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Abstract

Poly(N-vinylpyrrolidone) (PVP)-grafted fullerenes (PVP-Cgo and PVP-C7y) were synthesized

by iniferter polymerization in order to fabricate water-soluble fullerene containing micelles. PVP-Ceg

formed micelles with hydrodynamic diameters ranging from 15 nm to 33 nm. The solubilization of

fullerene molecules into the core of the PVP-Cso micelles was also found to control the size of the

micelles. By increasing the amount of added fullerene, we gradually increased the micelle size before

drastically increasing it to that of 200 nm in hydrodynamic diameter. The drastic change occurred at a

critical value of the added Cgo/PVP monomer ratio, almost independently of the molecular weight of PVP.

Introduction

Fullerene (Cepo) is one of the most attractive materials in nanomaterial science because of its

specific shape and versatile characteristics such as semiconductivity, high thermal stability,

radical-trapping properties, and high refractive index [1,2]. Fullerene has been reported to be effective for

medical and cosmetic purposes [3-7]. For example, it is a promising candidate for use in medicine in the

treatment of cancer and HIV infection [3,6]. One important issue in the application of fullerene that must

be overcome is its low solubility in solvents; in applications such as drug delivery, particularly, fullerenes

must be dispersed in aqueous solution. To achieve this, fullerenes are usually modified by the introduction

of polar groups or hydrophilic polymers [8,9]. In order to establish in vivo applications using fullerenes, it



is imperative to ascertain the size effect of fullerene-containing materials on the human body and the

solubility of this material in water. In particular, the size effect on drug effectiveness and toxicity cannot

be ignored in the range extending from a few nanometers to 100 nm. In order to assess the size effect of

this material, we fabricated a well-characterized fullerene-containing micelle system in water.

From the late 1990s to the present, many types of polymer-grafted fullerenes with a relatively

monodisperse nature have been synthesized [2,9], such as some very sophisticated systems [10]. In some

cases, however, the diameter of these assemblies exceeds 100 nm, which is enormously large for a

micellar system [11-13]. We also reported recently that poly(methyl methacrylate)-grafted fullerene forms

a monodisperse assembly with a sub-micrometer diameter [14]. Also in this case, the large assembly is

suggested to possess a hierarchical structure and form from micelles as building blocks. On the other hand,

micelles of about 3-5nm hydrodynamic radius were observed in systems containing

poly[2-(dimethylamino)-ethyl methacrylate] [15]. The observed large aggregation was attributed to a

strong adhesion force between Cgo; thus, designing a polymer structure with the ability to overcome this

adhesion force is necessary. Okamura et al. synthesized disubstituted fullerenes by attaching two polymer

chains from two neighboring sites to a single fullerene molecule [16]. They confirmed that the micelle

size is 40 nm in the radius of gyration [17]. Inspired by these studies, we attempted to synthesize

poly(N-vinylpyrrolidone) (PVP)-grafted fullerenes to form micelles with < 20 nm diameter in aqueous

solution. We expected the micelles to form rather than large aggregates because of the presence of the



bulky pyrrolidone groups. PVP is also non-toxic, water-soluble that is widely used as a dispersant in the

medical and cosmetic industries. Nevertheless, the association behavior of PVP-grafted fullerene has been

scarcely reported upon.

Among the PVP—fullerene systems, the PVP/Cgo and PVP/Cyy complex systems have been

mainly studied [18-22]. In these systems, fullerene and PVP are not covalently bonded, and the

complexes of PVP and fullerene formed via donor—acceptor interaction [20]. Advantages of the complex

system are intact fullerene and retention of the biological activity of fullerene. However, the size control

of these PVP/fullerene complexes is difficult because the complex formation is sensitive to the

surrounding conditions, i.e., the concentration, ionic strength, and pH. In recent years, Yamakoshi et al.

reported upon the synthesis of covalently bonded PVP—fullerene systems [23,24]. By utilizing RAFT

polymerization, they succeeded in obtaining PVP-grafted fullerene with a relatively narrow polydispersity.

