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Abstmct A ltgnrn model compound fl-(2-methoxyphenoxy)-3,4dunethoxyucetophenone (I, W(IS 

subjected to @Co gamma rrradtatron and puke radtolysts under dtffient condtttons (dose, 

mednun. pH) Interactton wtth h_wiro.ayl radtcak resulted m aryl hydroaylatton.~agmentatton, 

and cleavage A hydroxylatron-ckavage pathway was found at all pH values At alkaltne pH, 

f?agmentatron reaftronr were also observed i’he predomtnant reactton wtth solwucd ekctrotw 

wosfragmentatron of the &a@ ether bondfollowed by cleavage reacttons 

L~gnm, the second mc& abundant component In wood after cellulose, 1s produced m large amounts aa a waste product m 

the pulpmg process’ In efforts to develop new mdustnal uses for tomzmg radtatton. the wradlatron on wood, pulp, pulp null 
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effluent and ltgmn ts betng exanuned tn our laboratories In pulptng, pretmatment of wood wtth rontxmg radratton resulted tn 

numemus effects tncludmg a 20-25 96 net reductton tn energy requuemen~ Diverse effects were observed upon trradratron 

of both bgmn m~lated from uradtated wood, and commem ud llplll sample.s3’4 Dependtng on the condttmns used, 

polymertxatron, demethylatron and degradattve processes could coexrst 

Because of the complex structure of hgnms, a lrgnm model compound &(2-methnxypbenoxy)-3,4- 

dimethoxyac.etophenon (compound I, Ftg 2, #13) was chosen for mvesttgatton of radtatton-mduced degradattve pathways 

occumng m hgnm Such compounds have been used extenstvely m mmhsrusttc stud~e&s as thetr structures are representattve 

of the arylglyceml-&aryl ether umts that make up 30-5096 of the repeatmg umts m lignu+ 

The results of umdtattons performed on aqueous soluttons of compound I are described hem Pulse rad~olys~s was used 

to motutor formation of transtent species, whde HPLC was used to identtfy stable radiolyttc products 

Reactton pathways are descrtbed ustng the conventton uuhated by Dunmel ‘Frngmmtnhon” refers to cleavage of the 

g-a@ ether bond Decomposttmn, degradatton, dehydratton and dehydmgenatton denote breakage of bonds other than the 

p-aryl ether bond and are gmuped under “Cleavage” reacttons “Hydrnxylabon” relates to an hydmxyl adduct on an 

ammattc rmg as a u- or s-complex ‘Cnmhinnhon” relates to polymenratton, dunertmtton and dtspmporttonatton reacttons 

“Desnethoxylatron” corresponds to ipso suhstttutton of a methoxyl gmup by a hydmxyl group 

I I Radiolysis Undir OxWve Condillons 

In N2G-saturated water, the donunant path to oxuiattve radtolys~s IS vta hydmxyl rad~cals’~ Hydmxyl radtcals am 

strong oxrdtxmg specms known to abstract hydrogen from ahphatrc hydrocarbons” Wrth ammattcs, the maJor mactton IS 

addition of hydmxyl radical to the ammattc rmg to form hydmxyl adducts’o 

I I Z S&u& Sta& Radrolysis Thnteen maJor p&s were found upon HPLC of I (0 1 m&f m H20) urarhated under 

oxtdtxmg condtttons (Fig 1A) The tdenttfied products (Ftg 2) could be gmuped tnto 3 sets based on the reacttons assumed 

to be mvolved tn then formation The first set 1s the hydmxylated and demethoxylated products III peaks 10, 11, and 12 The 

second set ts the fragment&on products 8 and 9, whde the thud set contams the mom polar cleavage products, l-7 

At pH 3, compound I dtsmtegrated almost ltnearly between 0 03-l kGy and exponenttally thereafter (Ftg 3) The 

hydmxylated products (peaks 10,11,&12) and the fragmentatton products gtuuacol(8), and dunethoxyacetophenone 

