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Abstract	

In	this	work	we	have	explored	the	nature	of	macroradicals	formed	upon	radiolysis	

of	 aqueous	 poly(N-vinylpyrrolidone)	 (PVP)	 solutions	 using	 pulse	 radiolysis,	

density	functional	theory	(DFT)	and	literature	data.		On	the	basis	of	literature	data	

on	site-specific	kinetics	of	hydrogen	abstraction	from	simple	amides	and	spectra	

corresponding	to	specific	radical	sites	on	the	same	amides	we	have	assessed	the	

distribution	of	H-atom	abstraction	by	�OH	radicals	from	different	positions	on	the	

pyrrolidone	 ring	 and	 the	 polymer	 backbone.	 Pulse	 radiolysis	 experiments	

performed	 at	 different	 doses	 per	 pulse	 and	 different	 PVP	 concentrations	

demonstrate	 that	 the	 H-abstracting	 radiolysis	 products	 are	 not	 quantitatively	

scavenged	 by	 the	 polymer	 when	 the	 dose	 per	 pulse	 exceeds	 ≈40	 Gy.	 The	

implications	of	this	are	discussed	in	the	context	of	radical-initiated	crosslinking	

reactions.	At	a	mass	fraction	of	0.1	%	PVP	and	doses	per	pulse	ranging	from	7	Gy	

to	 117	Gy,	 the	 overall	 radical	 decay	 observed	 at	 390	nm	 follows	 second	 order	

kinetics	with	rate	constants	on	the	order	of	109		dm3	mol-1	s-1.			
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Introduction	

In	these	last	two	decades,	nanogels	have	been	developed	for	various	applications	

including	the	in	vivo	transport	or	delivery	of	medical	therapeutics	(Oh	et	al.,	2008;	

Kabanov	and	Vinogradov,	2009;	Du	et	al.,	2010;	Ramos	et	al.,	2014;	Soni	et	al.,	

2016),	separations	of	chemical	or	biological	species	(Luo	et	al.,	2015;	Kondo	et	al.,	

2010),	catalysis	(Resmini	et	al.,	2012),	sensor	platforms	(Reese	et	al.,	2004,	Wu	

and	Zhou,	2010;	Le	Goff	et	al.	2015)	and	scaffolds	for	tissue	or	bone	regeneration.	

(Sáez-Martínez	et	al.,	2010;	Molinos	et	al.	2012)	The	radiation-induced	synthesis	

of	nanogels	from	dilute	aqueous	polymer	solutions	using	gamma	(γ)	or	electron	

beam	 (e-beam)	 irradiation	 has	 been	 used	 extensively	 to	 successfully	 yield	

products	that	are	well-tailored	for	these	applications.	(Dispenza	et	al.,	2012a;	Abd	

El-Rehim	et	al.,	2013;	Dispenza	et	al.,	2014;	Rashed	et	al.,		2015;	Adamo	et	al.,	2016;	

Picone	et	al.,	2016;	Dispenza	et	al.,	2017;	Picone	et	al.,	2018)		

This	 approach	 takes	 advantage	 of	 the	 recombinant	 crosslinking	 reactions	 of	

radiolytically-produced	 free	 radicals	 on	 the	 polymer	 molecules	 to	 form	 the	

products.	In	particular,	nanogel	synthesis	relies	on	intramolecular	combination	of	

radicals	formed	on	the	same	polymer	chain.	Commonly	used	polymers	are	poly(N-

vinylpyrrolidone)	(PVP)	(Ulanski	and	Rosiak,	1999;	An	et	al.,	2011;		Dispenza	et	

al.,	2012b;	Sabatino	et	al.,	2013;	Kadlubowski,	2014),	poly(ethylene	oxide)	(PEO)	

(Ulanski	et	al.	1995),	poly(vinyl	alcohol)	(Ulanski	et	al.	1998),	poly(vinyl	methyl	

ether)	 (Arndt	 et	 al.	 2001;	 Querner	 et	 al.,2004;	 Schmidt	 et	 al.,	 2005),	 poly(N-
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isopropyl	 acrylamide)	 (Picos-Corrales	 et	 al.,2012),	 polyacrylamide	 (El-Rehim,	

2005),	poly(acrylic	acid)	(PAA)	(Ulanski	et	al.,	2002;	Kadlubowski	et	al.,	2003),	

combinations	of	the	above	polymers	(Henke	et	al.	2005,	Ghaffarlou	et	al.,	2018),	

and	PVP	in	the	presence	of	small	quantities	of	acrylic	monomers.	(Dispenza	et	al.,	