However, the reported assembly size of PVP-Cg is very large (up to 560 nm) in comparison with the

usual micelle size, and the molecular weight or some parameters of this system would be a key factor

controlling the assembly size.

In this paper, we report the synthesis of PVP-grafted fullerenes (PVP-Cgo and PVP-Cy) in

aqueous solution utilizing a photoiniferter [25]. The elucidated characteristics of this system were

determined using dynamic light scattering. We found that PVP-grafted fullerenes form micelles with 15 to

30 nm hydrodynamic diameter in aqueous solution. We demonstrated that the fabricated micelles are not



sensitive to ethanol and added salt, a crucial characteristic for in vivo treatment. The solubilization

characteristics of PVP-Cgp were estimated by adding free fullerenes. A gradual increase in micelle size

was observed upon the addition of free fullerenes with diameter up to ca. 30 nm; however, a drastic

increase in size indicating the formation of monodisperse assemblies 200 nm in size was also observed.

Experimental Section

Synthesis of PVP-Grafted Fullerene

First, a photoiniferter reagent, benzyl N, N-dithiocarbamate (BDDC), was synthesized: 5 g of

sodium N, N-diethyldithiocarbamate (Wako Pure Chemical Industries, Ltd, Osaka, Japan) was stirred in

ethanol for 30 min with ice. Then, 1.7 ml of benzyl chloride (Wako Pure Chemical Industries, Ltd, Osaka,

Japan) mixed with 5 ml of ethanol was added to the reaction, which was stirred for 5 h at room

temperature. The crude product was filtered, and the filtrate was extracted with a mixture of water and

ether. The ether fraction was dried with MgSOQs, filtered, and dried in by rotary evaporation to obtain

BDDC with 60% of yield (Supporting Information Figure S1).

In the next step, PVP was synthesized by photoiniferter polymerization, through initiation

using BDDC, as shown in Scheme 1. N-Vinylpyrrolidone (Wako Pure Chemical Industries, Ltd, Osaka,

Japan), BDDC, and ethanol in a test tube were degassed through several freeze/thaw cycles to remove

oxygen, followed by the sealing of the test tube under reduced pressure and 4-5 h of UV irradiation using



high-pressure mercury lamps (SX-UISO0HQ and BA-H500; USIO Inc., Tokyo, Japan). The feeds and

irradiation conditions for each sample are summarized in supporting information (Table S1). After

irradiation, PVP was obtained through re-precipitation with diethyl ether. The molecular weights were

estimated using '"H NMR spectroscopy (Avance-400; Brucker, Illinois, USA) and GPC, as shown in

Table 1 (Supporting Information Figure S2). The GPC system was equipped with a column oven

(CTO-10A/10AC; Shimadzu, Kyoto, Japan) and a refractive index detector (RI153; Jasco Corp., Tokyo,

Japan). N,N-Dimethylformamide was used as an eluent, and polyethylene glycol (PEG) and polystyrene

(PSt) were used as standards. We could not determine number-averaged molecular weight M, using 'H

NMR spectroscopy for samples with large molecular weights because the peak representing the phenyl

group at the end of the PVP chain was too weak.

In the third step, fullerene was grafted using the as-synthesized PVP. The feeding molar ratio of

PVP to fullerene is adjusted to be 1:3 not to obtain fullerenes grafted with plural PVP chains. In the

reaction, PVP, fullerene (Fullerene, nanom purple st 98%, Frontier carbon, Fukuoka, Japan), and

1-hydroxycyclohexylphenyl ketone (Wako Pure Chemical Industries, Ltd, Osaka, Japan) were mixed in

dichlorobenzene under a nitrogen atmosphere and irradiated with UV light for 8-12 h depending on the

sample to obtain fullerene capped PVP (Scheme 2). Representative feeds for samples are summarized in

Table S2. We carried out the reaction several times for the same PVP samples to obtain a reasonable

amount of samples. The C-S bond in PVP can be broken to form two radicals during the iniferter



polymerization (Scheme 1), which then react with fullerene in this step. The radical-trapping nature of

fullerene makes the reaction smoother.

