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Topographic nanopatterns of fluorescent cylinders in hexagonal order and in parallel line are 

demonstrated with the utilization of fluorophore-functionalized diblock copolymers. 
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Abstract 

We demonstrated the fabrication of fluorophore-functionalized nanopatterns with 

topographic features. To obtain fluorescent nanopatterns, diblock copolymers having 

fluorophores in one of the blocks were synthesized by the reversible addition fragmentation 

chain transfer polymerization and were annealed by solvent vapor, resulting in perpendicular 

or parallel cylindrical nanopatterns functionalized with fluorophores, depending on the 

annealing solvent. Then, by etching one of the blocks of copolymers, we were able to 

produce fluorescent topographic nanopatterns. Furthermore, Au nanorods selectively loaded 

in the nanometer-sized valley of the pattern effectively altered the fluorescence of the 

topographic nanopattern. 
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1. Introduction 

Nanometer-sized fluorophores such as dye-functionalized nanoparticles and quantum 

dots have been largely investigated for various applications including chemical or biological 

detection,
1,2

 imaging,
3,4

 and labeling.
5,6

 For example, organic fluorescent molecules were 

isolated and stabilized by silica nanoparticles, which were efficiently utilized for bio-imaging 

and cell labeling.
7
 Most of the applications with nano-scale fluorophores have been 

performed in solutions. However, their applications can be extended to solid-state devices 

such as chemical and biological sensors if they are arranged or patterned on solid substrates. 

For instance, quantum dots were fixed on a solid substrate for effective cell detection.
8,9

 

Particularly nano-scale patterning of fluorophores is desirable to achieve high sensitivity. 

Many patterning methods including printing
10,11

 and electrostatic deposition
12
 can allow 

direct fabrication of patterns of quantum dots and fluorophore-functionalized nanoparticles 

but mostly in the micrometer scale. Top-down lithographic techniques combined with 

fluorophore-functionalized photoresists can be employed to create fluorescent patterns,
13-15

 

which have also a limit for production of nanometer-sized patterns. 

As an alternative or a complimentary method to top-down lithographic techniques for 

nanoscale patterns, utilization of self-assembled nanostructures of block copolymers has been 

considered. Block copolymers, consisting of two or more polymers covalently connected, 

spontaneously assemble into various nanostructures including spheres, cylinders, and 

lamellae, of which sizes are typically in the range of a few tens of nanometers.
16,17

 Thus, 

nanostructures of block copolymers can be applied to efficient generation of functional 

nanopatterns without heavy lithographic tools.
18,19

 

In this work, we first demonstrated the creation of fluorescent nanopatterns because 

top-down lithography or bottom-up assembly alone cannot efficiently produce fluorescent 
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patterns in the nanometer range. For effective production of fluorescent nanopatterns without 

a lithographic tool, we synthesized diblock copolymers having fluorophores in one of the 

blocks by the reversible addition fragmentation chain transfer (RAFT) polymerization. Since 

fluorophores are covalently linked to one of the blocks, they assembled only in the 

nanodomains of that block by solvent vapor annealing, resulting in hexagonal or linear 

fluorescent nanopatterns. However, these fluorescent nanodomains are embedded in the 

matrix of the other block of copolymers. Thus, by etching the matrix block selectively, we 

finally obtained pure fluorescent nanopatterns with topographic features. In addition, we were 

able to modify fluorescence of the nanopattern by placing Au nanorods in the nanometer-

sized valley of the pattern. This result implies a potential application in detection of 

nanometer-sized objects with fluorescent topographic nanopatterns. 

 

2. Experimental 

Materials 

All chemicals were commercially available and were used as received unless noted. 

2,2’-Azoisobutyronitrile (AIBN) was recrystallized from ethanol. Methylmethacrylate 

(MMA), styrene, and 4-vinylbenzyl chloride were distilled under reduced pressure. All 

solvents were purified by common procedures. 

 

Synthesis of Diblock Copolymers with Benzyl Chloride Units 

For polymerization, a Schlenk tube equipped with a stir bar was loaded with 10.0 g 

(99.9 mmol) of MMA, 6.8 mg (0.025 mmol) of cumyldithiobenzoate, and 0.41 mg (0.0025 

mmol) of AIBN. Then, air was exchanged with argon by three freeze–thaw cycles. 