2012a;	Grimaldi	et	al.,	2014)	

Chemical	reactions	initiated	by	ionizing	radiation	in	dilute	aqueous	solutions	are	

predominantly	associated	with	the	radiolysis	of	water,	producing	reactive	radical	

species	 and	molecular	products	 (eaq-,	 �OH,	H,	H2,	H2O2	 and	H3O+).	They	 cover	 a	

broad	 range	 of	 reactivities,	 with	 both	 strong	 oxidants	 (e.g.,	 �OH,	 the	 hydroxyl	

radical)	and	reductants	(e.g.,	eaq-,	the	aqueous	electron,	historically	referred	to	as	

the	 hydrated	 electron).	 The	 radiation	 chemical	 yields	 of	 �OH	 and	 eaq-	 in	 Ar-

saturated	solutions	are	G(�OH)	=	2.8	x	10-7	mol	J-1,	and	G(eaq-)	=	2.8	x	10-7	mol	J-1.	

All	the	other	species	have	significantly	lower	G-values.	(	Spinks	and	Woods,	1990)	

By	saturating	the	aqueous	solutions	with	N2O	prior	to	irradiation,	eaq-	is	converted	

to	�OH	through	reaction	(1),		

𝑒!"# + 𝑁$𝑂	 → 𝑁$ + 𝑂∙# 	
&!''⎯) 𝑁$ + 𝑂𝐻 + 𝑂𝐻#∙ 		 k	=	9.1	x	109	dm3	mol-1	 (1)	

which	effectively	doubles	the	yield	of	�OH	to	5.6	x	10-7	mol	J-1.	(Spinks	and	Woods,	

1990)	

Radicals	and	molecular	products	are	homogeneously	distributed	in	the	bulk	liquid	

of	 the	 system	after	 about	10-7	 seconds	and	 subsequently	 react	with	 the	 solute,	

inducing	 the	 formation	 of	 secondary	 radiolysis	 products.	 The	 radiolytically	

produced	 �OH	 radicals	 react	 rapidly	 with	 polymer	 chains	 through	 hydrogen	

abstraction	(reaction	(2)).		

𝑂𝐻 + 𝑃𝑉𝑃 → 𝐻$𝑂 + [𝑃𝑉𝑃 − 𝐻]∙	∙ 	 	 (2)	

The	 general	 assumption	 is	 that	 all	 of	 the	 �OH	 radicals	 react	with	 the	 polymer,	

which	 would	 produce	 a	 stoichiometric	 number	 of	 carbon-centered	 polymer	

radicals.	This	assumption	holds	true	for	concentrated	aqueous	polymer	solutions	

irradiated	at	a	relatively	low	dose	rate,	i.e.	by	g-irradiation.	(Sakurada	and	Ikada,	

1963;	Hoffman	and	Allan,	1977;	Rosiak	et	al.,	2002;	Dispenza	et	al.	2016a)	In	dilute	

or	 semi-dilute	 polymer	 solutions	 irradiated	with	 an	 e-beam	 at	 high	 dose	 rates	

(high	dose	per	pulse	and/or	high	pulse	frequency),	the	�OH	will	not	only	abstract	
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hydrogen	 from	the	polymer,	but	will	also	react	with	 itself	 (reaction	(3))	with	a	

high	reaction	rate	constant	(k	=	5.5	x	109	dm3	mol-1	(	Buxton	et	al.	1988).		

𝑂𝐻 + 𝑂𝐻 → 𝐻$𝑂$	∙ 	∙ 	 (3)	

From	 the	 competing	 reactions	 (2)	 and	 (3)	 follows	 that	 the	 efficiency	 of	 H-

abstraction	 from	 PVP,	 and	 thereby	 the	 formation	 of	 carbon-centered	 polymer	

radicals,	 depends	 on	 the	 concentration	 of	 PVP	 and	 also	 on	 the	 transient	

concentration	of	�OH	in	the	solution.	When	using	pulsed	e-beam	irradiation,	the	

transient	 concentration	of	 �OH	 is	 governed	by	 the	dose	 rate.	Higher	dose	 rates	

yield	 higher	 transient	 �OH	 concentrations	 that	 require	 higher	 polymer	

concentrations	to	prevent	�OH	recombination.	The	non-quantitative	H-abstraction	

in	 dilute	 aqueous	 solutions	 of	 polyethylene	 oxide	 (PEO)	was	 demonstrated	 by	

pulse	 radiolysis	 experiments	with	 spectrophotometric	detection.	 (Ulanski	 et	 al.	