(9,DMAP) were formed m low concentrattons at 0 03 kGy, mcmased wtth tncreasmg dose, then decreased at htgher doses as 

they underwent secondary rad~olysrs Dunethoxyphenol, DMP, utcmased wtth dose to 0 5 kGy, then de&ted Cleavage 

products l-7 appeared as pnmary products, even at the lowest dose measured 

The steady-state radtolysts pattern of I at pH 7 2 dtffered hum that at pH 3 0 (results not shown) At pH 7 2, I 

radtolysed caster, with appmxunately 10% mnuurung after a dose of 1 kGy The hydmxylated products (10,11,12) reached 

thetr maxuna at 0 5 kGy, whereas the profile for DMP remamed the same as at pH 3 Fragmentatton products, gtuuacol and 

DMAP showed uscreased concentrattons at lower doses, tndtcattng mcreased fragmentatron at pH 7 2 

At pH 11, almost 75% of I was rad~olysed at 0 5 kGy Hydmxylatton products found m peaks 10,ll & 12 showed 

stnuIar protiles wtth sharp dechnes SeyondCr g kGy GuatacoT and DMAP formed m stgmticantly fitgiier amounts mdtcatmg 

enhanced fragrnentatton However, DMP formed tn very low concentrattons compared to at lower pH 
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I I 2 Pulse R&&u The l&t absorptmn spectrum of species formed upon pulse mddysts of I(0 1 mh4 m HzO) 

taken rmmedmtely after the 2 6 p electron pulse gave maxme at 350 and 420 MI (Fig 4) Solar absorption spectra were 

observed at acldtc pH Such “double peak” spectra appearmg qmcWy after the pulse have been related to the form&on of 

bydmxycyclohexad~enyl radicals (hydroxyl adducts)t”“* ‘llms the absorphon spectrum for I 1s attnbutcd to the mstant 

formation of the bydmxyl adduct The rapad decay of both absorbmg species (Table 1) by a secondarder process III the 

rmcrosecond tune scale, 1s also characte.nst~c of bunolecular rad~cnl-radical reactIons of hydroxyl addu~ts’~ 

A “long-bved” remauung absorptcon, wbch was more prevalent at bgher dose per pulse values (I e ,50 Gylpulse), was 

also observed at - 350 nm Tlus absorption appeared a few hundred rmcmseconds atIer the electron pulse (Fig 4) 

The optIcal absorption spectra measmzd at pH 3 0,7 2, and 11 0, were sundar wrath the exception that at pH 11, the 

long-hved absorption at 350 MI was more mtcnse Tlus absorption was stable even m the mdhsecond tune scale In addltlon, 

a small absorption was observed m the 370400 MI range at pH 11 Thus species was atibuted to phenoxyl radical form&on 

m small yield resultmg from oxulatlve dlsplacement of methoxyl groups via tpso attack of hydmxyl rad~cal’~ Thus 

demethoxylatlon pathway has also been found on pulse rad~olys~s of amsole, (results not shown) where the absorbance of the 

phe.noxyl radical contumed to mcrease long after tbe hydmxyl adduct had decayed 

AL *OH B~Q 6 13 __ 
, I -a n 
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Fig 1 HPLC of I u-radiated under oxldlzmg (A) and reducmg (ES) conditions at pH 3 and 1 0 kGy 
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Fig 2 Charactenzation of maJor radlolys~s products by HPLC and ‘H NMR 
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Dose (kGy) 

Fig. 3 Area profile of major radlolyhc products as a function of dose 

310 360 410 460 
Wavelength (nm) 

Fig 4 (A) Optical absorption spectra of the hydroxyl adduct of I taken 

7 ps and 140 ps after the 2 6 ps electron pulse (pH 7 2), (B) Osclllosco~ traces 

related to the decay of the absorbing species observed at 350 nm, and (C) at 420 nm. 