Polymerization of MMA was carried out at 70 oC for 48 h with vigorous stirring. Polymers 
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were purified by precipitating them into methanol. Two more precipitations were performed 

from their THF solutions. After drying at 30
 o

C overnight in vacuum, 3.5 g (70%) of 

poly(methylmethacrylate) (PMMA) was obtained in pink powder. The number average 

molecular weight is 127,000 g/mol with PS standards and 141,000 g/mol with PMMA 

standards. The polydispersity index is 1.08 (GPC with PS standards, Supporting Information, 

Figure S1). To synthesize poly(methylmethacrylate)-b-poly(styrene-r-(4-vinylbenzylchloride)) 

(PMMA-b-P(S-r-4VBC)) diblock copolymers, the PMMA macro chain transfer agent (1.0 g, 

0.0079 mmol), AIBN (0.3 mg, 0.00079 mmol), styrene (8.72 g, 8.4 mmol), and 4-vinylbenzyl 

chloride (1.28 g, 0.84 mmol) were added together in a Schlenk tube. Oxygen was exchanged 

by argon in three freeze–thaw cycles and polymerization was carried out at 70
 o
C for 22 h. 

Copolymers were purified by precipitation in methanol three times. To remove unlinked P(S-

r-4VBC) polymers, Soxhlet with cyclohexane was performed and then 1.7 g of PMMA-b-

P(S-r-4VBC) in pale pink powder was obtained. The number average molecular weight is 

263,000 g/mol and the polydispersity index is 1.13 (GPC, Supporting Information, Figure S1 

and NMR, Supporting Information, Figure S2).  

 

Synthesis of Fluorophore-Functionalized Diblock Copolymers 

To attach a fluorophore to the diblock copolymer, post-polymerization modification 

was carried out. PMMA-b-P(S-r-4VBC) (180 mg), rhodamine 110 hydrochloride (46 mg, 

0.125 mmol), and triethylamine (116 mg, 0.43 mmol) were dissolved in DMF (15 ml) and 

stirred under argon at 50 oC for 2 days. Then, the solution was extracted by distilled water 

and chloroform. Unreacted rhodamine 110 was dissolved in distilled water and fluorophore-

functionalized copolymers were dissolved in chloroform. After evaporating chloroform, the 

solution was precipitated in methanol and copolymers were filtered and washed with 
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methanol many times. The copolymer product in reddish pink powder was finally obtained 

(NMR, Supporting Information, Figure S4). 

 

Fabrication of Fluorescent Topographic Nanopatterns 

Silicon wafers and quartz plates were cleaned in a piranha solution (70/30 v/v of 

concentrated H2SO4 and 30% H2O2) at 90
 o
C for 30 min, thoroughly rinsed with deionized 

water several times, and then blown dry with nitrogen. After cleaning, substrates were 

immediately used. A thin film on a substrate was fabricated by spin coating (typically at 2000 

rpm for 60 s) from a toluene solution (1.0~1.5 wt%) of a mixture of PMMA-b-P(S-r-4VBC-r-

Rho) and PMMA-b-PS (5,000 g/mol for each block) with a weight ratio of 10:4. A thin film 

was exposed to saturated vapor of acetone or chloroform in a closed glass jar at room 

temperature for 1 h (acetone) or 13 h (chloroform). After annealing, the sample was removed 

to ambient atmosphere and dried. PMMA domains in annealed films were etched by oxygen 

plasma (80 W, 38 mTorr) for 10 s (an acetone-annealed film) and 13 s (a chloroform-

annealed film). 

 

Synthesis of Au Nanorods 

Au nanorods were synthesized by the seeded-growth method with binary surfactants 

of hexadecyltrimethylammonium bromide and sodium oleate as described in the literature,
27

 

which have the diameter of ~33 nm and the length of ~96 nm (Supporting Information, 

Figure S5). They were spin-coated at 1500 rpm for 60 s on a thin film of the copolymer with 

or without a topographic nanopattern. The film without a topographic feature was treated 

with oxygen plasma (80 W, 38 mTorr) for 2 s before spin coating of Au nanorods to make the 

surface hydrophilic. 
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Characterization 

NMR spectra were obtained on a Varian NMR System (500 MHz). Gel permeation 

chromatography (GPC) was carried out on a Waters system (1515 pump, 2414 refractive 

index detector) with a Shodex GPC LF-804 column. Atomic force microscopy (AFM 

Nanoscope IIIA, Digital Instrument) was used in tapping mode with Si cantilevers. 

