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Abstract

The photochemically enhanced Fenton reaction producing hydroxyl radicals is used as the initiation step of the free-radical polymerization
of 1-vinyl-2-pyrrolidone (VP) and copolymerization with methacrylic acid (MAA) at room temperature. The\swigyl-2-pyrrolidone)
(PVP) homopolymer obtained by photo-Fenton method has a low molecular wight(54,000 g mot!) and polydispersity of about
3.1. The copolymerization of VP with MAA results in statistical copolymers with molecular weight in the rax@@-&30Q x 10° g mol!
and polydispersity in between 2.4 and 1.7, when using a feed composition of MAA from 10 to 40 wt.%. The copolymers have high percent
of MAA relative to feed composition due to the higher reactivity ratio of MAA compared with VP. The photopolymerization rate is
determined from dilatometry measurements, and its dependency with concentration of the Fenton reagent is established. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction and a high polydispersity. Azo-initiators have been also
applied in polymerization and copolymerization with the
Polymeric materials based on pd¥{inyl-2-pyrrolidone) convenience of working at a lower temperature [5-7]. The
(PVP) and its copolymers have found intense applications disadvantage of azo-initiators is the possible introduction
as hydrogels and membranes used in drug-delivery systemspf harmful and toxic chemical side products as compared
adhesives formulations, and in photographic and litho- to the hydrogen peroxide decomposition method. This is an
graphic coatings [1]. The low chemical toxicity of PVP, important issue in view of the special applications of PVP
its solubility properties in water and in organic solvents as polymers.
well as its ability to complex with many kind of substrates 1-Vinyl-2-pyrrolidone (VP) may also be polymerized with
like dyes, surfactants, and other polymers [2—4], have pro- H2O> under UV radiation yielding high molecular weight
moted its use as a protective colloid in pharmaceutical and polymers [8]. The need of far UV radiation, the low ex-
cosmetics products. tinction coefficient of the peroxide and the light absorption
The commercial production of PVP is carried out mainly by the monomer in the UV region, reduce the application
by a free-radical polymerization of 1-vinyl-2-pyrrolidone of that procedure. Photoinitiators based on redox systems
solution in water with hydrogen peroxide as initiator and am- containing aromatic compounds and aliphatic amines have
monia as activator [1]. The initiation step in that method is been also used in radical polymerization of VP [9,10].
the thermal decomposition of the peroxide forming hydroxyl  In this work, we introduce an initiating step based on
radical which attacks the vinyl double bond producing the the peroxide photo-decomposition using a Fenton reagent.
macro-radical of the propagation step. The polymer formed The polymerization of VP and its copolymerization with
has a molecular weight in the range 0f200°, depending methacrylic acid (MAA) initiated by photo-Fenton reaction
on the temperature and chemical composition of the reactionare investigated. Molecular weight, degree of polymeriza-
system. The bulk polymerization in the presence of hydrogen tion, and polydispersity of the products are determined by
peroxide is also possible by heating the system about@p0  size exclusion chromatography (SEC). Copolymer compo-
but the final product usually has a low molecular weight sition is determined from elemental microanalysis and con-
ductometric titration with NaOH. The products are analyzed
* Corresponding author. Tek:55-16-273-0951; fax-55-16-273-0952. by 3C RMN and FTIR spectroscopies, and the glass tran-
E-mail addressmarcelog@igsc.sc.usp.br (M.H. Gehlen). sition temperatures are determined by thermalgravimetric
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analysis. The polymerization rates are determined from Hg (Xe) lamp and Oriel power supply, water filter for IR

photodilatometry, following basic procedures described in blocking, and a monocromator for wavelength selection,

the literature [11-15]. all aligned in an optical rail. The reaction vessel, 12 ml vol-
ume and an internal diameter of 2.5cm, was placed in a
constant temperature bath (300.02°C) in front of the

2. Experimental light beam. The light intensity at 365nm, determined by
using a Kg[Fe(G04)3] chemical actinometer, had a value