I I 3 Swnmaty of Radw&& Under Oxuhhve Condtwns The pulse radmlys~s results support the mstant formatIon of 

hydroxyl adducts of I Phenoxyl radicals are also formed m small amounts presumably via ipso hydroxylatlon These results 

agree with steady-state data which show that hydroxyl radical-medIated rad~olysls of I occurs rather selectwely 

Hydroxylated and demethoxylated products (10,11,12) predommated at all pH values Slgmficant fragmeatatlon to 8, and 

9 occured only at hagher pH mdlcatmg that abstractIon of the methylene hydrogen proceeds more easdy m alkalme medmm 

Cleavage to form l-7 was observed at all pH values Based on these results, the pathways shown m Fig 5 are postulated 

At lower pH the hydroxyl r&Cal preferentially attacks the aromatlc rmgs of I HydroxylPtroa occurs via formatloo of a 

r-adduct on the aromatIc nng(s), to form products found m peak 12 These compounds probably result from pnmary 

reactIons, smce they form and disappear at low doses The presence of hydroxylatlon products (m peaks 10 and 11) m high 

concentrations at all pH values supports a pathway mvolvmg ipso hydroxylatlon Because the methoxyl group may direct the 
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attackmg hydroxyl n&al preferentially mto the ortbo and para pos~ttons oo each rmg, drfferent hydroxylated products would 

be expected Ipso bydroxylatloo caa also occur at the aromattc carbons lmked to the al~pbat~c bridge leadmg to 

fragmrmtattoo The presence of DMP at pH 3 and 7 2 1s mdtcative of rpso hydmxylatnoo at the bndgmg carboo of the DMAP 

rmg 

Table 1 Spectral Cbaractenst~cs and Decay Rate Constaots of Hydmxyl Adducts Formed m Compound I 

PH &,,,,,om GE 

(350 mu) 

GC 

(420 nm) 

2k/&,cm s-t 

(350 am) 

Wc,cm 6’ 

(420 em) 

3 01 345 76xld 59xld 12x 106 13x106 

7 20 350 65xld 44xld 16x lo6 15xltY 

II 0 350 84xld 50x& - 40x106 

Fig 5 Possible mechanistic pathways for radlolysls of 1 under N,O 

Hydroxyl radrcal may also attack the ahphatrc metbyleoe carbon at high pH fomuog 8 and 9, although other posslbdttles 

exrst, le 0‘ formed via reactloo 1, may abstract the methyleoe proton from I caustog fragmeotattoo, as the pKa for tbls 

OH- + OH -B Hz0 + O- 

reactloo 1s I1 9” Increased amounts of 8 and 9 at pH 11 0 Imply the pH effect cootnbutes to tlus mode of tingmentatton 

(1) 
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I 2 Radio&is Under Reduchg Conditions 

Electrons, one of the ma,or tmns~eat products m rad~olyas of water, are qmckly solvated formmg the strongly reducmg 

species, e;, Ths spewa forms e&et am0118 or free radicals by bond scuzsmn reactmns with substrates A very &active 

reachon occurs with aromat~ ketones, the adherance of electrons to the carbonyl group at dlffuslon controlled ratest6 As 

shown below, I undergoe.s very specific reactmns under reducmg condttlons 

1 2 I Steady State Radiofyszs. Fewer radrolytlc products were formed under reducmg concbtrons (Fig 1B) compared to 

o&rung condttlons The mayor products were the fragmentation products guruacol(8) and duuethoxyacetopheoone 

(9,DMAP) I decomposed almost lmearly between O-l kGy (Fig 6) Gua~acoi (8) and DMAP (9) formed m h@er 

concentration than under oxidlvng condltlons, mcreased urlth dose to 2 kGy the0 decbned DMP (5) decreased beyond 

1 kGy No hydroxylated denvatives of I were found 

Compound I fragmented much faster at higher pH At pH 7 2 fragmentation reactions yielded guamcol and DMAP 

The DMP concentration remamed stable up to 1 5 kGy At pH 11, gwmcol and DMAP mcreased m concentration, whle 

DMP was absent, possibly due to faster degradation through a combmation of pH and radiation effects 