1995)	More	recently,	the	same	behavior	was	observed	for	e-beam	irradiated	PVP	

aqueous	 solutions	 through	 experimental	 quantification	 of	 hydrogen	 peroxide	

formation	and	predicted	by	numerical	simulations	of	the	radiation	chemistry	of	

the	corresponding	systems.	(Dispenza	et	al.,	2016b;	Ditta	et	al.,	2019)		

For	most	polymers,	there	are	several	possible	radical	sites	on	each	repeating	unit.	

The	 H-abstraction	 sites	 and	 the	 resulting	 C-centered	 radicals	 formed	 upon	

reaction	 between	 �OH	 and	 PVP	 or	 structurally	 similar	 compounds	 have	 been	

discussed	extensively,	but	there	is	limited	experimental	evidence	to	support	the	

proposed	 free-radical	 intermediate	structures.	 (Davis	et	al.,	1981;	Rosiak	et	al.,	

1990;	An	et	al.	2011,	Bartoszek	et	al.	2011)	Work	in	the	early	1970s	by	Taniguchi	

is	 often	 referred	 to	 in	 discussions	 regarding	 the	 nature	 of	 free-radical	

intermediates.	 (Taniguchi,	 1970)	 Using	 electron	 spin	 resonance,	 Taniguchi	

demonstrated	the	production	of	 free-radical	 intermediates	 from	the	reaction	of	
�OH	with	nitrogen	heterocyclic	compounds	and	pyrimidine	derivatives	in	acidic	

(pH	1.4-2.2)	solutions	containing	Ti3+	and	H2O2.	(Taniguchi,	1970)	He	concluded	

that	�OH	abstracts	the	hydrogen	atom	preferentially	from	the	C-H	bond	adjacent	

to	the	imino	group	or	to	the	nitrogen	atom	of	the	heterocyclic	ring.	However,	this	

conclusion	 is	 not	 based	 on	 studies	 of	 N-substituted	 pyrrolidones	 or	 on	 PVP.	

Taniguchi	 stresses	 that	 N-methyl-2-pyrrolidone	 and	 N-vinyl-2-pyrrolidone	 did	

not	 give	 any	 resolved	 Electron	 Paramagnetic	 Resonance	 spectra	 of	 their	
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intermediate	radicals	and	noted	that	nitroxide	radicals	from	pyrrolidine	were	not	

observed.	(Taniguchi,	1970)	In	1971,	Hayon	and	colleagues	(Hayon	et	al.,	1971)	

studied	 the	 sites	of	 �OH	abstraction	 from	 linear	N-alkylated	amides	 in	aqueous	

solutions	using	pulse	 radiolysis.	According	 to	 their	 study,	 the	 rate	 constant	 for	

hydrogen	abstraction	from	an	alkyl	C-H	adjacent	to	the	amide	nitrogen	of	N-alkyl	

amides	 was	 shown	 to	 be	 significantly	 higher	 than	 the	 value	 for	 hydrogen	

abstraction	 from	 the	 CH2-group	 adjacent	 to	 the	 carbonyl	 group.	 Their	 work	

includes	kinetic	data	and	spectral	information	for	the	different	radical	structures	

that	may	possibly	be	formed	upon	hydrogen	abstraction	from	N-alkyl	amides.		

To	further	explore	the	nature	of	PVP-radicals	produced	upon	radiolysis	and	the	

efficiency	in	converting	�OH	into	macroradicals	in	dilute	solutions,	we	used	pulse	

radiolysis	 transient	absorption	spectroscopy	over	 the	wavelength	range	of	350	

nm	to	500	nm	(at	10	nm	intervals)	to	obtain	the	transient	spectra	of	irradiated	

aqueous	 PVP.	 DFT	 was	 also	 applied	 to	 interrogate	 the	 stability	 and	 spectral	

properties	 of	 the	 different	 possible	 radicals	 that	 form	 on	 the	 pyrrolidone	 ring	

upon	 reaction	 between	 �OH	 and	 PVP.	 The	 predicted	 spectral	 features	 of	 the	

various	 radicals	 were	 compared	 with	 the	 experimental	 transient	 spectra	 of	

irradiated	 aqueous	PVP.	Our	 experimental	 results	 are	 discussed	 in	 view	of	 the	

previously	 published	 data.	 In	 addition,	we	 conducted	 and	 analyzed	 a	 series	 of	

pulse	 radiolysis	 experiments	 on	 aqueous	 solutions	 of	 PVP	 at	 different	

concentrations	and	doses	per	pulse.		