The crude product was shaken several times with water and toluene to remove any free

fullerene. The water fraction was extracted and evaporated, and then the residue was re-dissolved in

ethanol to further remove the free fullerene via centrifugal separation. In order to remove free PVP,

dialysis against water was carried out. The dialysis was continued until the UV spectrum of the sample

was unchanged (Supporting Information Figure S3). Through this procedure, free fullerene and free PVP

were removed from the stock sample.

The presence of PVP-Cg) was confirmed by '*C NMR spectroscopy (JNM-A500; JEOL, Tokyo,

Japan; Supporting Information Figures S4, S5). '*C NMR spectroscopy was carried out with solid

samples. TGA measurements were also carried out in order to estimate the PVP:Cgo ratio (Supporting

Information Figure S6). The Csp weight fraction at 600 °C was estimated because 99% of the PVP was

burned off at 600 °C. In the same manner, PVP-grafted C7o was also prepared.

Size Estimation of Self-Assemblies

The surface tension was measured using a CBVP-A3 tensiometer (Kyowa, Tokyo, Japan).

Measurement was done through the Wilhelmy method, in which a platinum plate is placed on the surface

of the sample solution and the force on the plate is measured at 25°C. Above the critical micelle

concentration (CMC), dynamic light scattering (DLS-7000; Otsuka Electronics Co, Ltd., Osaka, Japan)



was performed using a He—Ne laser (A=632.8 nm). We obtained the time correlation function, g%(7), of the

measured scattered intensity defined by the following equation:

) <I(t) I(t+1))

(1))

where /(¢) is the scattered intensity at time ¢, and 7 is the delay time. The time-correlation of the scattering

g’ (t)

b

intensities is calculated at every delay time 7. Delay time zis the time difference between the arbitrary
two correlated data points. The time correlation function of scattered amplitude, g'(7), is related to g%(7)
by the following equation;
2 1742

9’ (1) -1=plg' (7)) .

where fis the coherent factor. Data analysis was carried out by the curve fitting of (g?-1)""? to exponential
function B2 exp (-I't) as g'(t) = exp (-I'1). In the fitting, decay rate I" and coherent factor P are the fitting
parameters. When the single exponential model cannot reproduce the data, we introduce a double
exponential model as (g%-1)"? = B2 exp(-['i1)) + (1-@)(B? exp(-T'21)) with @as a fraction of the first
component. Maquardt analysis was also performed in addition to exponential fitting.

Almost all of the data could be fitted well with a double exponential function. By changing the
scattering angle from 75° to 120°, a plot of decay rate (I') vs. scattering vector (¢?) was constructed. The
scattering vector is defined as ¢ = 4nnsin@'A, where n is a refractive index, € is scattering angle, and A is
laser wavelength. Using the linear relationship, we confirmed the observation of a lateral diffusion mode.

The established relationship I’ = Dg?, where D is the diffusion coefficient determined from the slope of

8



the plot, was used to find the hydrodynamic diameter of the system using the Stokes—Einstein equation

(Dn = kT/3mmD, where Dy, is the hydrodynamic diameter, k is the Boltzmann’s constant, T is absolute

temperature, 1 is the solvent viscosity, and D is the diffusion coefficient). DLS measurements were

carried out for mixed system of free PVP and Cgo for comparison with the PVP-Csp systems. Furthermore,

dried PVP-Cg micelles were observed directly by TEM using an H-7650.