N-Vinyl-2-pyrrolidone (VP) and MAA from Aldrich were  of 4.3 x 10~ %einsteins®. The polymerization ratesRf)
used after removing their inhibitors by standard treatments. were calculated using the following equation [11,12]:
Hydrogen peroxide at 30%, and ferrous sulfate from Synth N
were used as received. P= A [m] (1)

The polymerization of VP was carried out using an aque-
ous 5M solution of the monomer. In the copolymerization wherehis the contraction per volume\{//V, whereV is the
experiments, the amount of MAA relative to VP was var- initial volume) in the capillary (measured with a cathetome-
ied up to 40% in weight, but the total concentration of vinyl ter) at timet, f the volume fraction of the monomer in
monomers was kept constant at 5 M. The Fenton reagent wassolution, Jn] the molar concentration of monomeF, =
an aqueous solution in the monomer medium.562.0~* M (dp — dm)/dp is the contraction factor related with the den-
of FeSQ and 0.01 M of HO, with a pH of about 4.5. The  sities of the polymer and the monomer. In the situation
solutions containing the Fenton reagent were irradiated atof a copolymerization, it is assumed that the volumetric
365410 nm using a monocromator and 200 W high pressure change is additive, and the overall rate observed is related
Xenon lamp, with samples placed into quartz tubes at room to the sum of contraction effects of the two monomers each
temperature (300 K). The extinction coefficient at 365 nm of one related to its propd¥ andf factors.
the Fenton reagent is 7 moficm1.

PVP was precipitated in acetone and washed several times
with this solvent to remove unreacted monomer. The copoly- 3. Results and discussion
mers were precipitated in water given a white solid which
was filtered and washed with water to remove unreacted wa- The initiation step of the polymerization kinetics of VP
ter soluble monomers. All samples were dried under vacuum by thermal decomposition of hydrogen peroxide is described
in a dessecator before analysis. by the following mechanism [1]:

The molecular weight distributions of polymers were
determined by SEC using a Schimadzu chromatograph
(RID-6A detector) with an ASAHIPAK GS-520320 col-
umn. The solvent was a NaN@.1 M aqueous solution/
methanol in a 80/20 (v/v) mixture (flow rate of 1 ml mih. N _-O N -0
The molecular weight standard was poly(acrylic acid)- ’ l l 3)
sodium salt from Polymer Laboratories (calibration kit
2140-0100 PAA/01). Thé3C RMN spectra were recorded  The initiation step forming hydroxyl radicals by thermal
on a Bruker DRX 400 spectrometer with polymer samples decomposition of peroxide (Eg. (2)) may be replaced by a
in D20O. The IR spectra were measured in a Bomem MB photochemically enhanced Fenton reaction [16,17]

100 FTIR spectrophotometer. Thermal analysis was per- _ o

formed in a Schimadzu equipment with a DSC-50 module. FE" +Hz0z — FE’" + OH™ + OH ()
The .DSC scans We(e_rlecordeq i ldtmosphere with a Fet 4+ Hzoﬁi Ft 4+ Ht + OH® (5)
heating rate of 10C min— and using 8 1 mg of powdered

samples. All samples were submitted to a previous heatingwith irradiation of the samples in the 365 nm region. The
scan to eliminate residual traces of solvent and water. Theadvantage of this procedure is that the photopolymerization
recorded data was then obtained in a second scan of theeaction at room temperature can be controled by chang-
sample previously treated. ing the light intensity and the concentration of the Fenton

The fractions of MAA in the copolymers were determined reagent.
from conductometric titration with standard NaOH base, and The present results show that PVP obtained by the
the results were compared with the data obtained from CHN photo-Fenton initiation method has a molecular weight
microanalysis (Perkin-Elmer, Model 2400). of 54,000gmot! and a polydispersity of about 3.1

