP as a nanoreactor 

(Sample-2B in Table S4). 
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Figure S86. XRD pattern of Au/TiO2 core/shell nanorods tethered with PS 

synthesized using cellulose-g-[P4VP-b-PtBA-b-PS] BBCP as a nanoreactor 

(Sample-2B in Table S4). 

 

 

 

3. Nanotubes 

 

 

 

Figure S87. XRD pattern of Au nanotubes tethered with PS synthesized using 

cellulose-g-[PS-b-PAA-b-PS] BBCP as a nanoreactor (Sample-2A in Table S6). 
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Figure S88. XRD pattern of TiO2 nanotubes tethered with PS synthesized using 

cellulose-g-[PS-b-PAA-b-PS] BBCP as a nanoreactor (Sample-2A in Table S6). 

 

 

 

EDS measurements 

 

1. Plain nanorods and nanowires 

 

 

 

Figure S89. EDS spectrum of plain Au nanorods tethered with PS synthesized using 

cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-3B in Table S2). 
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Figure S90. EDS spectrum of plain Pt nanorods tethered with PS synthesized using 

cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-1A in Table S2). 

 

 

 

 

 

Figure S91. EDS spectrum of plain BaTiO3 nanorods tethered with PS synthesized 

using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in Table S2). 
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Figure S92. EDS spectrum of plain NaYF4:Yb/Er nanorods tethered with PS 

synthesized using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in 

Table S2). 

 

 

 

 

Figure S93. EDS spectrum of plain NaYF4:Yb/Tm nanorods tethered with PS 

synthesized using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in 

Table S2). 
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Figure S94. EDS spectrum of plain CdSe nanorods tethered with PS synthesized 

using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in Table S2). 

 

 

 

 

Figure S95. EDS spectrum of plain PbTe nanorods tethered with PS synthesized 

using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-2A in Table S2). 
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Figure S96. EDS spectrum of plain Fe3O4 nanorods tethered with PS synthesized 

using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor (Sample-3A in Table S2). 

 

 

2. Core/shell nanorods 

 

 

 

Figure S97. EDS spectrum of Au/Fe3O4 core/shell nanorods tethered with PS 

synthesized using cellulose-g-[P4VP-b-PtBA-b-PS] BBCP as a nanoreactor 

(Sample-2B in Table S4). 

 

 



100 
 

 

 

Figure S98. EDS spectrum of Au/TiO2 core/shell nanorods tethered with PS 

synthesized using cellulose-g-[P4VP-b-PtBA-b-PS] BBCP as nanoreactor 

(Sample-2B in Table S4). 

 

 

3. Nanotubes 

 

 

 

Figure S99. EDS spectrum of Au nanotubes tethered with PS synthesized using 

cellulose-g-[PS-b-PAA-b-PS] BBCP as a nanoreactor (Sample-2A in Table S6). 
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Figure S100. EDS spectrum of TiO2 nanotubes tethered with PS synthesized using 

cellulose-g-[PS-b-PAA-b-PS] BBCP as a nanoreactor (Sample-2A in Table S6). 
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Section XI 

Comparison of cylindrical BBCPs and the corresponding linear block 

copolymers employed as nanoreactors for synthesis of 1D nanostructures 

 

To compare the use of cylindrical BBCPs and the corresponding linear block 

copolymers as nanoreactors for synthesis of 1D nanocrystals, linear block copolymers, 

PAA-b-PS, P4VP-b-PtBA-b-PS and PS-b-PAA-b-PS, with similar molecular weights 

and ratios of different blocks to those of cylindrical BBCPs composed of identical 

block copolymers as side chains (i.e., arms; they are PAA-b-PS, P4VP-b-PtBA-b-PS 

and PS-b-PAA-b-PS) were also synthesized by sequential ATRP. Similarly, these 

linear block copolymers were employed as nanoreactors to synthesize nanocrystals 

under the same experimental conditions as cylindrical BBCP templates. Au and PbTe 

materials were taken as examples using linear PAA-b-PS as a nanoreactor, Au 

material was taken as an example utilizing linear P4VPb-PtBA-b-PS as a nanoreactor, 

and Au material was taken as an example employing linear PS-b-PAA-b-PS as a 

nanoreactor, respectively.  