Transmission electron microscopy (TEM) analysis was performed on a Hitachi 7600 

operating at 100 kV. UV-Vis absorption spectra were recorded on a Varian Cary-5000 

spectrophotometer. Steady-state fluorescence was measured on an Acton Spectra Pro 2300i 

with a He-Cd laser (442 nm) as the excitation source. 

 

3. Results and Discussion 

To demonstrate fluorescent nanopatterns, we first synthesized PMMA-b-P(S-r-4VBC) 

diblock copolymers by the RAFT polymerization as shown Figure 1. 4-vinlybenzyl chloride 

(4VBC) units were randomly included in the polystyrene (PS) block and then reacted with 

Rhodamine 110, a fluorescent dye, which contains the primary amine functionality. We 

included ~10 mol% of 4VBC in the PS block to have sufficient fluorescence but not to affect 

overall behaviors of the PS block. For the other block, poly(methyl methacrylate) (PMMA) 

was selected because it can be selectively etched. PMMA was synthesized first and used as a 

macro chain transfer agent to attach the second block of P(S-r-4VBC). The number average 

molecular weight and polydispersity index of PMMA-b-P(S-r-4VBC) are 264,000 g/mol and 

1.13, respectively (Supporting Information, Figure S1). The mole ratio between two blocks is 

1:1 (Supporting Information, Figure S2). The NMR result also confirmed 10.4 mol% of 

4VBC in the PS block (Supporting Information, Figure S2). Since benzyl chloride can react 

with primary amine,
20,21

  rhodamine 110, which shows absorption at 496 nm and emission at 
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520 nm (Supporting Information, Figure S3), was selected as a representative fluorophore 

and covalently linked to the P(S-r-4VBC) block as shown in Figure 2. We confirmed that 7.8 

mol% of rhodamine 110 was attached to the P(S-r-4VBC) block (Supporting Information, 

Figure S4). This fluoropore-functionalized diblock copolymers synthesized by RAFT enable 

the fabrication of a fluorescent nanopattern without a lithographic tool because fluorophores 

covalently linked to one of the blocks can spontaneously assemble only in the nanodomain of 

that block by solvent vapor annealing. 

 

 

Figure 1. Synthesis of PMMA-b-P(S-r-4VBC). 

 

 

Figure 2. Synthesis of rhodamine-functionalized PMMA-b- P(S-r-4VBC-r-Rho). 
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To produce fluorescent nanopatterns, we first annealed a thin film of PMMA-b-P(S-r-

4VBC-r-Rho) by acetone vapor, instead of thermal annealing, to avoid undesirable changes of 

fluorophores at high temperatures. Since we employed a relatively large molecular weight 

(264,000 g/mol) of the fluorophore-functionalized copolymer, PMMA-b-PS with a low 

molecular weight (10,000 g/mol) was mixed with the copolymer to promote evolution of 

nanostructures during the solvent annealing as demonstrated in the literature.
22
 

In Figure 3, we can find a hexagonally ordered nanopattern in an acetone-annealed 

PMMA-b-P(S-r-4VBC-r-Rho) thin film. In the TEM image (Figure 3a), dark gray dots and 

white regions between them correspond to P(S-r-4VBC-r-Rho) and PMMA, respectively, 

because PMMA generally appears bright in TEM images due to thinning by the electron 

beam.
23
 In the AFM image (Figure 3b), bright nanopatterns are also discernible, which are 

perpendicular cylinders of the P(S-r-4VBC-r-Rho) block in a hexagonal array, embedded in 

the matrix of the PMMA block. The diameter and center-to-center distance (domain spacing) 

of these cylindrical nanostructures are ~62 nm and ~83 nm, respectively. 