2 2 2 P&a Radiofysfs The tramuent optIcal absorption spectrum of I vaned bttle with pH At pH 4, the speotrum 

taken unmedtately after the 2 6 1(8 electron pulse had maxima at 350,365,385, and 420 mu The maxnna at 350 nm and 420 

nm are charactenst~c of ketyl rad~& formed by reactron of e,,,- with aromatlc carbooyl compounds These species formed 

rapidly after the pulse and decayed by second-order kmehcs (Table 2) m agreement with data by Hayon et al I6 

The anulanty m abso+lon spectra at pH 4 and 13 unphes that the ketyl radical amon does not form at pH 13 For 

example we found different spectra for amsom at pH 3 and 11 (results not shown) The different spectra were assumed to be 

due to the k&y1 radical and the ketyl radical man of anwxn Simdar results were found by Hayon et al l6 

The maxnm at 365 and 385 MI are slrmlar to that found upon pulse nuholysls of guamcol m NzO-saturated solution 

(results not shown) With guamcol, thus absorption was probably doe to the pheooxyl radxal, soxe. a very suodar absorption 

was found when NaN3 (used to oxubxe. aromatic compounds to phenoxyl raduzals) was mcluded 

0.5 1.0 1.5 2.0 2.5 

Do=(kGy) 

Fig 6 Area profile of major components from I irrachated under reducmg conditions 
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Table 2 Spectral Characteristics and Decay Rate Constants of Spec~ea Formed m the Pulse Rad~olys~s of I 

&8x.- GE 2k/e,cm i’ 

ketyl radwd 

pH=30 350 38xld 40x106 

pH=71 350 38xld 

pH =13 0 350 53xld 52x106 

pbenoxyl radical 

pH=30 380 2 8x IO6 

pH=71 380 24xld 

pH =13 0 380 32xld 17x 106 

Further evidence for phenoxyl radlcal formatlon was provided by the absorption found m the 365-390 nm re@on upon 

pulse rad~olys~s of I at pH 10 and 13 Tlus absorption was much more pronounced and decayed much more slowly (Table 2) 

I 2 3 Summary of Radzolyas Undiv Redunng ConaWons Fragmentation reactions formmg guamcol and DMAP 

predommate under reducmg condltmns Radlolysls proceeds by lmtlal formatlon of ketyl and phenoxyl radicals The ketyl 

radical presumably f- by reaction of hydrated electron with the carbonyl group followed by protonatlon” 

R2C = 0 
H+ 

+ eai - R$-O- +RzC -OH (2) 

The ketyl nuhcal does not undergo loluxatIon at lugh pH Phenoxyl radicals are formed by tYagme.ntataon of the &aryl 

bond These radicals decay by second-order kmetlcs rcsultmg m guruacol, a mayor rad~olys~s product Based on these 

the followmg reachon scheme may be drawn (Fig 7) 

Fig 7 Possible reaction pathways for the rad~olys~s of I under reducing conditions at all pH ranges 

I 3 Fmgmentadon Pattern of Compound I 

It may be worthwhde to compare the facde radrolytlc fragmentation of I wrlth chenucal fragmentation of smular 

compounds Lundqulst and Lundgren” studied several hgmn models mcludmg arylglycerol denvatlves of I Denvatlves 
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A 
Gc, = - 9 6 lo6 (100 eV)-’ 

Dd 

where. D 1s the dose (Gy), d the density of the solution (g cmm3), and G the number of apecles formed, decayed or transfod 

per 100 eV alxtoft-ad The tune&+adeat c4mceatratron of the optically absorblog species, L e , the tranmnt abmqhon, was 

measured by an Apphed Photophys~cs K-347 kmetlc spectrophotometer On the oscdloscope screen the tune-dependence of 

the hght mtenslty (A I (t), mV) passmg through the cell appears m mV umts On the basts of the hght mtemuty before the 

electron pulse Cr,, mV) the tune dependent lrght mtenslty IS calculated by the data aqurslhon system 

