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ABSTRACT 

The reactions of hydroxyl radical, hydrogen atom, and hydrated 
electron intermediates of water radiolysis with a hydrogel monomer, 
acryloyl-L-proline methyl ester, were studied by pulse radiolysis in dilute 
aqueous solutions. In reactions of OH and H, a-carboxyalkyl radicals 
form; they absorb the light with a maximum at 460-480 nm, = 1000 
mol -l.dm3.cm - I .  The electron adduct reversibly protonates, and the 
protonated form absorbs the light with A,, = 290 nm and &ax = 8000 
mol-l.drn'.cm-'. In addition to the reversible protonation, there is also 
an irreversible protonation which produces also a-carboxyalkyl radicals. 
These radicals at low concentration (0.1-1 mmol*dm-3) and high dose/ 
pulse (10-100 Gy) decay in second-order self-termination reactions with 
2k = 3 x 108mol - l -dm3 . s~ ' .  

INTRODUCTION 

The reactions of several acrylic and methacrylic esters (ethyl acrylate, hydrox- 
yethyl acrylate, cyclohexyl methacrylate) with the hydrated electron, hydroxyl radi- 
cal, and hydrogen atom intermediates of water radiolysis were studied previously by 
means of pulse radiolysis combined with optical spectroscopy [ 1-41. The electron 
adducts formed in the reaction with the hydrated electron were found to protonate 
reversibly. In the cases of ethyl and hydroxyethyl acrylate, in addition to the revers- 
ible protonation an irreversible one was also found that takes place on the 0-carbon 
atom, thus forming a-carboxyalkyl radicals. Similar radicals directly form in the 
reaction with OH radicals and H atoms. The a-carboxyalkyl radicals have a charac- 
teristic light absorption in the UV region with a flat maximum at about 310 nm and 
an extiction coefficient of = 400 mol -'*dm'.cm - I .  In dilute aqueous solutions and 
at high dose/pulse values the radicals mostly disappear in bimolecular self-termina- 
tion reactions. However, at higher monomer concentrations ( 2 1 mmol.dm - 3 )  and 
lower dose/pulse values, some oligomerization reactions were also noted [4]. 

In recent years thermoresponsive polymers have received much attention. 
When such a polymer is crosslinked, a hydrogel is obtained that shows a volume 
phase transition in aqueous solution, changing from a highly swollen network at 
lower temperature to a collapsed phase above a certain critical level [5-71. These 
hydrogels have been proposed for a wide variety of biomedical applications includ- 
ing controlled drug delivery, bioseparation processes, and artificial organs. The 
hydrogel may be produced by radiation-induced polymerization and crosslinking 
in aqueous solution. The hydrogel produced from acryloyl-L-proline methyl ester 
(A-ProOMe) in aqueous solution shows especially good thermoresponsive charac- 
teristics [6-81. In the present work we investigate the radiolytic processes of this 
monomer. 

EXPERIMENTAL 

A-ProOMe was obtained by condensation of L-proline methyl ester hydro- 
chloride (HCI*HProOMe) and acrylic acid by the method as described in Ref. 8. 
The monomer solutions were freshly prepared using triply distilled water. The ma- 
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jority of the investigations were carried out at the neutral pH of the solution (pH 
6.0-6.4); the others in buffered solutions. The pH was set by HC1, phosphate 
buffers, or NaOH. 

Pulse radiolysis with optical detection in Bologna, Italy, was performed by 
using the 12-MeV linear accelerator of the FRAE Institute of CNR [9]. The pulse 
irradiations (10-50 ns) were made on samples in Suprasil cells of 5 cm optical path 
length. The solutions were protected from the analyzing light by means of a shutter 
and appropriate cut-off filters. The radiation dose per pulse (10-100 Gy) was moni- 
tored by means of a charge collector placed behind the irradiation cell and calibrated 
with a 0, saturated solution containing 0.01 M KSCN and by taking GeSOOnm = 2.15 
x lo4 (100 eV)-L~mol-' .dm3.cm-'. 

In Budapest, Hungary, the pulse radiolytic measurements were carried out 
with the 4-MeV linear accelerator of the Institute of Isotopes of the HAS with pulse 
durations of 80 ns or 2.5 ps and dose per pulse values of 10 Gy or 40-100 Gy in a 
1 -cm cell [ 101. 

The absorbances were calculated from the oscilloscope traces. They were gen- 
erally converted to Ge, by dividing the absorbances by the dose (Gy) and the 
cell length (cm) and multiplying by a conversion factor of 9.65 x lo6 Gy (100 
eV) - ' - mol -' - dm3. 

The solutions were deoxygenated by bubbling with dry He or N,. When the 
reactions of OH radicals were investigated, the solutions were saturated with N,O. 
The solution in the cell was changed after each shot. 