Solubilization of Ceo into PVP-Ceo Micelles

PVP-Cgp was dissolved in chloroform (0.6~0.8 gL!) and mixed with a toluene solution of Cgo

(0.01 gL'™"). For example, the amount of toluene solution (0.01 gL!) was varied from ca. 0.2 to 10 ml

against 2ml of chloroform solution in PVP3k-Csy system. The experimental conditions for other samples

are summarized in Table S6. After evaporation, the residue was re-dispersed in water. Redispersion in

water and evaporation was repeated three times to remove chloroform and toluene completely. With the

obtained dispersion, the micelle size with solubilized Ceo was estimated by DLS. This procedure was

executed for each sample with different amounts of Cg. PVP-Cso micelles with solubilized Ceo at dried

state were observed by TEM using an H-9000NAR (Hitachi, Tokyo, Japan)

Results and Discussion

Synthesis of PVP-Cg was carried out by the process shown in Schemes 1 and 2. The obtained

PVP samples were characterized by 'H NMR spectroscopy and GPC ['H NMR (D;0) for PVP: §: 1.28 (m,



N(CH>CH3),), 3.25 (m, N-CH»), 7.2-7.5 (m, Ph) ppm; Supporting Information Figure S1]. Characteristics

of the PVP-Cgo samples containing PVP with different molecular weights are given in Table 1. The

molecular weights estimated by 'H NMR spectroscopy are absolute values, while those estimated from

GPC are relative values. In particular, the averaged molecular weights estimated by 'H NMR

spectroscopy and GPC for two different standard polymers (PEG and PSt) are vastly different, as shown

in Table 1. We named the samples as PVPXk-Cgs mainly based on the number-averaged molecular

weight obtained from 'H NMR.

The confirmation of Cg present in the samples was performed by '*C NMR spectroscopy

(Supporting Information Figure S5) and UV spectrum analysis (Figure 1). In the '*C NMR spectrum

(Figure S5), the peak around 135-160 ppm corresponds to fullerene aromatic carbons, which is not

confirmed in *C NMR of PVP (Figure S4). In addition to that, the UV—vis spectra of the PVP and

PVP-Ceo samples were also compared, as shown in Figure 1. We can confirm from the PVP-Cg spectrum

strong absorptions at around 260 and 330 nm, which are attributed to the grafting of Ceo to PVP [24]. Free

fullerene mixed with a PVP homopolymer in water showed absorption at 240, 275, and 345 nm (data not

shown). The wavelength shift suggests the formation of a chemical bond between the C¢o and PVP

components.

We also estimated the fullerene-to-PVP ratio. In the TGA measurements, PVP:Cg values based

on molecular weight (obtained by GPC using PEG standards) ranged from 1:1 to 1:4.5 depending on the
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samples as shown in Table S3. This finding suggests that plural fullerene molecules may attach to one

PVP chain. However, clear shifts of peak position between PVP and Ceo-attached PVP were not

confirmed by the GPC measurements (Supporting Information Figure S7). We concluded that we mainly

obtained Cso-endcapped PVP. The polydispersity of PVP would contribute the result.

Figure 2 shows the surface tension variation with the concentration of sample PVP10k-Cqo.

(Sample characteristics are summarized in Table 1.) We measured the surface tension of PVP10k-Ceo

aqueous solutions at 25 °C. The CMC was confirmed to be around 1 uM (ca. 0.001 wt%). We confirmed

that PVP of different molecular weight shows almost same in surface tension measurement in the

corresponding range from the reference [26]. In the literature, PVP with molecular weight of 10,000 and

55,000 are compared, which almost cover our studied range. Thus, we assume that the CMC would be

similar among the samples we treated.

Upon attachment of the Cso molecule at the end of the PVP chain, a decrease in surface tension

was observed at a lower concentration by two orders of magnitude. Noskov et al. measured the surface

tension of a PVP (M, = 10,000) solution and reported a drastic decrease in surface tension at around 0.1

wt%, and it takes much time to achieve the equilibrium [26]. A lower CMC value for PVP-Cg indicates

high surface activity; thus, that surface activity is elevated when fullerene is attached to the end of the

PVP chain. The surface tension decreased to 65 mN/m in PVP-Cqg relative to that of pure water, as shown

in Figure 2, indicating that PVP-Csy was adsorbed at the air/water interface. In addition to that, the shape
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of the curvature of (surface tension)-Log(concentration) plot of PVP-Cg is much different from that of

PVP [26]. The shape of the curvature for PVP-Ce is more like typical amphiphilic molecules, which is

reasonable considering the molecular architecture of PVP-Cgo. These characteristics indicates the rather

weak surface activity of PVP-Cg in surface tension decrease but efficiency by small amount, which is a

desired characteristic considering the incorporation of PVP-Cg into living systems.

