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Summary

The effect of fullerene on the radical polymerization of N-vinylpyrrolidone with
lauroyl peroxide in toluene was investigated kinetically. C¢, was found to act both as
inhibitor and as retarder because the polymerization rate and the molecular weight of
resulting poly(vinylpyrrolidone) is decreasing with the increase of the fullerene
concentration (0-6.94 x 10 mol 1'). The water-soluble poly(vinylpyrrolidone)-
modified fullerene Cg compound was characterized by differential scanning
calorimetric, Infrared and Raman spectroscopy, UV absorption and
photoluminescence. Based on the results obtained by optical measurements, it is
argued that by the covalent attachment of the polymeric radicals to fullerene cage the
extended electronic conjugation system of the Cy, is broken leading to the appearance
of a polyene structure.

Introduction

The unique physical and chemical properties of C¢, [1] have driven researchers to find
more and more application for them. In the last years, the interest for the potential
biological and biomedical applications of Cg [2] such as: imaging probes [3],
antioxidants [4, 5] and drug carries [6] has increased. Hybrid materials formed by Cg
with proteins may be a new storing structure for novel pharmacological substances
[7]. From the practical point of view these applications require the solubilization of
Ceo in water. Several attempts have been made to overcome the natural repulsion of
Ceo for water. The most widely used methodologies are: formation of water soluble
host-guest complexes [8-11]; suspension with the help of co-solvents [12-14];
solubilization by surfactants [15-17]; chemical functionalization for the introduction
of solubilizing appendages [18]. Recently researches on the Cg complexed or
derivatized with hydrophilic polymers have intensified since these polymers are
soluble in water. Thus poly(ethylencoxide)-modified Cqy have been prepared with
a precursor possessing mono- or di-azido end groups [19, 20]. Cg-containing



582

poly(ethyleneoxide) was also synthesized from mono-or di-amino terminated
poly(ethyleneoxide) [21]. "Living" poly(ethylencoxide) can be grafted onto Cg [22].
Poly(vinylpyrrolidone) (PNVP) is another well known non-toxic, biocompatible and
hydrophilic polymer remarkable for its biomedical properties. C¢y being a strong
electron acceptor form complex with PNVP [23]. Such a structure may have direct
implication for the biological effect, acting on the lipid component of virus
membranes [24, 25]. Another way to obtain a more stable structure than the complex
mentioned above, consist in the chemical functionalization of Cg with polymeric
chains. Recently, by different chemical routes many types of fullerene polymeric
derivatives having the polymer chains covalently attached to Cg, cage have been
prepared: i) main-chain fullerene polymer (named also "pearl necklace"); ii)
immobilization of fullerenes on polymer solid surface; iii) star-shaped fullerene
polymers (known as "flagellenes"); iv) fullerene-end-capped polymers; v) crosslinked
polymer fullerene derivatives; vi) side-chain fullerene polymer (often called "pendant
chain") and vii) fullerodendrimer [26, 27]. A priori, the tendency of Cg, to react with
other organic groups and the radical reactivity of the N-vinylpyrrolidone (NVP) would
make possible a direct covalent bonding of polymeric radicals to fullerene cage.
Fullerene Cg is reported to react with styrene and other olefins by bulk or solution
radical polymerization to form polystyrene-Cg, compounds [28-30], but is also known
to quench radicals and inhibit polymerization. We note that to our knowledge only one
paper was published about the Cg-NVP copolymer [31]. But in this case a
dimethylfulleropyrrolidine was chose as a starting material.

In this paper we report a covalent attachment of PNVP to C4y cage achieved by the
radical polymerization of NVP in the presence of Cgy and lauroyl peroxide as an
initiator. According to our expectations, the method leads to a polymer-modified
fullerene compound soluble in water. Inhibition and retarder behavior of Cg in the
polymerization reaction is explored by simple dilatometric experiments. A kinetic
model is discussed, too. Using differential scanning calorimetric, Infrared and Raman
spectroscopy, UV absorption and photoluminescence we show that the synthesized
water-soluble compound, poly(vinylpyrrolidone)-modified fullerene Cgy (PNVP-Cqy),
contains polyene structures formed by the breaking of the extended electronic
conjugation system of fullerene after the covalent attachment of polymer chains to Cqp
molecule.