The light induced polymerization was monitored by (see Table 1). The termination step occurs presumably by
dilatometric measurements using a home made equipmentydroxyl radical recombination with the macro-radical. The
consisting of an irradiation system and a capillar dilatome- characteristid3C RMN signals of the initiating chain group
ter containing two capillaries attached to a cylindrical re- —CH,—OH and of the terminal group —-RCH-OH were ob-
action vessel. The irradiation system is based on a 200 Wserved at 71.6 and 74.5ppm, respectively supporting the

H,0, 3 20H )

OH + H2C=?H — HOCHz—(FH
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Table 1 percent compositions of monomers determined by the two

Molecular weight M), polydispersity ), monomer composition and  methods were similar. The final percent of MAA in the

g;azshgg_‘;gftgéeggce;gﬁ@90 of PVP and poly(VP-co-MAA) obtained ) 1vmer s larger than the percent used in the initial re-
action feed. The higher reactivity of MAA and its self and

Feed W.%)  Mw (gmol™) o MAA (Wt.%)  Tg (K) cross association-addition rate to VP by hydrogen bonding
0 54000 3.1 0 446 and further interaction with the macro-radical may enhance
10 82000 2.4 36 (42) 432 its incorporation into the polymer chain even when used in a
gg ggggg 21 ig Eﬁ; igg low mass percent relative to MAA in the reaction bath. The
0 191000 17 53 (50) 437 participation of H-complexes in copolymerization of acrylic

acid with VP has been discussed in the literature [21]. Previ-
o [H20,] = 0.01M; 7' = 300K. _ ous results have shown that the mole fraction of VP incorpo-
Value within brackets is the weight percent of MAA in the copoly- rated into the copolvmer with acrvlic acid has a small change
mers determined from CHN elemental microanalysis. poly . Yy g
from about 0.43 to 0.53 with a change from 0.6 to 0.9 molar
fraction of VP in the monomer feed composition. This same
assumption of initiation and termination by the hydroxyl trend appears inthe data of Table 1 where copolymer compo-

radical. Thel3C NMR spectrum of PVP in BO in the com- sition is given as a function of the weight percent in the feed.
plementary region of 15-50 ppm obtained here was similar  The reactivity ratios of MAA}+ VP determined according
to the reported data in literature [18—20]. to the Fineman—Ross method [22], argiaa = 0.56 and

It should be mentioned that without light, there is ryp = 0.04 at 300K as measured by the photo-Fenton ini-
practically no polymerization. The photochemically en- tiation method. The product of the reactivity ratios is less
hanced Fenton reaction, due to the feedback characteristidhan 1, indicating that the copolymer has a tendency toward
of the Fé*/Fe** coupled equilibrium, should give a higher alternation, but the largefaa results in a copolymer richer
concentration of hydroxyl radical in the photostationary in MAA monomer.
state, and therefore to a higher stationary concentration of The glass transition temperaturég) of the PVP and
initiation centers for polymerization. copolymers were determined and their values are listed on

Copolymerization of VP with MAA was readily achieved Table 1. The value ofy for PVP is in agreement with data
by the photo-Fenton method of initiation. The properties of reported in literature of 448 K [23]. The change on the
the copolymers obtained are summarized also in Table 1.value of the poly(VP-co-MAA) can be ascribed to an inter-
The copolymers have higher molecular weight than that of play of two effects. The incorporation of MAA decreases
homopolymer PVP. A comparison of size distribution from the Tq of the copolymer when compared with PVP, reflect-
SEC analysis of PVP and poly(VP-co-MAA) is illustrated ing the effect of a loweily for MAA when compared with
in Fig. 1. The polydispersity of the copolymers are smaller the homopolymer of PVP. On the other hand, the increase
than that obtained for PVP. of molecular size favors an increaseTef