Above the CMC, DLS measurements were conducted to estimate the size of micelles or any

other assembly. Figure 3 is a representative time correlation function obtained at the scattering angle of

90° by DLS measurement. In order to reconstruct the time-correlation function, a double exponential

model was used. By plotting decay rate I', at each scattering angle against scattering vector g, we

obtained ¢>-T" plots (Figure 4), which show good linearity. In general, the linearity indicates that the

samples behave as rigid spheres with a lateral diffusion mode. It is reasonable to say that the micelles of

PVP-Ceo are spherical rather than rod- or disc-shaped, although the exact shape of the micelle should be

estimated via small-angle X-ray (or neutron) scattering or static light-scattering measurements. The

hydrodynamic diameters obtained using the gradient of the g>-I plots are listed in Table 1 together with

their number fractions. The number fraction presented here was obtained from Maquardt analysis.

(Representative data from the Maquardt analysis are presented in Table S4, along with the standard

deviation in hydrodynamic diameter obtained by the data at a 90° scattering angle.) The majority of the

micelles formed in the aqueous solution had hydrodynamic diameters that ranged from 15 to 33 nm. A

12



small portion of micelles (less than 1% number fraction) formed large assemblies about 140~300 nm in

hydrodynamic diameter.

TEM observations of the dried micelles confirmed their averaged diameter to be around 31-35

nm, as shown in Figure S and Figure S8. Although the size of dried micelle observed by TEM is rather

larger than the hydrodynamic diameter obtained by DLS, it is reasonable result considering the

deformation of micelles in a drying process. The large assemblies with diameters of around 200 nm were

not observed by TEM, in agreement with the very small fraction of large assemblies as measured by DLS.

However, PVP-Cqgo assembly size range shown here is much smaller than those reported previously [24].

Yamakoshi et al. reported a large assembly composed of smaller spherical parts [24]. In our case, we

might see the smaller spherical parts separately. The difference may be raised by the concentration or

minor structural difference of PVP-Ceo.

The micelle size of PVP-C7 was also estimated in the same manner. Figure 6 shows the

molecular-weight dependence of the micelle sizes for PVP-Cso and PVP-Cy. The micelle size ranged

from 15 to 33 nm, increasing as the PVP molecular weight increased from 3,000 to 45,000. Furthermore,

almost no difference between the Cgo and Cro systems was observed. In the Cyo system, however, fitting a

model to the DLS data was more difficult than it was for the PVP-Cg system. This difficulty may be

attributed to the light adsorption of Cy around 600 nm, a value close to the He—Ne laser wavelength.

Thus, discussions hereafter will be focused on PVP-Cg aqueous solutions.

13



The micelle sizes obtained by DLS are reasonable when considering the size of the PVP—

fullerene molecule. For example, the maximum size, i.e., the size obtained with a fully extended PVP

chain of PVP3k-Csy molecules, was calculated to be 8 nm. In a spherical micelle, two such molecules are

involved; the maximum micelle diameter should therefore be 16 nm. Considering that the hydrodynamic

diameters are estimated to be larger than the real diameter, a value of 15 nm for this dimension for

PVP3k-Cgo is reasonable. The association number of forming a single micelle was also calculated. In the

calculation, the hydrodynamic diameter (15-33 nm) was divided by the volume occupied by a PVP-Ceo

molecule. The volume of PVP-Cgo was estimated from the bulk density of PVP and the diameter of Cgo. In

this calculation, we did not consider water, which should exist in the PVP shell. The association number

ranged from 240 to 390 when PVP:Cg remained at a 1:1 ratio with assuming PVP bulk density of 1.2

g/cm®. Therefore, we can reasonably state here that the association number in this system is around 300

for the present study.