All measurements were made at room temperature. 

RESULTS AND DISCUSSION 

Reaction of the Monomer with OH Radicals 

The radiolysis of water generates hydroxyl radical, hydrogen atom, and hy- 
drated electron reactive intermediates. The G-values (number of species formed per 
100 eV of energy absorbed by the solution) of these intermediates in the reaction 
with solutes at the mmol.dm-3 concentration level are usually taken as 2.7, 0.55, 
and 2.7, respectively [ l l ,  121. If the concentration of the solute is considerably 
higher, somewhat higher G(0H) and G(eJ values are used because at higher con- 
centrations the solute may interfere with the spur processes. When the reaction of 
the OH radicals is investigated, the ea; is usually converted to OH radicals by the 
reaction 

e& + N,O 
+H20 > OH + N, + OH-,  k = 8.7 x 109mol-'.dm3.s-' 

Therefore, in a N20 saturated solution (0.025 mol.dm -3) the intermediates that 
react with the solute present in a concentration of = 1 mmol*dm-' are OH radicals 
(G = 5.4) and H atoms (G = 0.55). The reactions of the H atoms are usually 
similar to the reactions of OH radicals [ 11-14]. 

The reaction between these species and A-ProOMe leads to a transient absorp- 
tion with a broad maximum at 480 nm (Fig. I ) .  The absorbance at the pH of the 
solution (6.0-6.4) builds up quickly, with a time period of about 1 ps, and then it 
disappears within a few milliseconds (Fig. 2). We obtained the build-up of the signal 
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FIG. 1. Absorption spectra obtained in N,O saturated 1 rnrn~l.drn-~ A-ProOMe 
solution at neutral pH. Dose/pulse: 63 Gy. (A) 1.4 ps, (B) 2.8 ps, and ( C )  8.7 ps after 50 ns 
pulse. 

by fitting a second-order rate constant of 6.5 x lo9 mol-' .dm3*s-'.  This value 
agreed reasonably well with the rate constant of the reaction of OH radicals with 
the solvent, 5.5 x lo9 mol-'.drn3*s-', as measured in competition with the OH + 
SCN- reaction. The rate constant of the latter reaction was taken as 1.1 x 10'" 
mol - ' dm3 - s - I  [ 1 11. 

The very wide absorption band centered at 480 is similar to that of the a- 
carboxyalkyl radical 'CH,C(O)N( CH3)* obtained by the radiolysis of a-chloro- 
N,N-dimethylacetamide in a hydrated electron scavenging reaction [ 141. On the 
basis of both this similarity and the analogous reaction of OH with acrylic acid 
derivatives [l-4, 131, the reaction between the OH radical and A-ProOMe could 
take place with OH radical addition to the double bond: 

CHz=CH-C=O + OH HO-CH2-CH-C=O 
I I 
N 

\ 
CH2 CHCOOCH3 

I I  
C H 2 4 H 2  

N 
/ \  

CHI CHCOOCH3 
I I  

CH2-CH2 

Similar radicals play a decisive role in the radical polymerization of acrylic acid 
esters and acrylamide. Assuming that all the OH radicals and H atoms react in 
producing the a-carboxyalkyl radical, the extinction coefficient at 480 nm is esti- 
mated as 860 mol-'.dm3.cm-'. In the work of Hayon et al. [14], the extinction 
coefficient in the absorbance maximum of a-carboxyalkyl radical was estimated to 
be 1000 mol-'-dm3*cm-l. 
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FIG. 2. Time profiles of absorbance at 480 nm after 50 ns pulse in the 0-5 ps (A) and 
0-1800 ps (B) time interval as obtained in N,O saturated 0.2 mm~l .dm-~  A-ProOMe solution 
at neutral pH. In Fig. 2(A) the spike just after the pulse is due to the absorbance of the 
solvated electron. Dose/pulse: 43 Gy. 

The decay of the absorbance at 480 nm under the conditions applied (mono- 
mer concentration 0.05-1 mmol-dm -3, dose/pulse 10-100 Gy, pH6) occurred with 
second- order kinetics: 2k = 5 x lo8 mol-'.dm3.s-'. 

