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ABSTRACT: Radiolysis of acetone-ethanol solution and acetophenonc-cthanol solution has been studied in 
this work. The dependences of G values of the final y radiolysis products such as H r 2.3-butanediol and 
acetaldehyde on additive concentration in liquid ethanol have been obtained. Thereare two kinds of new final 
products, isopropanol and 2-tnethyl-2,3-butanediol are detected in irradiated acctone-cthanol solution. As for 
acetophenone-ethanol system, more new final products are found. 

In addition, experiments of pulse radiolysis upon acetophenone-cthanol solution have also been 
performed. The absorption spectrum with A.maxat315nmand440nin is observed, which is assigned toketyl 
radical ion C6H5(CH3 )CO And the reaction mechanism of the two systems is proposed respectively with a 
moderate success. 
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INTRODUCTION 

Developing the theory of radiation chemistry requires accurate knowledge of the yields of intermedi
ates and final products in irradiated systems. Radiation chemistry of water has been studied extensively and 
abundant experimental data have been obtained over a great variety of conditions11,2-31. The wealth of 
theoretical and experimental information makes water a useful model to predict the reaction mechanism of H. 
e" and OH with organic compounds. Now, many biological compounds arc hydrophobic and they are not 
soluble in water. Therefore, the radiolysis of cyclohexane14-5''1, which is a symmetrical nonpolar organic media 
. has been extensively investigated due in part to the fact that all C-C bond and all C-H bond are equivalent 
in cyclohexane. it means fewer numbers of products are obtained comparing with that of the straight-chain 
hydrocarbon. Meanwhile, the majority of biological compounds are still insolube in cyclohexane. therefore, 
the application of cyclohexane as a model in radiation chemistry is confined . Since the 1960's, radiation 
chemists have shown great interest in the radiolysis of ethanol and a lot of experiments have been carried 
out'7-8-"-101. Being a classical polar organic solvent, ethanol shares some similarity with water in radiation 
chemistry. For example, both of their polar character has influence on the solvation and reactions of the 
electron and other charged species produced upon irradiation. The predominant advantage of liquid ethanol 
is that most of the organic compounds are easily soluble in ethanol. Nevertheless, many previous experiments 
performed often employed various additives as probe to study the behaviour of transient species such as e" 
50lv H and a-hydroxyethyl, little has been done to survey the products resulting from the reaction of additive 
with intermediates. Therefore, it is often difficult to achieve a material balance between final products and 
intermediates, which may lead to an incorrect interpretation of the established mechanism. Recently, by using 
styrene, MPP and acrylic acid as additives ''•"•l21, Wu found that a-hydroxyethyl radical did not undergo 
disproportionation in liquid ethanol and the reaction mechanism was proposed. Later, using acetone as 
additive"31, Zhang has studied the dependences of the major final products on acetone concentration and 
started on surveying the products resulting from the reaction of acetone and intermediates of irradiated 
cthanol. A new final product, 2-methyl-2,3-butanediol is obtained. However, the material balance is still 
unresolved and the obtained ratio of rate constants k(e"solv+CH;tCHO/e">c|v+CH,COCH,)=5 is inconsistent with 
that of obtained from pulse radiolysis experiments, and it seems abnormal for ketone to capture solvatcd 
electron in ethanol solution comparing that in aqueous solution. The purpose of this paper is in hope of 
clarifying the reaction mechanism by re-examining the study of acetone-cthanol system and identifying that 
ethanol can act as an ideal organic solvent in radiation chemistry. It can be further used as solvent probe in 
acetophenonc-ethanol solution. Because of the structure similarity between acetophenone and flavonoids. 
our purpose of this work is to present the results and to gather all the information in order to use the radiolysis 
of the acctophenone-ethanol system as a tool for studying the flavonoid radical chemistry and the 
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pharmacological function of flavonoids. 

EXPERIMENTAL 

Absolute cthanol and acctone(Beijing Chemical Plant) were used after purification. The aldehyde 
content was reduced less about 10" mol dm*3. The samples were dcaeratcd with high purified nitrogen 
gas(>99.99%), irradiated at about 20°C with °°Co y-ray at dose rate 2.0Gy s1. The yield of hydrogen was 
determined by GC (instrument: Shimadzu GC-9A; column: 5 A molecular sieve; detector: TCD; carrier gas: 
nitrogen). Those of 2,3-butanediol and acctaldehyde were also performed with GC(instrument: Shimadzu 
GC-9A; column: PEG, 2m glass column; detector: FID; a special column: chromosob 106 for detecting C2-
C} alcohol was employed.) 