	

Experimental	

Materials	

Poly(N-vinyl	 pyrrolidone)	 (PVP	 K60,	 average	 Mw	 0.46	 MDa)	 was	 supplied	 by	

Sigma-Aldrich	(Italy)	as	aqueous	solution	at	45	%	mass	fraction.		

DFT	calculations	

The	computed	spectra	of	the	various	radicals	were	obtained	from	time-dependent	

DFT	 calculations	 using	 the	 Gaussian	 09	 program	 suite.	 (Frisch	 et	 al.,	 2010)	

Geometry	optimizations	using	DFT	were	performed	at	the	B3LYP/6-31G(d)	level	

of	theory.	The	spectra	were	then	calculated	using	time-dependent	DFT	at	the	CAM-
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B3LYP/6-311+G(2d,p)	level	of	theory.	To	test	if	solvation	plays	a	dominant	role	in	

determining	 the	 reactivity	 of	 different	 sites	 toward	 H-abstraction,	 analogous	

computations	 (geometry	 optimization	 followed	 by	 a	 TDDFT	 calculation)	 were	

performed	using	the	Polarizable	Continuum	Model	(PCM)	with	the	permittivity	of	

water.	The	impact	of	 including	an	explicit	number	of	water	molecules	(up	to	3)	

was	also	investigated,	although	this	was	found	to	have	little	effect.	To	see	which	

radicals	were	most	stable,	we	compared	the	relative	electronic	energies	amongst	

each	 other,	 noting	 the	 variance	 in	 the	 energy	 between	 the	 different	 structures	

increased	as	the	number	of	water	molecules	considered	was	increased.	Therefore,	

we	 took	 the	 relative	 energies	 as	 the	 average	 between	 the	 four	 cases	 when	

considering	one	explicit	water	molecule	with	or	without	 implicit	solvation.	The	

standard	deviation	from	this	pool	of	4	values	serves	as	an	indication	of	the	error	

with	respect	to	solvation	model,	i.e.,	PCM.	We	also	investigated	the	impact	of	using	

another	functional	theory	(M06-2X).	We	concluded	that	it	had	little	impact	on	the	

energies	(the	difference	was	less	than	1	kJ/mol)	and	negligible	difference	on	the	

calculated	electronic	spectra.	

Pulse	radiolysis	

Electron	pulse-radiolysis	 transient-absorption	experiments	were	performed	on	

the	2	MeV	Van	de	Graaff	accelerator	at	Brookhaven	National	Laboratory	using	a	

PC-based	 data	 acquisition	 and	 control	 system.	 Diluted	 PVP	 solutions	 at	

(0.05±0.01)	%	mass	fraction,	(0.10±0.01)	%	mass	fraction,	(0.25±0.01)	%	mass	

fraction	 and	 (0.50±0.01)	%	mass	 fraction	were	 prepared	 by	 adding	 deionized	

water	 (r≥18.2	 MW	 cm)	 and	 saturated	 with	 N2O	 prior	 to	 irradiation.	 The	

uncertainty	represents	the	estimated	total	error	in	measuring	mass	and	volume	

of	solutions.	The	irradiation	was	performed	in	a	rectangular	quartz	cell	20	mm	x	

10	mm	x	5	mm	and	re-filled	between	each	experiment.	The	e-beam	(xy	dimension)	

was	directed	through	the	5-mm-thick	axis	of	the	cell,	and	the	optical	axis	for	the	

transient	absorbance	measurements	passed	through	the	20	mm	path	length,	at	a	

right	 angle	 to	 the	 e-beam.	 The	 standard	 deviation	 of	 the	 absorbance	

measurements	was	0.001	AU.	Irradiated	solutions	were	drained	from	the	cell	after	

use,	so	the	solution	in	the	reservoir	remained	fresh	until	it	was	used.	The	sample	

temperature	was	regulated	at	25.0	̊ C.	Pulse	widths	of	0.2	μs,	1.0	μs	and	5.0	μs	were	
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used	to	deliver	doses	of	7	Gy	per	pulse,	40	Gy	per	pulse	and	117	Gy	per	pulse,	

respectively.	 Dosimetry	 was	 performed	 using	 an	 aqueous,	 N2O-saturated,	 10	

mmol	KSCN	solution	and	measuring	the	absorbance	at	472	nm	assuming	that	the	

yield	and	extinction	coefficient	of	the	(SCN)2•-	radical	anion	are	G	=	0.64	μmol	J-1	

absorbed	and	ε472	=	7950	dm3	mol-1	cm-1,	respectively.		