The absorption spectrum in slightly alkaline solution (in Fig. 3 the spectrum 
at pH 9.2 is shown), taken just after the nanosecond or microsecond pulses, was 
similar to the spectrum found in neutral solution. The shape of the transient signal 
in the UV region, however, was completely different when the measurements were 
made at pH 2 9. During the first 100 ps, instead of the decrease observed at lower 
pH, an increase in the absorbance followed by a leveling off was found. The time 
scale of the increase agreed with the time scale of the decrease of the transient signal 
observed in neutral solutions (Fig. 4). On the basis of similar studies with ethyl 
acrylate, hydroxyethyl acrylate [4] and acrylamide [ 151, we assume that the increas- 
ing absorbance (at long times) is due to the formation of a stable end-product, 
0-hydroxyl acryloyl-L-proline methyl ester. It forms in the disproportionation reac- 
tion of two OH adduct radicals. In alkaline solution the OH group in the product 
ionizes, and the conjugated system thus formed has a strong absorbance in the UV. 
The maximum in the spectrum on Fig. 3, taken at [A-ProOMe] = 0.1 mmol*dm - 3 ,  

350 ps after the pulse, is at 280 nm 'and Gqso ",,, = 6000 (100 eV)-'-mol-'* 
dm3-cm-'. The analogous derivative of acrylic acid ethyl ester has &,,= = 268 nm 
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FIG. 3. Absorption spectra obtained in N,O saturated 0.1 r n m ~ l - d m - ~  A-ProOMe 
solution at pH 9.2. Dose/pulse: 32 Gy. (0) 3 ps, ( 0 ) 350 ps after 2.5 ps pulse. 
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FIG. 4. Time profile of absorbance at 280 nm after 20 ns pulse as obtained in N,O 
saturated 0.05 m r n ~ l . d r n - ~  A-ProOMe solution at pH 9.7. Dose/pulse: 25 Gy. 
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and = 6600 mol-'.drn3*cm-' [4]. If the extinction coefficient of the product 
formed in A-ProOMe solutions is around the latter value, the G-value of dispropor- 
tionation should be around 1. Since the yield of the OH adduct is equal to G(0H) 
= 5.4, it is probable that some part of the radicals disappears during self- 
termination by dimerization: 

2 HO-CH2-CH-C=O + HO-CH=CH-C=O + HO-CH2-CH,-C=O 
I I I 
N N N 

/ \  / \  / \  

I I  I I  I t  
CH2 CHCOOCH3. CH2 CHCOOCH3 CH2 CHCOOCH, 

CH2-4H2 CH2--€H2 CHz-CH2 

H O - C H 2 - C H A H - C H 2 - O H  
I I c=o 

I I 
N N 

/ \  / \  

I I  I t  
C H 2 4 H 2  C H r C H 2  

c = o  

CH2 CHCOOCH3 CH, CHCOOCH3 

Reaction of the Monomer with H Atoms 

The measurements were carried in 1 mmol.dm -3 A-ProOMe solution contain- 
ing 0.5 mol.dm-3 tert-butanol in order to convert the OH radicals into less reactive 
tert-butanol radicals. The pH was 1.7. About 98% of hydrated electrons react with 
hydroxonium ions producing H atoms at this pH [ 1 1 ] : 

e& + H 3 0 +  4 H + H,O k = 2.3 x 1 0 1 0 m o l - ' ~ d m 3 ~ ~ - 1  

At this relatively high H 3 0  + concentration the yield of H atoms formed through 
this reaction or directly is G(H) 5: 3.8 [12]. The H atoms add to the double bond 
in a reaction similar to the OH radicals, and the spectral and kinetic characteristics 
of the intermediate radical formed are similar to those of the OH adduct. The 
maximum of the spectrum is at about 460 nm (Fig. 5 )  and the extinction coefficient 
is ca. 970 mol - '*dm3-cm-'. The rate constant of H atom addition to the monomer 
is of the order of 2 x lo9 rnol-'.dm3-s-'. 

Reaction of the Monomer with ea; 

These measurements were also carried out in the presence of 0.5 mol.dm3tert- 
butanol, pH 2 4 .  In such solutions the primary reaction occurs between the ea; and 
H intermediates of water radiolysis (G = 2.7 and 0.55, respectively) and the mono- 
mer. The transient absorption spectrum taken after 2.5 ps pulse of electrons at pH 
4.2 (Fig. 6) shows a strong absorption peak at 290 nm with nm = 20,000 (100 
eV)-'.mol-'.dm3.cm-'. There is also some light absorption in the 330-500 nm 
wavelength range without resolved structure. The build-up of the absorbance in 
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FIG. 5 .  Absorption spectrum obtained in N2 saturated 1 mmol.dm-’ A-ProOMe 
solution containing 0.5 mol-dm-’ tert-butanol at pH 1.7. The spectrum was taken 2 ps after 
the 2.5 ps electron pulse. Dose/pulse: 80 Gy. 
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FIG. 6 .  Absorption spectrum taken 2 ps after 2.5 ps pulse in N2 saturated 1 
mmol-dm-’ A-ProOMe solution containing 0.5 mol.dm-’ tert-butanol at pH 4.2. Dose/ 
pulse: 80 Gy. 
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[A-ProOMe] = 1 mmol*dm-3 solutions was completed within 1 ps. The decay was 
found to be second order ( 2 k / ~ , , ~ . ,  = 1.6 x lo5 cmas-'), and its characteristics 
did not change with the wavelength. It was also independent of the pH in neutral 
and slightly acidic solutions. 