Experimental

Materials

NVP, lauroyl peroxide (LP), toluene (T) and ethylic ether (EtEt) of synthetic grade
were purchased from Merck. NVP was distilled under vacuum at 88°C and 9 mmHg.
The initiator, LP, was recrystallized from ethanol. The solvent, T, was distilled at
110°C. The non-solvent, EtEt, was used without further purification. The Cq, powder
from Aldrich was used as received.

Polymerization

In a typical procedure mixture of ((NVP]=3.12 mol 1) - C¢, - ([LP]=2.6 x 10Z mol I'")
- T dosed in polymerization tubes or in dilatometer were conditioned through nitrogen
bubbling and then placed in thermostatic baths at 70°C. The Cg, concentration and
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polymerization time were varied to observe polymerization characteristics. The crude
product was isolated by precipitation in non-solvent and afterward filtered, washed
and dried until to constant weight. We notice that the initial color of Cg solution in T
was violet. After separation of the precipitate, the liquid phase remains colorless
sustaining the hypothesis that during the polymerization reaction of NVP the
properties of fullerene are modified.

Methods

The polymerization kinetic was studied by dilatometric method. Molecular weights of
the samples obtained in different experimental conditions were obtained by
viscosimetric measurements. The intrinsic viscosities of solutions were measured at
30°C in water using a Ubbelohde type capillary viscometer. The thermal behavior of
PNVP-Cg, powder was determined by differential scanning calorimetric (DSC) using
a Linseis 2005, up to 700°C.

The FTIR spectra were obtained using a Shimadzu 8900 spectrophotometer in the
4000-400 cm™ range and 2 cm™ resolution. The Raman studies were performed at
room temperature, under 1064 nm excitation wavelength using a FT Raman Bruker
RFS 100 spectrophotometer.

Ultraviolet absorption spectra were recorded in the range 200-350 nm using a Jasco
V550 spectrophotometer with integrating sphere. The photoluminescence (PL) spectra
at room temperature were recorded using a Horiba Jobin Yvon Fluorolog 3-22
spectrofluorimeter. The excitation wavelengths used were 335, 365, 400 and 435 nm
and the emission was monitored between 350...655, 380...715, 415...785 and
450...850 nm, respectively.

Results and discussion

In order to ascertain whether Cg, acts as inhibitor and/or retarder for "in situ" radical
polymerization of NVP, simple dilatometric experiments were conducted at 70°C.
Figure 1 shows the extent of monomer conversion as a function of time. The
concentration of monomer ([NVP] = 3.12 mol 1) and the initiator [LP] = 2.6 x
102 mol 1'1) were maintained constant, while the concentration of the Cqy was varied in
the range 2 x 10 - 6.94 x 10 mol I"'. Polymerization of NVP without fullerene under
the same condition was also conducted for comparison. Figure 2 presents the
dependence of induction time on Cgy concentration. As might be expected the induction
period increases with increased concentration of Cgy. So, Cg acts like a radical absorber
reacting with primary radicals from LP faster than with monomer. Therefore, the NVP
polymerization occurs only after sufficient Cg is consumed to permit the reaction of
primary initiator radicals with NVP. This means that in radical polymerization of NVP,
Ceo behaves at least as an inhibitor. In order to bring out the role played by the Cg in the
NVP polymerization we have determined by dilatometry the polymerization rates for
the investigated system (Figure 3). Because the polymerization rate highly decreases
when Cg is present in the polymerization mixture it seems quite reasonable to suppose
that Cg acts also as retarder in the NVP polymerization.