Acetophcnonc(A.R.) was used as supplied after purification. The new radiolytic products were 
detected also with Shimadzu GC-9A(column:OV-1.2mglasscolunin). ShimadzuGC-14AMS (column. OV-
1 25m capillary column. FID detector) was used to identify the PI, P2 P3 and P4. 

The pulse radiolysis was carried out using a Van de Graff 2.8 Mevelectron generator(High Voltage Eng. 
Co.) delivering 0.4/is electron pulse of l-50Gy in the Max-Planck Institute of Germany. The pulse radiolysis 
set-up and detection techniques have been described in detailing119'. Dosimetry was performed by the SCN-

method(0.01 mol dnr3 KSCN. N20-saturated) using G((SCN)2)=6.0 and 8^=7600 mol-1 dm3 cnv'. Unless 
otherwise stated, dose per pulse used was around lGy. 

RESULTS AND DISCUSSION 

I. THE y-RADIOLYSIS OF ACETONE-ETHANOL SYSTEM 

The yields of the three major products, hydrogen, acctaldehydc and 2,3-butanediol arc plotted as 
functions of the concentrations of acetone C in Fig. 1. The most remarkable result is that acetone inhibits the 
formation of 2,3-butanediol and unaffects hydrogen, while the G(CH3CHO) values rise significantly with 
increasing acetone concentration. All of these are approximately consistent with the results obtained by 
Zhang. In addition, two new final products arc found. One of the 
products has been detected by using gas chromatography and GC-MSfM/Z 59( 100), 45(10), 71(10). 89(8)|. 
As for isopropanol, it is identified with the standard compound which appears in the same region . And 
depending on the known concentrations of the two standard compounds, the G values of the two products 
are calculated, both of them increases with the increasing concentration of acetone( as illustrated in Fig. 1). 
which is parallel with that of released acetaldehyde and the consumption of acetone, (as shown in Fig. 1) 

It should be noted that all the concentrations of acetone scaled on the plot arc initial concentration, (e.g. 
before irradiated) 

The present results are consistent with many of the features of the mechanism proposed for the 
radiolysis of liquid ethanol by Wu1"1. The following is just a refinement of their established mechanism which 
is relying on the present results and consideration of the yields of the new final products. (The square brackets 
indicate that the entities are within in spur.) 

When y-radiolysis upon liquid cthanol, following reactions occur initially. 

C2H,OH > IC2H50H* + ej G=2.() (1) 

»|CH,CHOH'+H +cj G=2.() (2) 

(CH3CHOH* + CH,CH2OHl > [CH,CHO + CH,CH2OH2| G=2.() (3) 

[CH3CH2OHj* + ffl > [CH^CHjOH + H] G=0.3 (4) 
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[CHJCHJOH* + e] » CH3CHO + H2 G= 1.7 

• CH3CHjO (G=0.3) + H2 (G=0.15) 

[e- + CH3CH20H1 > ew|v G=1.7 

CHJCHJO + ^ C H j O H • CH3CHOH + CH3CHpH G=0.3 

e; solv ->CH3CHjO •+ H 

e s o l v +CHJCHJOHJ 4 »CH3CH2OH + H 

H + C2H5OH • -* H2 + CH,CHOH 

CH,CHOH > (CH?CHOH)2 G=2.1 

G=1.7 

G=4.15 

(5) 

(6) 

(7) 

(8) 

(9) 

(9)' 

(10) 

(18) 

ICH.CHOH). 
• CH.COCH,' 

PI 

0 2 4 6 8 10 12 
Concentration of Acetone (10"3 mol dm"3) 

Fig. 1 The dependences of G values on acetone cone; 
system saturated with N2; dose rate:2Gy/s; dose:6000Gy 

While absence of additives and dose>160Gy, reactions(l 1) and(12) become important: 

e-+ CHjCHO > CH3CHO" 

CH3CHG~ + O^CHjOH^ > CH3CHOH + CH,CH2OH 

(11) 

(12) 

However, if acetone present as additive in this system, an alternative to reaction(lO) as a fate for the 
solvated electrons e ^ might be: 

c'soiv +CHjCOCH3 > CHjCaCH, G=1.7 

CH3COCH3 + CHjCHjOH,* >CH3COHCH3 + CH3CH2OH G=1.7 

(13) 

(14) 

Thus, acetaldehydc is released.Then. what about the fate ofCH3COHCH3 radical. Considering the new 
products, following reactions might occur: 

2CH,COHCH3 >• CH3COCH3 + CH3CHOHCH3 G=0.35 (15) 

CH3COHCH3+CH3CHOH > CH3HC(OH)C(OH)(CH3)2 G=0.6 (16) 

CH3CHOH+ CH3COHCH- > CH3COCH3 + CH3CH2OH G=0.3 (1.7) 

Comparing the consumption of acetone and the redox potential of CH,CHOH and CH3COHCH, 
radical (E ..=-1.1V), we could assume that reaclion( 17) may occur. =-l W F 

• CH3COHCH3/CII3COCH3 * J v ' ^ C H J C I I O H / C H J C H J O H - . . . 