The effects of the addition of salt and the solvent ethanol were investigated to assess the in vivo

applicability of this system. Figure 7 shows a ¢>-I" plot for PVP10k-Csp in a 0.15 M NaCl aqueous

solution (i.e., saline). As in the former case, good linearity was confirmed in ¢>-I" plots. The micelle

diameter was estimated to be 20 nm, as shown in Table 2, which is almost the same as that in water. We

confirmed that the PVP-Cso micelle did not aggregate in saline, as is required for in vivo applications.

(Representative data from the Maquardt analysis are presented in Table S5, along with the standard
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deviation in hydrodynamic diameter obtained by the data at a 90° scattering angle.) In ethanol, the micelle

size decreased to a diameter of 12 nm. This may be attributed to a decrease in the micellar association

number, which is caused by the diffused state of PVP chains in ethanol. We assessed the solvent quality to

PVP, and ethanol is more like good solvent than pure water based on solubility parameters [27]. Solubility

parameter values (8) for water, ethanol, and PVP are 47.9, 20.5 and 25.6 MPa'?, respectively.

Polymer-solvent interaction is characterized by  which has linier relationships with (8;—52)%. Based on

this relationships, y in PVP-ethanol system is smaller than that of PVP-water system. Thus, PVP

chains can form a more diffused state in ethanol than in water. In such case, PVP chains diffuse and

occupy a larger volume than in water. Similar effect of ethanol is also observed in comparable system,

poly(methacrylic acid)-grafted fullerene system studied by our group [28].

In order to demonstrate the contrast between these PVP-grafted fullerene systems, a blended

system of fullerene and PVP was also investigated. PVP homopolymer and Cso were solubilized in water;

here, PVP with a molecular weight of 10,000 was used. Figure 8 shows time-correlation function

obtained at 90° and the ¢>-I" plot. The time correlation data were fitted using a single exponential

equation, and the hydrodynamic diameters were estimated to be ca. 230 nm. The diameter obtained here

was much larger than those obtained from the PVP-Cg micelle system, on the order of several tens of

nanometers, which indicates that a mixed system does not favor the formation of micelles.

In a further attempt to control the micelle size, we solubilized free Cep molecules into the
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PVP-Ceo micelle core. The simple preparation of a desired sized micelle was possible with this concept

through the continuous addition of Cgo to any PVP-Cesy micelle solution. Figure 9 shows the size variation

of the micelles upon the addition of Cg. The hydrodynamic size presented in Figure 9 at each

Cs0o/PVP-Cgo ratio is the dominant one for the clarity. The amount of Cso added is represented as the molar

ratio of added Ceo to PVP in the lateral axis of Figure 9. The micelle size (hydrodynamic diameter)

increased gradually up to ca. 40 nm at the beginning of the fullerene addition, which is followed by a

significant jump to >200 nm. The assembly size change is also presented in Figure S9, in which the size

distributions are shown. We can see the clear shift of the assembly size by the addition of Cey.

Coincidently, this two-size range is similar to the range obtained for the PVP-Cg samples, as

shown in Figure 4 and Table 1. In the PVP-C¢ dispersions, a small number of aggregates with 200 nm

size formed in addition to a large number of micelles with 15-33 nm size. Figure 9 suggests that the size

of PVP-Cg assemblies in water is not continuous but limited to two ranges: 15—40 nm and >200 nm. This

means that the stable morphology is limited to a range of hydrodynamic diameter values, and that

PVP-Ceo assembles into this morphology. We did not obtain further structural information on the 200 nm

size aggregate from the DLS data, but we considered that the cluster might possess a certain structure.