The carbonyl groups are known to have good electron-accepting characteris- 
tics. The rate constant of the ea; reaction with saturated carboxylic acid esters is of 
the order of 9 x lo7  mol- '-dm3*s- '  [16]. For acrylamide [17] and N,N- 
dimethylacrylamide [18], 1.8 x 10" and 1.6 x 10" mol-'-dm3.s-'  were found, 
respectively. For A-ProOMe, following the decay of e, at 650 nm, we measured a 
rate constant of 1.0 x 10" mol-'-dm3-s-1. The large difference between the val- 
ues for saturated carboxylic acid esters and acrylamides suggests that the electron 
capture occurs on the acryloyl part of the molecule. There are two probable struc- 
tures, the nonprotonated and protonated forms: 

CH2=CH-C-O- CH2=CH-C-OH 
I I 

N 
/ \  

I I  
CHI CHCOOCH3 

N 
I \  

I I  
CH, CHCOOCH3 

C H d H 2  CH2--CH2 

non-protonated protonated 

On the basis of analogous reactions with acrylamides and acrylic acid esters, 
the electron adduct in acidic and slightly alkaline media is mainly in the protonated 
form [ 181. The extinction coefficient in the maximum is calculated to be E,, nm = 
8000 mol - I  .dm3*cm - I .  For the protonated electron adduct of N,N-dimethylacryl- 
amide, A,, = 285 nm and &ax = 6400 mol were reported [ 181. The 
H atoms, formed with low yield as detailed in the previous section, react in radical 
addition to the double bond to produce a relatively weak absorbance in the 300-500 
nm region: The decay of A-ProOMe protonated electron adduct takes place with a 
rate constant of about 2k= 1.3 x 10' mol-'.drn3*s-I. 

The shape of the transient signal taken at pH 9.0 (the pH was set by NaOH) 
was different from the signals obtained at lower pH values. After a fast decaying 
spike, a slow decay was observed. The spectrum left after the spike disappears (Fig. 
7)  is similar to the spectrum obtained in the addition reaction of H atoms (see 
previous section). This suggests that the electron adduct undergoes an irreversible 
protonation at the &carbon atom on the acryloyl part of the molecule: 

- dm * cm 

CH,%H-C-O- + H,O+ A CH,-CH-C=O + H20 
I I 
N N 

/ \  I \  
CH2 CHCOOCH, 
t i  

CH2-4332 
c? cHcoocH3 
CH2-4332 
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FIG. 7. Absorption spectra obtained in N, saturated 1 mrn~l.drn-~ A-ProOMe solu- 
tion containing 0.5 r n ~ l . d r n - ~  tert-butanol at pH 9.0. The spectra were taken 3 and 13 ps 
after the 2.5 ps electron pulse. Doselpulse: 80 Gy. 

Due to the fast irreversible protonation, it was impossible to determine the exact 
pK, value of the electron adduct; we suspect it is t .8.  As the pH of the solution 
increased, the spike became sharper. This may indicate that the NaOH added to set 
the pH catalyzes the protonation, as has been found with several acrylate derivatives 
[2, 14, 181. 

CONCLUSIONS 

The OH, H, and e; intermediates of water radiolysis react with the solute 
A-ProOMe present in a 0.1-1 mmol.dm-3 concentration in very fast reactions ( k  
= 109-1010 mol-'.dm3.s-'). In the reaction of OH and H, the a-carboxyalkyl 
radicals formed show a light absorption with A,,, = 460-480 nm and emax I 900 
mol -l.dm3.crn - I .  These spectral characteristics are similar to the characteristics of 
other a-carboxyalkyl radicals produced from acrylamide-type compounds and dif- 
fer greatly from the characteristics of the radicals produced from acrylic esters (A,,, 
= 310nmand~,,, = 400mol-'~dm3~cm~').Thee~qaddstotheC=Ogroup,and 
there is some indication that here, as with several other acrylate derivatives, the 
intermediate can both reversibly (on the C-0-  group) and irreversibly (on the 
&carbon atom) protonate. In the latter reaction the same intermediate a- 
carboxyalkyl radical forms as in the H atom addition reaction. Under the conditions 
applied (low concentration, 0.1-1 mmol.dm -3; high dose/pulse, 10-100 Gy), these 
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radicals decay in second-order self-termination reactions. In connection with the 
OH adducts, there is some indication that both disproportionation and dimerization 
occur 
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