Thus, in the light of the above observations upon the NVP polymerization conducted
at low conversion in the presence of Cgy, we may write a polymerization mechanism,
taking into account: the initiation, propagation, the addition of polymer radicals to Cy
and termination by combination steps.
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In the proposed reaction scheme kg is the rate constant of dissociation of initiator, k; is
the rate constant for monomer, association, k, is the propagation rate constant, kg is
the rate constant for addition of polymer alkyl radicals to Cg, ktr is the rate constant
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for the termination of polymer alkyl radicals by combination with fullerene radicals
and kg is the termination rate constant of polymer alkyl radicals by combination
between them.

ka ok Scheme 1 Reaction scheme
LR © . for radical polymerization of
2. Ry +M —Ki R NVP in the presence of Cyy.
3. v + M Ky R
4. waranad 4+ CGOL www(jﬁ[]

N ° kg

5. wmanR 4 AaCen —TE P
6. R + wwR —EL > p

In the reaction scheme, I, M and P designate the un-dissociated initiator, monomer and
terminated polymers, respectively; the Ry, R and Cg, with dot surmounting are the
initiator, monomer and fullerene radicals, respectively.

For the kinetic model we made de following simplifications:

1. We have neglected the chain transfer reactions towards the monomer because they
have a small contribution in the estimation of polymerization rate compared with the
propagation reactions [32];

2. The polymer radicals are attached to the Cqy cage the new radicals formed in this
stage are involved only in the termination reactions;

3. The termination reactions between Cg radicals have been neglected due to kinetic
improbability.

Starting from the hypothesis that the (R;) radicals are generated and consumed with
the same rate, we may write:

R =ky -Coo- Rt ky - R )

The solution of the equation (1) gives the dependence between the propagating
radicals concentration and the Cg, radicals concentration:

. k- Coo) +4 -k R —ky - Coo
2k,

Imposing the steady-state condition for the Cg radicals:

" kp C
Ceo = _F 60 (2)
IF
In this context the polymerization rate in the presence of Cg (R)) is:
0.5 7 05
B 2Rk 3)
R, [k, -Cy+4-k-R —k,-C,,
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Notating 4 =2- RI.O'5 . kT0'5 and B =k, - C,,, we transforms into:

R A

p0
T “)
R, JA*+B>-B
Thus:
2 R R,
14 14

Taking into consideration that A value is a constant, easily results the dependence of
Cyo concentration on the polymerization rate (Rpo) and R;:

(ﬂ_ﬁ)zﬁ
R R K

P PO

®)

The equation (5) is a linear one having the slope 1/K, where:

~ kro.s ~R,.°‘5
k

K

F

The wvalidation of the proposed kinetic model, demands that the graphical

. . 0 .
representation of the experimental value (=%=—=—%) on Cg concentration must

R R

14 14Y
obey equation (5) and from Figure 4 we see that it is exactly the case.
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The linear dependence observed in Figure 4 may be an argument for the validation
of kinetic model. From experimental values, K was calculated as being equal with
1.75 x 10™* (1 mol™). If we accept that the initiation rate has the following value R; ~ 10
(mol I'' s and kr = 10° (1 mol™" s™) [33] we obtain kr =~ 1.8 x 10° (I mol™* s™). This
value is comparable with those obtained for propagation and termination constants.
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Based on the same kinetic model we can anticipate the ratio between the number
average degree of polymerization in the absence (GP,) and in the presence (GP,) of
Ceo, respectively. The GP, is described by:

| R Ky, -RCatk, R

- B : (6)
Gf, R, k,-M-R

Substituting in this relation the concentration of propagating radicals and that of Cg
radicals with the expressions found above, we obtain:

I _ K, Cy+dk R +k - Cy

(7
GP, kp M -2
The GP, is given by:
7 : 2408
wl} _ k.-R = (k, -R) @)
CJ}H.(‘J kp . ."‘l' . }e k}) 'J"j
Dividing the (8) by (7) the next relation is obtained:
GP, (k; - R)" -2
&)

GP, [k, -C*y+4-k,-R +k,-Cy,
Maintaining the notation for A and B, equation (9) transforms into:
GP A

n = =R
GP,, B+ A*+ B

Analyzing this relation we may found the dependence between B, A and R. Thus:
(1-R*) 2-B
R A

Maintaining A as constant, we can easily determine the dependence between R and
Cgo concentrations. K = 1.75 x 10 (I mol™), value obtained experimental.