 

1. Synthesis of linear PAA-b-PS diblock copolymer for preparation of Au and 

PbTe materials 

 

Table S8. Summary of linear PAA-b-PS diblock copolymer 

 

Sample Mn, PAA 

(g/mol) 

Mn,PS 

(g/mol) 

PDI 

Sample-A 5.6K 6.3K 1.14 

 

Number-average molecular weight, Mn, of each block in linear PAA-b-PS diblock 

copolymer was calculated based on 
1
H-NMR data. PDI was determined by GPC. This 

linear PAA-b-PS diblock copolymer possessed similar molecular weights and ratios 

of PAA to PS to those of PAA-b-PS arms in cellulose-g-[PAA-b-PS] BBCP 

(Sample-2A in Table S2) prepared by sequential ATRP. 
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Figure S101. Comparison of cylindrical cellulose-g-[PAA-b-PS] BBCP and the 

corresponding linear PAA-b-PS diblock copolymer used as nanoreactors, respectively, 

for synthesis of Au materials. (A) Digital image of original solution of plain Au 

nanorods synthesized using cellulose-g-[PAA-b-PS] BBCP as nanoreactor. (B) Digital 

image of original solution of Au materials prepared by employing linear PAA-b-PS 

diblock copolymer as template; right: TEM image of Au materials synthesized by 

utilizing linear PAA-b-PS diblock copolymer as template. 

 

 

 

 

Figure S102. Comparison of cylindrical cellulose-g-[PAA-b-PS] BBCP and the 

corresponding linear PAA-b-PS diblock copolymer used as nanoreactors, respectively, 

for synthesis of PbTe materials. (A) Digital image of original solution of plain PbTe 

nanorods synthesized using cellulose-g-[PAA-b-PS] BBCP as a nanoreactor. (B) 

Digital image of original solution of PbTe materials prepared by employing linear 

PAA-b-PS diblock copolymer as template; right: TEM image of PbTe materials 

synthesized by utilizing linear PAA-b-PS diblock copolymer as a template. 
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We note that when cylindrical cellulose-g-[PAA-b-PS] BBCP was exploited as a 

nanoreactor, the original solutions of plain Au and PbTe nanorods were homogeneous 

and stable. In sharp contrast, when the corresponding linear PAA-b-PS diblock 

copolymer was employed as a template, the precipitates quickly appeared. Based on 

TEM images of these precipitates, only large irregular structures were obtained, and 

no uniform plain nanorods were produced. 

 

 

2. Synthesis of linear P4VP-b-PtBA-b-PS triblock copolymer for preparation of 

Au materials 

 

Table S9. Summary of linear P4VP-b-PtBA-b-PS triblock copolymer 

Sample Mn, P4VP 

(g/mole) 

Mn, PtBA 

(g/mol) 

Mn, PS 

(g/mol) 

PDI 

Sample-A 7.5K 11.3K 13.8K 1.15 

 

The number-average molecular weight, Mn, of each block in the linear 

P4VP-b-PtBA-b-PS triblock copolymer was calculated based on 
1
H-NMR data. PDI 

was determined by GPC. This linear P4VP-b-PtBA-b-PS triblock copolymer 

possessed similar molecular weights and ratios of different blocks (P4VP, PtBA and 

PS) to those of the P4VP-b-PtBA-b-PS arms in cellulose-g-[P4VP-b-PtBA-b-PS] 

BBCP (Sample-2B in Table S4) prepared by sequential ATRP. 
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Figure S103. Comparison of cylindrical cellulose-g-[P4VP-b-PtBA-b-PS] BBCP and 

the corresponding linear P4VP-b-PtBA-b-PS triblock copolymer used as nanoreactors, 

respectively, for synthesis of Au materials. (A) Digital image of original solution of 

plain Au core nanorods synthesized using cellulose-g-[P4VP-b-PtBA-b-PS] BBCP as 

a nanoreactor. (B) Digital image of original solution of Au materials prepared by 

employing linear P4VP-b-PtBA-b-PS triblock copolymer as a template; right: TEM 

image of Au materials synthesized by utilizing linear P4VP-b-PtBA-b-PS triblock 

copolymer as a template. 