Acetone can selectively swell the PMMA block of PMMA-b-P(S-r-4VBC-r-Rho) 

copolymers so that the formation of cylindrical nanostructures of the P(S-r-4VBC-r-Rho) 

block in the PMMA matrix is reasonable even though the mole ratio between two blocks is 

1:1. Perpendicular cylinders are typically obtained in a thin film of diblock copolymers when 

the film thickness is smaller than a half of the domain spacing.
24

 Thus, the perpendicular 

cylinders in Figure 3 can be understood because the film has a smaller thickness (~32 nm) 

than a half of the domain spacing (~41.5 nm). Therefore, we produced a nanopattern of 

hexagonally ordered cylinders, which are functionalized with red-emitting fluorophores, by 

acetone vapor annealing on a thin film PMMA-b-P(S-r-4VBC-r-Rho) copolymers as shown 

in the schematic illustration in Figure 3b. 
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Figure 3. PMMA-b-P(S-r-4VBC-r-Rho) thin film after acetone vapor annealing: (a) TEM 

image; (b) AFM image. The scale bars are 500 nm. 

 

To generate a topographic nanopattern, we removed the PMMA matrix, in which the 

fluorophore-functionalized cylinders are hexagonally arranged, in a thin film of PMMA-b-

P(S-r-4VBC-r-Rho) copolymers. Oxygen plasma etching was performed directly on the thin 

film, which etched the PMMA block faster than the other block, resulting in a topographic 

nanopattern of cylinders functionalized with red-emitting fluorophores (Figure 4). The height 

of cylinders becomes ~8 nm, indicating that most of PMMA domains were removed when the 

film thickness before etching (~32 nm) is considered. We confirmed red-color emissions from 

the topographic nanopattern as shown in the PL spectrum of Figure 4b. Thus, we generated a 

fluorescent topographic nanopattern from a thin film of PMMA-b-P(S-r-4VBC-r-Rho) 

copolymers which is illustrated in Figure 4a. We note that UV irradiation followed by 

washing with acetic acid can selectively remove PMMA domains in a diblock copolymer 

containing a PMMA block without scarifying the film thickness.
25
 However, this process, 

particularly UV irradiation, can damage fluorescent characteristics of fluorophore-

functionalized copolymers. 
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Figure 4. Fluorescent topographic nanopattern from acetone-annealed PMMA-b-P(S-r-

4VBC-r-Rho) after etching the PMMA matrix: (a) AFM image; (b) PL spectrum. The scale 

bar is 500 nm. 

 

By annealing a thin film of PMMA-b-P(S-r-4VBC-r-Rho) copolymers with 

chloroform instead of acetone, we obtained a fluorescent nanopattern consisting of 

fluorophore-functionalized cylinders parallel to the film plane as shown in Figure 5. In both 

TEM and AFM images, we can find parallel cylinders with the diameter of ~61 nm and the 

center-to-center distance of ~84 nm, which are almost identical to those of perpendicular 

cylinders in Figure 3. In general, cylindrical nanostructures are oriented parallel to the 

substrate in thin films of diblock copolymers by solvent vapor annealing with the film 

thickness greater than a half of the domain spacing.
24

 The film thickness (~48 nm) in Figure 5 

is larger than a half of the domain spacing (~42.5 nm). In addition, chloroform can dissolve 

both blocks of PMMA-b-P(S-r-4VBC-r-Rho) but prefer the PMMA block to the other 

block.
24 

These conditions can explain cylindrical nanostructures parallel to the film plane in a 

thin film of PMMA-b-P(S-r-4VBC-r-Rho) annealed by chloroform. Thus, we generated a 

nanopattern of fluorophore-functionalized cylinders oriented parallel to the substrate as 
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shown in the schematic illustration in Figure 5b. 

 

 

Figure 5. PMMA-b-P(S-r-4VBC-r-Rho) thin film after chloroform vapor annealing: (a) TEM 

image; (b) AFM image. The scale bars are 500 nm. 