The	 data	 were	 fit	 with	 simplified	 integrated	 rate	 equations	 assuming	 that	 the	

reaction	kinetics	are	either	first	order	in	free	radical	concentration	(𝑅∙ =	𝑅(∙ 𝑒#)*	)	

or	second	order	in	free	radical	concentration	(𝑅∙ =	𝑅(∙ [1 + 𝑘𝑡𝑅(∙ ]⁄ 	),	where	𝑅∙	is	

the	time-resolved	concentration	of	free	radicals,	𝑅(∙ 	is	the	concentration	at	t	=	0	

and	 k	 is	 the	 rate	 constant.	Weighed	 fits	 were	 performed	 with	 the	 Levenberg-

Marquardt	fitting	algorithm	for	each	model	using	the	Igor	Pro	software	package	

(Wavemetrics,	Portland,	OR).	

	

Results	and	Discussion	

Spectral	properties	of	radical	 intermediates	formed	in	pulse	radiolysis	of	aqueous	

PVP	solutions.	

In	N2O	saturated	0.25	%	mass	fraction	PVP	aqueous	solution,	the	transient	spectra	

of	the	PVP	radicals	were	measured	by	pulse	radiolysis	at	10	nm	intervals	over	the	

wavelength	 range	 of	 350	nm	 to	 500	nm.	 The	 resulting	 initial	 spectra	 obtained	

directly	after	the	pulse	with	a	width	of	5.0	microseconds	(t	=	5.0	µs)	is	shown	in	

Figure	1	along	with	the	spectrum	at	t	=	800	µs	after	the	pulse.	
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Figure	1.	Absorbance	spectra	immediately	after	the	5	μs	pulse	(blue	squares);	and	

800	µs	after	the	pulse	(orange	circles);	PVP	concentration	equal	to	0.25	%	mass	

fraction	in	deionized	H2O.	Standard	deviation	in	the	absorbance	measurement	is	

0.001	AU.	

	

The	initial	transient	spectrum	displays	a	broad	peak	with	a	maximum	at	≈390	nm	

indicating	the	presence	of	PVP	free	radicals	(Figure	1).	This	is	in	good	agreement	

with	previous	pulse	radiolysis	studies	on	this	polymer.	(Davis	et	al.,	1981;	An	et	

al.,	2011)	The	transient	spectrum	at	800	µs	after	the	pulse	no	longer	shows	the	

feature	at	390	nm	and	the	residual	absorbance	at	350	nm	suggests	the	presence	

of	species	with	absorption	peaks	at	shorter	wavelengths.	The	molar	absorptivity	

for	the	PVP-radicals	at	390	nm	was	calculated	from	the	initial	absorbance	at	the	

lowest	 dose	 per	 pulse	 (7	 Gy)	 and	 the	 highest	 polymer	mass	 fraction	 (0.5	%),	

because	these	conditions	ensure	quantitative	conversion	of	the	primary	radiolysis	

products	 into	 PVP-radicals	 (see	 below).	 The	 resulting	 molar	 absorptivity	

assuming	that	both	hydroxyl	radicals	and	hydrogen	atoms	yield	PVP-radicals	 is	

e390	=	670	dm3	mol-1	cm-1.	

To	further	explore	the	spectral	properties	of	PVP-based	radicals,	we	performed	

DFT	calculations	on	the	different	radical	structures	illustrated	in	Figure	2.	Table	1	
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summarizes	the	predicted	relative	energy	(corresponding	to	the	relative	C-H	bond	

dissociation	 enthalpy	 of	 the	 parent	 compound)	 and	 the	 wavelength	 of	 the	

maximum	absorbance	obtained	for	each	structure.	We	can	expect	�OH	to	abstract	

also	the	beta-hydrogen	from	the	backbone.	The	corresponding	radical	(not	shown	

in	Figure	2)	will	most	probably	have	similar	relative	energy	and	peak	absorbance	

wavelength	to	Radical	2.		

	

	

	

Figure	2.	Molecular	structures	of	four	radicals	studied	using	DFT	calculations	

	

Table	1.	Predicted	relative	energies,	and	peak	absorbance	wavelengths	from	DFT	

calculations	for	the	radicals	depicted	in	Figure	2.		