According to the assumption mentioned aoove, it is reasonable to interpret the experimental result. In 
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the presence of acetone, hydrogen remains constant (G(Hj) = 0.15 + 1.7 + 2.33 = 4.18), because neither the 
reaction of H atom addition to acetone nor H abstraction from acetone occurs within the range of acetone 
conccntralion(up to 1.2 x 10'2mol dm*3). The GfCHjCHO) value rises significantly with increasing acetone 
concentration, which demonstrates definitely that acetone competes to capture the c*^ with acctaldchydc 
[reactions( 11) and (13)]. When acetone captures all of the esolv of the system, acetaldchyde is released to reach 
finally the limiting value 3.7(G(CH3CHO) = 2.0+1.7 = 3.7) accompanying by the formation of CH3CO CH, 
anion radical(G=1.7). Neutralization reaction of CH3CO"CH3 anion radical and CHJCH^OHJ* forms 
CH3COHCH3 radical (G= 1.7))lrcaction( 14)] subsequently. From the G values of final products. considering 
the assumed way of disappearance of CH3COHCH, radicals, the consuming yield of CH3COHCH, radical (G 
=0.3 + 0.6+0.3 5 x 2 = 1.6) is obtained, which is agreement with the forming yield of CH3CO CH3 anion radical. 
On the other hand, the yield of (CH3CHOH)2measurcd is also coincident with thcyicld of CH3CHOH radical 
h; other words, a material balance between intermediates and final products of this system is obtained. From 
the discussio.i above, it seems that there is some correlation between disproportionate and the number of 
[1 hydrogen atom possessed by alcohol radicals. The more f> hydrogen atoms a radical owns, the easier the 
disproportionation occurs. 

According to the suggested mechanism, kineticanalysis of the data is studied, and following equations 
arc given by: 

d[c;o|v]/dt = kp-k11{csolv][CH3CHO]-k13[c*so|vl[CH3COCH3] (1) 

d[CH3CH01/dt = kuD - k]1[e*50lvllCH3CHO] (2) 

D is the dose rate, k, and ku are the rate constant of producing esolv and acetaldehydc respectively. 
rcaction(9) and neutralization reaction(9)' arc neglecting when acc(onc(10'3mol dm*3) presents. 

When the steady-state has been established. dle^J/dt-O, so: 

[e-s0lv] = kD/(k„[CH3CHO] + kJCH.COCH,) (3) 

Thus an integrating equation is obtained1131: 

[CH3CHOJ/2-1.7k13[CH3COCH3]/4kM 

x ln(l + 2kM[CH3CHO]/3.7k|3[CH3COCH3l) = kD (4) 

D is the dose, and k is an conversion cocfficicnt(k=l .3x 10"). 
Substituting the data of curve G(CH3CHO) against concentrations of acetone in Fig. 1 into equation(4). 

one can obtain the ratio of rate constant against every experimental acetone concentration. It is apparent that 
the ratio varies at low concentration due to the assumption that [CH3COCH3] remains constant during 
irradiation which is far deviating from the actual process. While at high concentration, the consumption of 
acetone can be neglected contrasting to its initial concentration, thus a constant approaching to 1 is obtained 
which is well fitted the steady state processing. When requiring a procedure depending on computer. k(c" 
solv+CH3CHO)/k(csolv+CH3COCH3)=0.96 is achieved by simulation which is coincident with the value 
obtained by pulse radiolysis experiment.(Tab. 1) 

Tab. 1 The ratio(k) of rate constants k(e;olv+CH3CHO)/k(e"5o|v+CH3COCH3) obtained from different methods 

Cone. Low(<4.\ 10° mol dm3) High(>4x 10°moldm3) 

Steady Steate Application Variations(5.0-1.5) Approach to the Constant 1 
Computer Simulation 0.96 0.96 
Pulse Radiolysis 0.84 0.84 

From the discussion above, we may be able to explain the discrepancy between the calculated valuc(k) 
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of Zhang's and that from pulse radiolysis. Being the simplest ketone, acetone is an easily volatile reagent. It 
is largely consumpted when degassed, therefore, the ICH3C0CH3] should be redetermined after degassed but 
Zliangneglcctsthiseffect.Ontheotherliand,itwillleadtoagreaterroratlowacctoneconccntrationsupposing 
that [CRJCOCHJ] keeps constant. 