 

As the previous case of cylindrical nanostructures in hexagonal order, we produced a 

topographic nanopattern by removing the PMMA matrix in a thin film of PMMA-b-P(S-r-

4VBC-r-Rho) copolymers after chloroform vapor annealing. By oxygen plasma etching, we 

obtained a topographic nanopattern of parallel cylinders functionalized with red-emitting 

fluorophores as shown in the AFM image of Figure 6, in which the thickness of each cylinder 

is ~16 nm. We also confirmed red-color emissions from this topographic nanopattern as 

shown in the PL spectrum of Figure 6b. Therefore, by chloroform annealing, a fluorescent 

topographic nanopattern of parallel cylinders was created (schematic illustration in Figure 6a), 

whereas that of hexagonally ordered cylinders was obtained by acetone annealing (schematic 

illustration in Figure 4a), using the same fluorophore-functionalized copolymer. 
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Figure 6. Fluorescent topographic nanopattern from chloroform-annealed PMMA-b-P(S-r-

4VBC-r-Rho) after etching the PMMA matrix: (a) AFM image; (b) PL spectrum. The scale 

bar is 500 nm. 

 

To examine a value of a fluorescent topographic nanopattern, we introduced Au 

nanorods on the fluorescent nanopattern of parallel cylinders with and without a topographic 

feature. We employed Au nanorods having the diameter of ~33 nm and the length of ~96 nm 

(Supporting Information, Figure S5), which can be fit into the valley of the topographic 

nanopattern because the diameter is smaller than the width of the valley (~44 nm). In the 

AFM images of Figure 7, most of Au nanorods are aggregated on a thin film of PMMA-b-

P(S-r-4VBC-r-Rho) without a topographic feature, whereas Au nanorods exist individually 

and many of them follow the cylindrical line on the topographic nanopattern. From the height 

profile of single nanorod on the film without a topographic pattern (Figure 7a), the thickness 

of a nanorod (~31 nm) is almost the same as its diameter (~33 nm), indicating that the 

nanorod resides on the top of the film. In contrast, the thickness of the nanorod on the 

topographic pattern (~17 nm) is close to a half of its diameter, which confirms that the 

nanorod fits into the valley of the topographic pattern. These Au nanorods in the valleys of 
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the topographic pattern increased emissions of the fluorescent nanopattern (Figure 8b) due to 

the near-field scattering effect of Au nanorods
26

 which exist very next to the fluorophore-

functionalized cylinders. However, no enhancement of the emission was observed in the case 

of Au nanorods on the top of the fluorescent nanopattern without a topographic feature 

(Figure 8a). When a spacer layer of poly(acrylic acid) (8,000 g/mol) with the thickness of 7.2 

nm was inserted between Au nanorods and the fluorescent nanopattern, no enhancement of 

the emission was observed (Supporting Information, Figure S6), implying that the distance 

between Au nanorods and the fluorescent nanopattern is crucial for near-field effects of Au 

nanorods. Thus, a fluorescent topographic nanopattern can find a potential application of 

detection or sensing with nanometer-sized objects. We note that the nanopatterns with or 

without Au nanorods did not show enough absorption in UV-Vis spectroscopic measurements 

because they were too thin. 

 

 

Figure 7. AFM images of Au nanorods on PMMA-b-P(S-r-4VBC-r-Rho) thin films: (a) 
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without topographic pattern; (b) with topographic pattern. A height profile of single Au 

nanorod marked by the white circle is given under each image. The scale bars are 500 nm. 

 

 

Figure 8. PL spectra of PMMA-b-P(S-r-4VBC-r-Rho) thin films with Au nanorods (solid 

line) and without Au nanorods (dashed line): (a) without topographic pattern; (b) with 

topographic pattern. 

 

4. Conclusions 

We synthesized PMMA-b-P(S-r-4VBC-r-Rho), a fluorophore-functionalized diblock 

copolymer, by the RAFT polymerization. Acetone vapor annealing on a thin film of the 

copolymer generated a nanopattern of fluorescent cylinders in hexagonal order. In contrast, a 

fluorescent nanoppattern of parallel cylinders was produced by chloroform vapor annealing. 

Then, by etching the PMMA block of the copolymer, we were able to create topographic 

nanopatterns of red-emitting cylinders in hexagonal order or in parallel lines. Furthermore, 

emission of the topographic nanopattern was enhanced by placing Au nanorods selectively in 

the nanometer-sized valley of the pattern, implying that a fluorescent topographic nanopattern 

can be utilized in detection or sensing with nanometer-sized objects 
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