This is because, in fullerene containing polymer system, organized assemblies much larger than micellar

size have been reported [11, 14, 29, 30]. This kind of assembly is referred to as a large compound micelle

(LCM) [31,32], which was also found in our previous study [14].
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The drastic change is observed at almost the same Ceg/PVP monomer molar ratio for the

different length of grafted PVP although some error might be included. This suggests that one fullerene

molecule is stabilized by a certain number of PVP unit, and ca.100 PVP unit would be a lower threshold

for stabilizing a fullerene molecule.

Figure 10 shows TEM images of PVP-Cg assemblies below and above the critical ratio of

added Cso/PVP monomer. Immediately upon addition of free Cgo, micelles with diameters ca. 20 nm were

observed. At 0.02 molar ratio of added Ceo to PVP monomer, however, we observed large aggregates with

diameters of about 200 nm, which agrees with the results, obtained using DLS. The two size ranges of

assembly observed here coincide with the ones observed in aqueous solution as shown in Table 1. The

assembly formed in the solution is therefore hypothesized to be discontinuous in regard to size and to a

certain morphology. Unfortunately, the detailed morphology cannot be uncovered by TEM observation in

this system.

In summary, PVP-grafted fullerene was synthesized, and micelles with a ca. 20 nm diameter

were formed. The micelle size could be controlled by adding fullerene with diameter up to 40 nm;

however, a large assembly of a 200 nm diameter forms at a critical value of the Cso/PVP monomer ratio.

The critical value of the Cso/PVP monomer ratio between different systems was found to be comparable

regardless of the molecular weight of the PVP within the studied range. The PVP-Cso micelle size can,

therefore, be controlled by adjusting the Cso/PVP monomer ratio and by changing the amount of
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solubilized fullerene. This size-tuning process may contribute to the practical application of PVP-Cg to

an in vivo system.

Conclusions

The micelle formation of PVP-grafted fullerene and the effect of dissolving Ceo into the core of

PVP-grafted fullerene micelles were investigated. Micelles formed in water were confirmed to be

monodisperse, with diameters that could be controllable within 15-33 nm via the molecular weight of

grafted PVP. Similar behavior for the PVP-Cy system was observed. The solubilization of fullerene

molecules into the core of the micelles was also demonstrated. Upon increase of the amount of added

fullerene, the micelle diameter increased gradually and subsequently drastically increased to ca. 200 nm.

The assembly formed in the solution is therefore hypothesized to be discontinuous in terms of size and

limited to a certain morphology.
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Figure Captions

Figure 1. UV-vis spectra for PVP and PVP-Cg aqueous solutions.

Figure 2. Surface tension measurements for the PVP10k-Cg aqueous solution.

Figure 3. Time correlation function for the PVP-Cs aqueous solutions at a scattering angle of 90°: (a)
PVP3k-Cqp, (b) PVP10k-Ceo, (c) PVP30k-Cg, and (d) PVP45k-Ceo.

Figure 4. Plots of " vs. 2 for the PVP-Cgo aqueous solutions; the diffusion coefficient was evaluated
from the slope of the plot: (a) PVP3k-Cso, (b) PVP10k-Cso, (¢c) PVP30k-Cg, and (d) PVP45k-Ceo.

Figure 5. TEM images of assemblies formed in aqueous solution of (a) PVP3k-Csp and (b) PVP10k-Ceo.
Figure 6. Effect of the molecular weight of PVP on the micelle size for the PVP-Csp and PVP-Cy
systems.

Figure 7. I vs. ¢? plot for PVP10k-Ce in (a) a 0.15 M NaCl aqueous solution and (b) an ethanol solution.
Figure 8. DLS data for the PVP/Csy mixed system. (a) Time-correlation function at a scattering angle of
90° and (b) I vs. ¢? plot.

Figure 9. Change in hydrodynamic diameter upon addition of free Ceo plotted against (a) the ratio of
added Ceo to PVP-Cygp and (b) the molar ratio of added Cgo to PVP monomer.

Figure 10. TEM images of PVP10k-Ce in the process of fullerene solubilization at (a) 0.0061 and (b)

0.015 molar ratios of added Cgp to PVP monomer.
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Table 1. Characteristics of PVP-Cgp and PVP-Cg assembly size in aqueous solution.