(1-R%)

=C, /K

Knowing the values for K and Cgy concentration, respectively, we can calculate the
ratio between the GP,, o and GP, (Table 1). One has to mention that the PNVP-Cq is a
totally soluble in water compound. This result sustain the hypothesis that during the
polymerization reaction of NVP, the structure and also the properties of Cg added are
modified by the covalent attachment of polymer chains. The kinetic model accepts the
coexistence of two types of polymers: PNVP homopolymer and PNVP-Cg. For
determining their viscosity average degree of polymerization (GP,) we can use the
experimentally obtained values of the intrinsic viscosity ([n]) and viscosimetric
constants K = 14 x 10~ and a = 0.7 calculated for PNVP [34].
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Table 1 Characteristics of various PNVP-Cy, obtained by polymerization of NVP in the
absence and in the presence of fullerene (at different concentration). The solution
polymerization was carried out in toluene at 70°C, using LP as initiator.

Sample  Cg4y concentration Yield ( GP )* ] M, ( GP )**
no. mol I % P dlg! e
( ) (%) G}lo dlg”) cyzp
1 0 3.5 1 0.065 5900 1
2 2x10* 4.23 0.58 0.105 12800 2.05
3 3.88x 10 3.36 0.38 0.085 9592 1.50
4 6.94x 10 2.4 0.24 0.069 7120 1.08

* ok
calculated; measured

As shown in Table 1, the GP,/GP,, ratio decreases with the increase of the Ce
concentration. This variation is suggested by the mathematical model, too. One
mention that the PNVP-C, presents a greater viscosity average molecular weight (M,)
than PNVP homopolymer synthesized in the same reaction conditions. Such a result
may be explain only if we accept that multiple additions of polymeric radicals to the
Ceo cage are leading to a star structure, already reported in the case of polystyrene [35]
and poly(vinylacetate) [36] chains covalently attached to a Cg, cage.

In the following, different properties of PNVP-C¢, are investigated by thermal and
opto-spectral techniques. As it is show in the Figure 5 the DSC spectrum of PNVP-
Ceo (curve 2) is different from the PNVP parent one (curve 1). The endothermic peak
at about 170°C, characteristic for PNVP, is much larger in the case of PNVP-Cg, due
to the presence of species with different structures and number average degree of
polymerization in this compound.

Figure 5 DSC spectra of:
1) PNVP parent and
2) PNVP- Cy.

Heat Flow

T T T T T T T T T T
120 140 160 180 200 220 240 260 280 300 320
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Structural characterization of the PNVP-Cq, is carried out using IR and Raman
methods. For comparison in Figure 6 are presented the IR spectra of PNVP parent
(spectrum 3), PNVP/Cq, physical mixture (spectrum 2) and PNVP-Cg, (spectrum 1).
In the case of IR spectrum for the physical mixture, the band situated at 525 cm™
represents the Cg signature as individual molecule. This band disappears in the IR
spectrum of PNVP-Cg, sustaining the hypothesis that the covalent attachment of
polymeric chains to the Cg cage has as the result the modification of Cg structure.
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In the Raman spectrum of PNVP-Cg, (Figure 7) the four intense Raman active modes
of Cg as individual molecule namely Hg (1), Ag (1), Hg (4) and Ag (2) ("pentagonal
pinch" mode) situated at 272, 496, 772 and 1470 cm™ are not observed, this being
basically similar with that of the parent PNVP. Most probably this similarity is due to
the overwhelming contributions of NVP units in the PNVP-Cg, structure.