 

 

Similarly, when cylindrical cellulose-g-[P4VP-b-PtBA-b-PS] BBCP was used as 

a nanoreactor, the original solutions of Au core nanorods were homogeneous and 

stable. In stark contrast, when the corresponding linear P4VP-b-PtBA-b-PS triblock 

copolymer was employed as a template, precipitates appeared. On the basis of TEM 

images, only large irregular structures were achieved, and no uniform nanorods were 

produced. 
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3. Synthesis of linear PS-b-PAA-b-PS triblock copolymer for preparation of Au 

materials 

 

Table S10. Summary of linear PS-b-PAA-b-PS triblock copolymer 

Sample Mn, PS 

(g/mole) 

Mn, PAA 

(g/mole) 

Mn, PS 

(g/mole) 

PDI 

Sample-A 4.5K 6.3K 8.5K 1.18 

 

The number-average molecular weight, Mn, of each block in linear PS-b-PAA-b-PS 

triblock copolymer was calculated based on 
1
H-NMR data. PDI was determined by 

GPC. This linear PS-b-PAA-b-PS triblock copolymer possessed similar molecular 

weights and ratios of different blocks (PS, PAA and PS) to those of PS-b-PAA-b-PS 

brushes in cellulose-g-[PS-b-PAA-b-PS] BBCP (Sample-2A in Table S6) prepared by 

sequential ATRP. 

 

 

 

Figure S104. Comparison of cylindrical cellulose-g-[PS-b-PAA-b-PS] BBCP and the 

corresponding linear PS-b-PAA-b-PS triblock copolymer used as nanoreactors, 

respectively, for the synthesis of Au materials. (A) Digital image of original solution 

of Au nanotubes synthesized capitalizing on cellulose-g-[PS-b-PAA-b-PS] BBCP as 

nanoreactor. (B) Digital image of original solution of Au materials prepared by using 

linear PS-b-PAA-b-PS triblock copolymer as a template; right: TEM image of Au 

materials synthesized by utilizing linear PS-b-PAA-b-PS triblock copolymer as a 

template. 



107 
 

It is not surprising that same as described above for cylindrical 

cellulose-g-[P4VP-b-PtBA-b-PS] and cellulose-g-[PAA-b-PS] BBCPs, when 

cylindrical cellulose-g-[PS-b-PAA-b-PS] BBCP was capitalized on as nanoreactor, the 

original solutions of Au nanotubes were homogeneous and stable. However, when the 

corresponding linear PS-b-PAA-b-PS triblock copolymer was used as a template, 

precipitates appeared. Only large irregular structures were obtained based on the TEM 

images and no uniform nanotubes were produced. 

 

 

4. Comparison of the formation mechanisms of nanocrystals by utilizing 

cylindrical BBCP nanoreactors and their corresponding linear block copolymers 

 

It is clear that when the linear block copolymers were chosen for the synthesis of 

inorganic materials, as DMF is a good solvent for all blocks in linear block 

copolymers (i.e., PS, PtBA, PAA and P4VP), instead of forming micelles, these linear 

block copolymers are fully dissolved individually. As a result, upon the addition of 

precursors of inorganic materials into the DMF solution of linear block copolymers, 

the precursors simply react themselves as there is no compartment composed of 

hydrophilic blocks for them to coordinate within. This leads to the formation of 

irregular precipitates (Figure S105). 
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Figure S105. Comparison of the formation mechanisms of nanocomposites by 

utilizing cylindrical BBCP nanoreactors (upper panels) and their corresponding linear 

block copolymers (lower panels). 
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