The results obtained in acetone ethanol system demonstrate the effect of carbonyl group to scavenge 
solvated electrons in irradiated ethanol solution resembles that in aqueous solution. Thus, we could employ 
ethanol as solvent probe to study other ketone compounds, especially some hydrophobic aromatic carbonyl 
compounds. 

II. THE y-RADIOLYSIS /;^r<, -1 JLSE RADIOLYSIS OF ACETOPHENONE-ETHANOL SYSTEM 

Acetophenone, an important aromatic carbonyl compound, reveals great importance in biological 
reaction, especially in electron transfer and oxidative phosphorylation. A lot of experiments have been 
done114151"1- however, most of the studies carried out previously in the literatures investigated the reaction of 
solvated electron with acetophenone generally in aqueous solutions. Actually, acetophenone is less soluble 
in water which means the system studied has to be confined to a low acetophenone concentration. It is difficult 
to observe the effect of acetophenone on the intermediates as a function of concentration. On the other hand, 
the techniques often used are pulse radiolysis and flash photolysis, little has been done to study the products 
with y-radiolysis in irradiated ethanol solution, in which acetophenone is easily soluble. Thus, there are still 
many disputations about the absorption spectra of the transient species. In course of this work, both y-
radiolysis method and pulse radiolysis are performed, the results are well agreement. 

When y-radiolysis acted upon acetophenone-ethanol solutions, the dependences of G values of the 
final products on acetophenone concentration were obtained.(as shown in Fig. 2) 

Fig. 2 The dependenccsof G values on acetophenone cone. 
system saturated with N,; dose rate 2.0Gy/s; dose:3000Gy 

It isfound that when increasing acetophenone concentration, the G(H2) values remains unchangeable, 
in contrast the G(CH3CHO) values rise significantly and the G((CH„CHOH)2) values decrease rapidly in this 
range of acetophenone concentration. It indicates that acetophenone being an effective e"Mlv scavenger like 
acetone, competes tocapture thce-solve withacetaldehyde which is formed iny-radiolvsisofelhanol.[reactions 
(10,(19)1 

CttH5COCH3 +e jo |v > CBH5(CH3)COw|v G=1.7 (19) 
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u.o i:.i.U 

Fig 

U.O 

Time/min. 
3 GC-spectrum of the new final products in irradiated acetophenone ethanoIsoIution(FID); 

25m OV-1 capillary column; [acetophenone]=6.12mM; dose rate:2.0Gy/s, Dose:3000Gy 

P1,P2,P3 and P4 are the four new final products, and are detected by GC-MS(see Fig.3) and their 
structure are also determined, (see Fig.4). Estimating calibration factors from those of other compounds with 
similar structure are used to calculate the G values of the new final products and the trends of the G values with 
increasing acetophenone concentration are illustrated in Fig. 2. 

Considering the behaviour of the intermediates in acetone-ethanol system and the formation of the new 
final products of this system, following reactions may occur: 

C6H5(CH3)CO-+CH3CH2OH2
+->ClSH5(CH3)COH+ CHjCH^OH G=1.7 

2C6H,(CH,)COH > P4 G=0.6 
C ^ C i y C O H + CHjCHOH -

C6H5COCH3 + CH3CHOH • 
C6H,COCRl+ CH3CHOH-

2CH3CHOH 

PI 
-» - P3 

P4 
(CHjCHOH), 

G=0.4 
G=0.15 

G=0.1 
G = 0.35 

(20) 
(21) 
(22) 
(23) 
(24) 
(25) 

Fig. 4 The structures obtained four finl products P1,P2,P3 
and P4 respectively on GC detecting sequence 

It is obvious that acetophenone can scavenge all the esolv(G=l .7) to form ketyl radical ion C6H5COCH3 

and subsequently produce ketyl radical C6H5COHCH3(G=1.7). On the other hand, the obtained values of 
GP1=0.4 and GP4=0.6 reveal that recombination reaction takes place both between C^COHCH, ketyl radicals 
and hydroxyethyl radical(G=0.4) and among C0H5COHCH3 radicals(G=0.6x2=1.2). Meanwhile, the total 
consumption of C6H5COHCH3(G=1.6) to form PI and P4 is obtained, which is coincident with the loss of e-

Mlv(G=1.7) captured by acetophenone. In other words, a good material balance between e"Mlvand radiolytic 
productsPl and P4 is obtained. However, there isstill uncertainabout theway of producingP2 andP3, maybe 
they are formed via the disproportionation reaction of (CH3CHOH)CbH5COCH? radical. 