The amount of MAA monomer in the copolymers was A typical plot of the monomer conversion as a function of
determined from CHN analysis as well as from conducto- time is illustrated in Fig. 2. The rates of polymerization and
metric titration with NaOH. In all the samples, the weight copolymerization were determined from the linear plots of
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Fig. 1. SEC profiles of PVP (solid line) and poly(VP-co-MAA) (dashed line) obtained from radical polymerization and copolymerization (feed was 40%
of methacrylic acid) initiated by photo-Fenton reaction.
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Fig. 2. Monomer conversion as a function of irradiation time obtained from photodilatomatyy.Polymerization of VP; l): copolymerization of VP

with MAA (90wt.% of VP); T = 300K.

the dilatometric measurements as a function of time, follow-
ing Eq. (1). In the case of copolymerization, the density of
the copolymer was practically independent of composition,
and therefore an average density = 1.15 was assumed.
The values oR;, are reported in Table 2, together with the
respective polymerization yields. Tl in copolymeriza-
tion increases by 10-fold in the first addition of MAA as a
result of the higher reactivity in cross-propagation. However
the value ofR, quickly saturates, and for concentrations of
MAA larger than 20 wt.%, there is a small lost of efficiency.

The polymerization rate of VP depends on the concentra-

tion of added F&', as seem from the data in Fig. 3. Consid-
ering that most of the hydroxyl radicals formed react with
the vinyl monomer due to its high concentration in solution,
the photostationary condition gives

Skin[m][OH®] = k[FE*][H20,] = @1, (6)
wherek and ki, are the rate constant of hydroxyl radical
production (Eqg. (4)) and of addition reaction of hydroxyl
radical to VP, respectively® and I are the photoche-
mical quantum yield and absorbed light intensity of the
reaction step given in Eqg. (5), respectively.

Table 2
Rate constants and yields of the polymerization and copolymerization of
VP with MAA initiated by photo-Fenton meth8d

Feed (Wt.%) Ry (x105Ms™1) Pp(x1079)
0 0.5 1.3

10 4.0 11.2

20 4.8 13.5

30 3.9 10.8

40 3.6 10.0

a[H,0,]: 0.01M; T: 300K; andlg = 4.3 x 10 %einsteins.

The saturation behavior observed in the plot of polymer-
ization rate as a function of the initial [E€] concentration
is ascribed in part to an inter-conversion ofEé€*t, and
the correction of this effect would approach the rate to the
half-power of the initiator concentration. However, the in-
hibition of monomer radicals by B& in a redox process
is not ruled out, and could be an important factor at a high
iron concentration. The correlation of the polymerization
rate with the absorbed light intensity by ¥eis difficult to
obtain due to the overlap of the absorption spectra of several
species present in solution.

Finally, copolymers were synthesized at a higher concen-
tration of hydrogen peroxide. The properties of the copoly-
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Fig. 3. Rate constant of VP polymerization as a function of the initial
concentration of iron(ll).7 = 300K.
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Table 3 [2] M. Maruthamuthu, E. Subramanian, Binding of benzopurpurin 4B

Poly(VP-co-MAA) prepared at high concentration of,fBb] = 0.1 M by to poly(N-vinyl-2-pyrrolidone), Colloid Polym. Sci. 268 (1990) 256.

photo-Fenton reactién [3] N.J. Turro, B.H. Baretz, P.L. Kuo, Photoluminescence probes for the
investigation of interaction between SDS and water-soluble polymers,

Feed (wt.%) Muw (gmol™) ’ MAA (wt.%) Magromolocules 17 (1984) 1321. Py

10 52000 3.9 47 (46) [4] C. Maltesh, P. Somassundaran, R.A. Kulkarni, S. Gundiah, Effect of

20 102000 2.3 40 (37) the degree of hydrolysis of polyacrylamide on its interaction with

30 134000 2.2 49 (53) PEO and PVP, Macromolecules 24 (1991) 5775.