Sample Code M, * M, ™ M, My/M," D/ nm’
(PEG) (PSt) (PSt) (Number fraction, %)
PVP3k-Ceo 3,000 1,400 5,000 1.19 15 (ca. 100), 154 (~ 0)
PVP10k-Cso 10,000 4,300 13,000 1.16 22 (99.69), 246 (0.31)
PVP30k-Ceo 30,000 10,000 25,000 1.29 26 (99.82), 136 (0.18)
PVP45k-Ceo - 23,000 45,000 1.56 33 (99.84), 289 (0.16)

*PVP homopolymer molecular weight estimated by 'H-NMR measurement.

**PVP homopolymer molecular weight estimated by GPC measurement with PEG and PSt standards.

§Estimated by DLS measurement. Number fractions are from Maquardt method analysis.

Table 2. Characteristics of PVP10k-Cso assembly.

Dy/ nm
Solvent
(Number fraction, %)
ethanol 12 (ca. 100), 132 (~ 0)

0.15 M NaCl aq.

20 (99.93), 206 (0.07)

Water (added Cqo)

231 (100)
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Scheme 1. Polymerization of PVP.

uv

EtOH

UV, initiator

L

’

Dichlorobenzene

Scheme 2. Reaction between PVP and fullerene Ceo.
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Table S1. Feeds, irradiation conditions, and yields in PVP polymerization.

N-vinyl BDDC Ethanol Irradiation time Yields
Sample code
pyrrolidone/ ml / mg /ml /h 1 %
PVP3k 5 332 2 4 40
PVP10k 3 45.0 3 5 68
PVP30k 3 16.9 3 5 30
PVP45k 6 33.7 15 5 60
Table S2. Feeds and irradiation conditions in PVP-Ce preparation.
PVP Ceo 1-hydroxy-cyclohexylphenyl dichlorobenzene  Irradiation
Sample code ]
/' mg / mg ketone /mg /ml time/h
PVP3k-Ceo 60 43 4.1 6 8
PVP10k-Cgo 60 13 1.2 6 8
60 4 0.4 6 12
PVP30k-Cgo
PVP45k-Cgo 60 3 0.3 6 12
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Table S3. Characteristics of PVP-Cgp and PVP-Cg assembly size in aqueous solution.

Sample Code M, * M, ™ PVP:CqS
(PEG)
PVP3k-Cqo 3,000 1,400 1:1.2
PVP10k-Ceo 10,000 4,300 1:2.1
PVP30k-Ceo 30,000 10,000 1:45

*Estimated by 'H-NMR measurement.
**Estimated by GPC measurement with PEG standards.
§Calculated from TGA data and number-averaged molecular weights obtained by GPC with PEG

standards.

Table S4. Number-based analysis result from DLS data analysis.

Sample code D; Standard D, Standard
deviation deviation
PVP3k-Ceo 9.6 +1.7 101.7 +24.9
PVP10k-Cego 24.0 2.7 161.3 +37.7
PVP30k-Cego 24.9 +5.3 - -
PVP45k-Cego 32.7 +5.8 204.9 +44.9

Analysis based on data obtained at the scattering angle of 90° by Marquardt method.
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Table S5. Number-based analysis result from DLS data analysis.

Sample condition D: Standard D, Standard
deviation deviation
PVP10k-Ceo/EtOH 10.8 +1.6 94.9 +21.9
PVP10k-Cgo/NaCl aq. 16.1 +2.0 137.7 +33.4
PVP10k /Cgo - - 169.7 +38.2

Analysis based on data obtained at the scattering angle of 90° by Marquardt method.

Table S6. Sample preparation conditions for Cgo-solubilization into micelles.

Sample code PVP/gL™! PVP/mI Ceo/gL™? Ceo/pul
PVP3k-Ceo 0.6 2 0.01 192-9600
PVP10k-Cego 0.8 2 0.01 6-600
PVP30k-Cego 0.8 2 0.01 2-11
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