4 
OD, = log =&kc 1 

I, - AI(t) 

where .?I 1s the extmctlon coefficrcot at X wavelength, c the concentratmn of absorbmg species, and 1 the cell hght path Three 

storage oscdloscopes (100, & 60 MHz Phdlrps, 100 MHz Iwatsu Ts 6123), coupled with an IBM compatible computer were 

used for data acqu*sltlon** 

The decay of tmnslent species usually followed second order kmetlcs and littmgs were made usmg the standard formula 

1 1 2k -z-+-t 
G &A (G &I), ~1 

where 2k 1s the second order rate parameter of the self-temunatton reaction of the mtermed~atea 

Expenments were performed on solutions of I (0 1 mM) m doubledrstdled water deaerated usmg N, or saturated wrth 

N20 Solubdz&on of I was enhanced by ultmsomcatlon The pH was ad~wted w~tb 7 46 HCIO, or 0 1 M NeOH Hydrated 

electrons (e,,,) were generated m N2-saturated solutions contauung 1 0 M t-butanol which scavenges hydroxyl nuhcals and 

also mcreascs the solublhty of I Aide md~cals produced by lrradlatlon of solutions con&rung 100 mM NaN, were used to 

oxrdlze phenolrc type aromatIc substrates 

3 2 Steady Shzte Radwlyms 

Solutrons were prepared as mentioned above Irradlatlons were performed m an AECL Gammace 11220 HPLCwas 

performed usmg a Beckman model 344 pump upgraded with a data acqursrtron system run by a Nelson AnalytIcal Model 2600 

Chromatographlc Software system loaded oo an IBM PC Samples were m~ected onto a Water8 Nova-Pak C,* cattndge (8 x 

100 mm) eluted Isocratlcally with MeOH Water (1 1) at 0 5 toLlnun The elueat was momtored at 274 nm All HPLC 

dIscussed m this paper was performed usmg these condltlons 

HPLC peaks 1.3, 5, 8, and 9 were ldentlfied by comparison of reientmn tunes with authenbc compounds and also by 

splkmg rmdlated solutions of I with authentic compounds pnor to HPLC The mdlolytlc product rmxtures seen as peaks 10, 

and 11, were Isolated by repeated HPLC The coll&ed samples were pooled, concentrated, and analysed by ‘H NMR Both 

10 and 11 showed complex spectra suggestmg a nuxture of demethoxylated products A agnal at 3 8 ppm, character&c of 

OCH,, was absent mdlcatmg complete demethoxylatlon of all 0CH3 groups The exact poslbon of hydroxyl groups attached 

to the aromatlc rings could not be detemuned due to overlap and sqnal bmadenmg stemmmg from the rmxture of products 

For rndmzct chamctenzatlon of 10, and 11, Compound I(3 mg) was refluxed m 5 mL 57% HI for 10 mm to produce 

demethoxylated products Peaks 10’ and ll’, correspondmg m retention tune. to peaks 10, and 11 from lmuhated samples of 



9698 C A CHUAQUI~~~~ 

I, were separated by HPLC, collected, end concentrated The ‘H NMR of 10’ and 11’ showed complex spectre of emtic 

and alrphatlc peaks s~mdar to those found for peaks 10 and 11 from ~muhated I A peak at 5 2 ppm. cherectenst~c of CH,, 

mdtcated that the p-aryl ether bond was not Fragmented Iutegratloo of s~guels et 3 8 to 4 0 ppm, (cbaractenst~c of G-CH.$ 

afforded e reduced retlo of 0CH3 to CHz, mdlcatlog P rmxture of pertudly demethoxylated compounds 

To Identify the rad~olysts pmducts m peek 12. compouud I wes hydmxylated by stauderd syuthet~c techmquea The 

reactloo uuxture wes analyzed by HPLC Matenal wmspoudmg m reteutioo tune to perk 12 ti-om mndmted semples was 

collected by repented mJectmus and concentrated lH NMR showed multiple hydmxyletum ou both rmgs, with the metbyleue 

group and methoxy groups left mtact 
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