	

Radical	 Relative	energy	

(kJ	mol-1)	

λmax	

(nm)	

Distribution	of	radicals(1)	

1	 8	±4	 424	 14	%	

2	 23	±2	 252	 8.5	%	

3	 0	 327	 46	%	

4	 9	±2	 323	 23	%	
(1)	calculated	using	relative	rate	constant	data	presented	in	Hayon	et	al.,	1971.	
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From	the	predicted	values	of	lmax	of	Table	1,	the	initial	transient	spectrum	shown	

in	Figure	1	can	be	mainly	attributed	to	Radicals	1,	3	and	4	shown	in	Figure	2.	These	

results	are	in	good	agreement	with	literature	data	from	Davis	et	al.	1981	on	the	

absorption	 spectra	 of	 the	 transient	 species	 formed	 when	 pulsing	 aqueous	

solutions	 of	 saturated	 pyrrolidone	 derivatives,	 such	 as	 pyrrolidone,	 N-

methylpyrrolidone,	 N-ethylpyrrolidone	 and	 1,1-bis(2-oxopyrrolidin-1-

yl)ethane).	(Davis	et	al.,	1981)	Indeed,	all	the	spectra	are	similar,	suggesting	that	

water	radiolysis	products	react	mainly	at	the	pyrrolidone	ring	or	that	only	radicals	

formed	on	 the	 ring	 contribute	 to	 the	 absorbance	 in	 this	wavelength	 range	 (i.e.	

other	radicals	formed	may	not	be	visible).		

The	rate	constant	for	hydrogen	abstraction	from	the	alfa-position	on	the	backbone	

leading	to	Radical	4,	measured	on	structurally	analogous,	low	molecular	weight	

compounds,	is	of	the	order	of	2	x	109	dm3	mol-1s-1.	(Davis	et	al.,	1981)	Caution	is	

advisable	 in	 transferring	 this	 information	 to	 the	 rate	 constant	 for	 Radical	 4	

formation	on	the	polymer.	Davies	et	al.	have	demonstrated	that	the	reaction	of	�OH	

radical	with	PVP	is	one	order	of	magnitude	lower	(≈2	x	108	dm3	mol-1	s-1)	than	that	

for	its	reaction	with	the	low	molecular	weight	saturated	pyrrolidones.	(Davis	et	

al.,	1981)	Moreover,	Behzadi	et	al.	1970	have	shown	that	for	diluted	PVP	solutions,	

the	rate	constant	decreases	with	increasing	degree	of	polymerization.	(Behzadi	et	

al.,	1970)	More	recent	studies	of	Bartoszek	et	al.	2011	have	also	shown	a	decrease	

in	the	overall	rate	constant	of	the	reactions	between	�OH	and	PVP	with	increasing	

the	molecular	weight	 of	 the	 polymer.	 (Bartoszek	 et	 al.	 2011)	 Even	 though	 the	

absolute	rate	constants	for	the	polymer	and	a	low	molecular	weight	analogue	of	

its	 repeating	 unit	 may	 be	 different,	 the	 relative	 rate	 constants	 for	 hydrogen	

abstraction	from	different	positions	can	be	assumed	to	be	the	same,	unless	steric	

hindrance	limits	specific	sites	accessibility.	Considering	that	PVP	in	water	at	low	

concentration	 is	 reported	 to	have	a	 random	coil	 conformation	 (Kadlubowski	S.	

2014),	we	expect	steric	hindrance	to	affect	all	sites	equally.	

The	already-mentioned	study	of	Hayon	et	al.	1971	provides	the	rate	constants	for	

hydrogen	 abstraction	 by	 �OH	 from	 different	 positions	 of	 N-alkylated	 amides.	

(Hayon	et	al.,	1971)	The	rate	constants	per	H-atom	are	the	following:	1.6	x	108	dm3	
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mol-1	s-1	for	a-C-H,	1.0	x	108	dm3	mol-1	s-1	for	b-C-H	and	5.5	x	108	dm3	mol-1	s-1	for	

C-H	 adjacent	 to	 the	 nitrogen.	 These	 rate	 constants	 were	 used	 to	 estimate	 the	

relative	distribution	among	the	possible	radical	structures	depicted	in	Figure	2,	as	

reported	 in	Table	1.	 Judging	 from	the	kinetic	analysis,	 the	predominant	 radical	

structure	is	Radical	3.	This	is	in	agreement	with	the	relative	energy	predicted	by	

the	DFT	calculations	and	with	 the	observations	made	by	Taniguchi.	 (Taniguchi	

1970)		Radicals	4	and	1	contribute	by	23	%	and	14	%	to	the	distribution,	again	in	

qualitative	 agreement	with	DFT	 calculations.	The	 secondary	 radical	 of	 the	 ring	

(Radical	2),	similarly	to	the	secondary	radical	of	the	polymer	backbone,	contribute	

by	8.5	%	each	to	the	distribution.	This	implies	that	hydrogen	abstraction	from	PVP	

by	the	hydroxyl	radical	is	not	stochastic	but	rather	displays	some	selectivity	that	

appears	 to	be	 governed	by	 the	 relative	C-H	bond	dissociation	 energies.	On	 the	

basis	 of	 the	 relative	 distribution	 of	 the	 radicals	 and	 their	 respective	 molar	

extinction	coefficients,	given	by	Hayon	et	al.	1971,	we	can	estimate	the	relative	

contribution	 of	 the	 radicals	 to	 the	 spectrum.	 The	 relative	 contributions	 to	 the	

spectrum	are	12	%	for	Radical	1,	59	%	for	Radical	3,	and	29	%	for	Radical	4.		