A possible explanation for the absence of the Cg signature in the Raman spectrum of
PNVP-Cg could be the following: during the radical polymerization of NVP in the
presence of Cg, propagating polymeric radicals are covalent linked to Cg, cage
distorting the molecular symmetry and breaking the extended electronic conjugation
system of the Cg. In this way, multiple additions of the propagating polymeric
radicals to the C¢, cage are leading to the formation of conjugated regions or polyene
structures. We note that a Raman band situated at ~1600 cm™ was associated to C=C
stretch in conjugated regions formed in the individual micron diameter polystyrene
particles isolated in a visible wavelength radiation trap [37]. Consequently, we think
that the new weak band which appears at ~1595 cm™ in the Raman spectrum of
PNVP-C (spectrum B) is an argument for the formation of the polyene regions.

Figure 7 Raman spectra
of PNVP parent (A) and
PNVP-Cq (B) recorded
at 1064 nm excitation
wavelength.
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UV absorption and photoluminescence studies give the convincing proof that by
radical polymerization of the NVP in the presence of fullerene was formed a new
compound which contains the polyene cromophore. Thus, in the UV absorption
spectra of PNVP-Cg, (obtained at different conversion) presented in Figure 8,
characteristic peaks of Cg as individual molecule are not observed.

Figure 8 UV absorption
spectra of PNVP-Cg,
powders obtained at
different conversions:
30% (dash line), 20%
(solid line) and 4% (dot
line).

—y
200 250 300 350
Wavelength (nm)

The PL spectra of the PNVP-C¢, powder recorded at different excitation wavelengths
(Figure 9) exhibits a wide band with the maximum at about 535 nm. Such a green
emission was already identified in polystyrene films exposed to UV radiation [38] and
for individual micron diameter polystyrene particles illuminated with visible radiation
in an optical trap [39] and associated to the polyene cromophore. A band peaking
around 535 nm is observed also in the PL spectrum of PNVP-C¢, water solutions
(Figure 10) obtained at 435 nm excitation wavelength.

Figure 9 Photolumines-
cence spectra of PNVP-
Cego powder at different
- excitation wavelengths:
365 nm (A), 400 nm (B)
L and 435 nm (C).
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Compared with the emission of the parent PNVP water solution, the emission of the
PNVP-Cg water solution is red shifted supplying the presumption that by the radical
polymerization of NVP in the presence of Cg a new compound characterized by
a green emission is formed. In the case of polymer water solution, the intensive
Raman line of water situated at about 3300 cm™ is superposed onto PL spectrum. In
the inset is shown the PL spectrum of PNVP-Cg, water solution at 335 nm wavelength
excitation. It reveals also the broad band emission with the maximum around 535 nm.



591

Figure 10 Photolumines-
cence spectra of PNVP-Cg
(A) and PNVP parent (B) in
water at 435 nm excitation
wavelength. The emission
spectrum of water filled
cuvette (C) is also shown. In
the inset is presented the
photoluminescence
spectrum of PNVP-Cg, in
water at 335 nm excitation
wavelength.
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It has to be mentioned that this green emission featuring the PL spectra of the PNVP-
Cso as powder or water solution preserves its shape and position when the excitation
wavelength is changed.

Conclusions

This paper reports new results concerning the synthesis and the characterization of
a water soluble compound based on PNVP and fullerene Cg. The Cgy has been added
in the polymerization reaction of NVP initiated by LP and its influence has been
investigated. Using simple dilatometric experiments, we found that C¢, acts both as
inhibitor and as retarder. A kinetic model was proposed and validated by the
experimental data. The DSC, IR, Raman, UV absorption and PL studies sustain the
hypothesis that by direct covalent bonding of polymeric radicals to fullerene cage, the
extended electronic conjugation system of the Cg is broken, leading to the appearance
of a polyene structures. Concluding, the PNVP-Cg, is a compound soluble in water
which may have direct implication for the biomedical applications.
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