40 114000 2.1 57 (55) [5] E. Senogles, R. Thomas, Polymerization kinetics Nfvinyl

2 — - - - pyrrolidone, J. Polym. Sci. Polym. Symp. 49 (1975) 203.
Value within brackets is the weight percent of MAA in the copolymer [6] M.N. Erout, A. Eldssari, C. Pichot, M.F. Llauro, Radical-initiated

determined from CHN elemental microanalysis. copolymerization oN-vinyl pyrrolidone and\-acryloxy succinimide,

. . . Polymer 37 (1996) 1157.
mers obtained by the photo-Fenton reaction are reported n [7] I. Mathakiya, A.K. Rakshit, Synthesis and characterization studies

Table 3. A decrease &fl,, and an increase of polydispersity of homopolymers ofN-vinylpyrrolidone, J. Appl. Polym. Sci. 68
are observed in agreement with what is expected from radi- ~ (1998) 91.

cal polymerization mechanism as the initiator concentration [8] F. Grosser, US Patent 2,856 (1958) 338. o
is increased [9] M.V. Encinas, E.A. Lissi, C. Majmud, J.J. Cosa, Photopolymerization

in aqueous-solutions, Macromolecules 26 (1993) 6284.
[10] J. Jakubiak, J. Nie, L.A. Lindén, J.F. Rabek, Crosslinking
photocopolymerization of acrylic acid and-vinylpyrrolidone, J.
4, Conclusions Polym. Sci. Polym. Chem. 38 (2000) 876.
[11] V.D. McGinniss, D.M. Dusek, Comparative kinetics of ultraviolet

. . . curable coating systems, J. Paint Technol. 46 (1974) 23.
The photo-Fenton reaction has been largely applied in [12] F. Catalina, C. Peinado, R. Sastre, J.L. Mateo, N.S. Allen,

oxidative degradation of organic pollutants for water treat- Thioxanthone photopolymers, J. Photochem. Photobiol. A: Chem.

ment [16,17], and in some special cases in depolymerization 47 (1989) 365.

technique [24,25]. This is the first case where the method [13] F. Catalina, C. Peinado, N.S. Allen, Spectroscopy and photoreduction

is used to produce polymer and copolymers of VP widely study of 2-acryloxy thioxanthone, J. Photochem. Photobiol. A: Chem.
loyed in the industry. The advantage of the proposed 67 (1992) 255.

emp Oye, . y- . g prop [14] F. Catalina, C. Peinado, M. Blanco, N.S. Allen, T. Corrales, |I.

method is the convenience of working at room temperature, Lukac, Sntesis photochemical and photoinitiation activity, Polymer

as well as allowing a control of the initiating step by chang- 39 (1998) 4399.

ing the reaction conditions. Formally, the method of initia- [15] M.R. Rodiguez, F. Catalina, M.G. Neumann, MAA photopoly-

tion is a dual process, containing a thermal (Eq. (4)) plus merization initiated by thionine/triethylamine, J. Photochem.

. . . Photobiol. A: Chem. 127 (1999) 147.
a light assisted step (Eq. (5)) for hydroxyl radical genera- [16] G. Ruppert, R. Bauer, G. Heisler, The photo-Fenton reaction, J.

tion. Using low light intensity and low concentration of the Photochem. Photobiol. A: Chem. 73 (1993) 75.
Fenton reagent, most of the hydroxyl radicals formed will [17] O. Legrini, E. Oliveros, A.M. Braun, Photochemical processes for
react with the vinyl monomers producing propagating rad- water-treatment, Chem. Rev. 93 (1993) 671.

icals. The properties of polymers obtained resemble thosel18] H:N. Cheng, T.E. Smith, D.M. Vitus, Tacticity of polytvinyl

. " . L. pyrrolidone), J. Polym. Sci. Polym. Lett. 19 (1981) 29.
obtained by traditional thermal peroxide decomposition. [19] J.R. Ebdon, T.N. Huckerby, E. Senogles, The influence of polymeri-

zation conditions on the tacticity of pol{vinyl-2-pyrrolidone),
Polymer 24 (1983) 338.
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