To	 investigate	 the	 scavenging	 capacity	 of	 the	 system,	 single-pulse	 experiments	

were	performed	on	polymer	solutions	with	concentrations	ranging	from	0.05		%	

mass	fraction	to	0.5		%	mass	fraction	at	three	different	doses	per	pulse.	The	initial	

absorbance	 at	 390	 nm	 increases	 with	 the	 dose	 per	 pulse	 at	 every	 polymer	

concentration	 (Table	 2).	Moreover,	 the	 initial	 absorbance	 also	 increases	 with	
polymer	concentration	at	the	two	higher	doses	per	pulse.	This	is	clearly	evident	in	

Figure	3,	where	the	relative	initial	absorbance	with	respect	to	the	lowest	polymer	

concentration	as	function	of	PVP	concentration	for	the	various	doses	per	pulse	is	

presented.	The	polymer	concentration	dependence	observed	for	40	Gy	per	pulse	

and	117	Gy	per	pulse	shows	that	we	do	not	have	quantitative	conversion	of	�OH	to	

PVP-based	 radicals	 under	 those	 two	 irradiation	 conditions,	 hence	 reaction	 (3)	

starts	 to	effectively	compete	with	reaction	(2).	These	 findings	are	 in	very	good	

agreement	 with	 a	 recently	 published	 study	 on	 numerical	 simulations	 of	 the	

kinetics	 of	 macroradical	 decay	 in	 electron	 pulse	 irradiated	 dilute	 polymer	

solutions	(Dahlgren	et	al.,	2019).	Moreover,	the	insufficient	scavenging	capacity	of	

the	 polymer	 at	 low	 concentrations	 for	 the	 transiently	 formed	 �OH	 leads	 to	
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recombination	of	the	latter,	yielding	H2O2	and	subsequently	also	O2.	Evidence	of	

H2O2	 and	 O2	 formation	 in	 initially	 deoxygenated	 solutions	 has	 been	

experimentally	confirmed	by	quantitative	detection	of	H2O2	in	irradiated	aqueous	

PVP	 systems	 (Ditta	 et	 al.	 2019)	 and	by	 several	 spectroscopic	 characterizations	

carried	out	on	the	irradiated	polymer,	revealing	the	presence	of	5-members	cyclic	

imides,	carboxyl	groups	and	C-O-C	crosslinks	(Sabatino	at	al.	2013).	

	

Table	2.	Absorbance	immediately	after	the	pulse	for	various	mass	fractions	of	PVP	

and	doses	per	pulse	

	

Dose	per	pulse	(Gy)	
Initial	absorbancea	

0.05	%	 0.10	%	 0.25	%	 0.50	%	
7	 0.006	 0.006	 0.006	 0.006	
40	 0.018	 0.020	 0.024	 0.028	
117	 0.072	 0.090	 0.110	 0.150	

a	Standard	Deviation	=	0.001	AU	 	 	 	 	
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Figure	 3.	 Relative	 initial	 absorbance	 (with	 respect	 to	 the	 lowest	 polymer	

concentration)	as	a	 function	of	PVP	concentration	 for	 three	different	doses	per	

pulse.	Error	bars	account	for	1	standard	deviation	in	the	absolute	absorbances.		

	

Kinetics	of	PVP-radical	decay		

Analysis	of	the	kinetics	of	macroradical	decay	in	solution	is	not	straightforward.	

For	most	commercial	polymers,	the	molecular	weight	distribution	is	fairly	broad	

and	this	surely	influences	the	kinetics.	The	possibility	of	having	multiple	radical	

sites	 on	 the	 same	 macromolecule	 also	 enables	 intramolecular	 radical-radical	

reactions	 to	 compete	 with	 the	 intermolecular	 radical-radical	 reactions.	 As	 a	

consequence,	macroradical	decay	in	solution	is	often	described	using	dispersive	

kinetics	 instead	 of	 the	 more	 conventional	 second	 order	 kinetics	 that	 can	 be	

expected	 for	 bimolecular	 reactions	 (Jeszka	 et	 al.	 2006).	 The	 competition	 with	

intramolecular	 radical-radical	 reactions	 is	 handled	with	 the	 recourse	 to	 a	 time	

dependent	 overall	 rate	 constant	 accounting	 for	 all	 the	 processes	 consuming	

macroradicals	in	the	system.	It	is	interesting	to	note	that	recent	modeling	efforts	

have	 been	 shown	 to	 be	 able	 to	 handle	 the	 competition	 between	 intra-	 and	

intermolecular	 reactions	and	molecular	 size	dependence	using	classical	 second	

order	kinetics	(Dahlgren	et	al.	2019,	Dahlgren	et	al.	2020).		

The	 kinetics	 of	 the	 PVP-radical	 decay	 were	 investigated	 by	 monitoring	 the	

absorbance	at	390	nm	at	doses	per	pulse	of	40	Gy	and	117	Gy.	The	time-resolved	

absorbance	plots	for	0.1	%	mass	fraction	PVP	and	relative	second-order	decay	fits	

are	shown	in	Figure	4.	Indeed,	the	reduced	c2	values	were	smaller	for	the	second	

order	 model	 than	 the	 first	 order	 model	 and	 no	 systematic	 deviation	 can	 be	

observed.	Hence,	second-order	kinetics	appears	to	describe	the	radical	decay	in	

this	study	sufficiently	well.	The	resulting	rate	constant	for	a	dose	per	pulse	of	117	

Gy	is	(2.1±0.1)	x	109	dm3	mol-1	s-1.	This	value	agrees	fairly	well	with	previously	

published	work	by	An	et	al.	2011,	where	the	second-order	decay	rate	constant	of	

PVP-radicals	at	room	temperature	was	reported	to	be	1.1	x	109	dm3	mol-1	s-1.	(An	

et	 al.,	 2011)	 The	 reaction	 rate	 constant	 at	 40	 Gy	 per	 pulse	 did	 not	 change	

appreciably,	 the	 resulting	 value	 being	 (3.4±0.1)	 x	 109	 dm3	mol-1	 s-1.	 The	 slight	

difference	in	second-order	rate	constant	between	the	two	doses	per	pulse	may	be	



14	

	
a	consequence	of	the	different	number	of	radicals	per	macromolecule	in	the	two	

cases.	The	second	order	decay	kinetics	of	7	Gy	per	pulse	is	not	shown	here	because	

the	signal-to-noise	ratio	of	the	absorbance	data	obtained	was	high	and	the	data	

could	not	be	processed	with	confidence.		
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Figure	4.	Decay	kinetics	of	[PVP-H]�	at	390	nm	and	fit	residuals;	pulse	radiolysis	

of	N2O-saturated	0.1%	mass	fraction	PVP	solutions	measured	at	25	°C	and	doses	

of:	a)	117	Gy	per	pulse,	and	b)	40	Gy	per	pulse.		

	

Conclusions	

Based	 on	 literature	 data	 with	 the	 qualitative	 support	 of	 DFT	 calculations	

performed	in	this	work,	it	has	been	concluded	that	the	visible	spectrum	of	the	PVP-

radicals	 produced	 by	 H-abstraction	 from	 the	 �OH	 radicals	 results	 from	 the	

contribution	of	three	principal	radicals	that	constitute	more	than	80	%	of	the	total	

amount	of	the	PVP	radical	species	formed.	Pulse	radiolysis	experiments	indicate	

that	 the	conversion	of	radicals	 from	water	radiolysis	 is	quantitative	only	at	 the	

lowest	dose	per	pulse	used	in	this	study.	In	contrast,	for	the	higher	doses	per	pulse,	

a	polymer	concentration	dependence	on	the	maximum	absorbance	after	the	pulse	

is	observed.	Since	 the	PVP	solutions	used	 in	 this	study	are	dilute,	at	 the	higher	

doses	 per	 pulse,	 the	 �OH	 radical	 self-reaction	 competes	 with	 the	 �OH	 radical	

reaction	with	the	polymer,	decreasing	the	yield	of	polymer	radicals.	The	overall	

second-order	decay	rate	constant	of	the	formed	PVP-radicals	is	on	the	order	of	2	

x109	 dm3	 mol-1	 s-1	 to	 3	 x109	 dm3	 mol-1	 s-1,	 which	 is	 slightly	 higher	 than	 the	

previously	reported	value	of	1	x109	dm3	mol-1	s-1.	This	is	due	to	the	use	of	a	slightly	

higher	molar	extension	coefficient	in	the	previous	work.			
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