From the discussion above, one can find that there are almost no disproportionation reaction occurs 
among ketyl radicals(CoH5COHCH3), only recombination reaction exists between CH3CHOH radical and 
ketyl radicals. On the other hand, it should be noted that the material balance is still unresolved in this system 
as a whole and the fate of a part of the loss of the acetophenone (G=0.5) and CH3CHOH radical (G=l. I) is 
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unknown. Relating to the fact that CRjCHOH radical can be added to the solutes in irradiated garlic-ethanol1'7| 

and baicalin system1'81, we could suppose that the adduct of two CH3CHOH radical added to benzene ring of 
acetophenone might be formed. 

Theresult of pulse radiolysis experiment(seeFig.5 and 6) isanothercvidencetosupport the suggestion 
that acetophenone is an effective electron scavenger. The absorption spectra is characterized with absorption 
peaks at Xmax=315nm and 440nm, both peaks decay unimolecularly with the same observed rate constant 
of 1.9 x 105s1. When N20 saturated acetophenone ethanol was pulsed, no obvious absorption can be observed 
in the wavelength range uscd(300-750nm). Therefore, the optical spectra presenting on pulse radiolysis of Ar 
degassed acetophenone ethanol solution might be assigned to one species, an electron adduct of acetophenone 
. The440nm peaks is well-known and has been ascribed tokeryl radical ion C^COCR, in previous literature. 
Thus, one might postulate that an electron charge transfer from the carbonyl group to the benzene ring might 
exist as following: 
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Fig. 5 Transient spectra of Ar(N20) saturated acetophenone Fig. 6 Transient spectra of Ar saturated acetophenone 
ethanol solution( 1 mM.neutral); insert: absorbance aqueous solution(2mM, 0.2M t-BuOH, PH 6.5); 
decay at 31 Own; pulse dose: 1 Gy inseitabsorbance decay at 440nm, dose: ] Gy 

The species with kmax=315nm and Xmax=440nm might decay by ethanolysising. Electron adducls 
of arcne arc known to hydrolysis to form cyciohexdienyl radicals, thus one might assume that the electron 
adducts of acetophenone could ethanolysis and a pseudo first order decay could be observed. 

In addition, comparing Fig. 3 and Fig. 4, we may can infer that ethanol can act as a more convenient 
solvent than waterwhen applied in pulse radiolysis owing to there is less disturbance of extra additives which 
is often introduced in water solution. One can get a more direct observation of transient species in cthanol 
solution. 

Using the previously determined data in y-radiolysis experiment, according to the differential equa-
tions(5,6) given, taking k|g/kg=4, one can get the simulation curve of G(CH3CHO) varying with the concentra
tion of acetophenone(see Fig. 7) 
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o 

2 4 6 8 

(Acetophenone]/10° mol dm"3 

10 

Fig. 7 The simulation curve for acctophenone competing 
the solvated electrons with acetaldehyde 

d[eMlv]/dt = k1D-k11[e-5olv][CH3CHO]-k|9[e-so]vl[C6HJCOCH3] 

d[CHJCHO]/dt = k t tb-kI1[e-1J[CH,CHO] 

(5) 

(6) 

Comparing the structures of acetophenone and flavonoids such as baicalin,(sec Fig.8) one can find that 
the A ring combing a carbonyl group of C ring in baicalin is similar to acetophenone. As a whole, baicalin 
combines a much greater conjugation system than that of acetophenonc and demonstrates dominant 
difference of scavenging effect contrasting to acetophenonc. Acetophenonc can effectively scavenge e"Mlh 

produced in liquid ethanol while baicalin can't, (see Fig.9). We may can draw a conclusion that the larger 
conjugation structure in baicalin far weaken the character of the carbonyl group function and make baicalin 
difficult to capture the electron, which is vital in human body and not disturb the normal electron transferring 
in body when baicalin used as medicine. From the discussion above, we could find that the curing effect of 
flavonoids acting as medicine is really closely relating to their possessing big conjugation system.. 

Aeetophenone Flavonoids 

Baicalin Attacking point 

Fig. 8 Comparison of the structures of acetophenono, 
flavonoids and baicalin 
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Fig. 9 The dependences of acetaldehyde G values on additives concentration. 
1: acetophenone ethanol solution; dose rate: 2.0Gy/s; dose: 3000Gy 
2: baicalin ethanol solution; dose rate: 0.5Gy/s; dose: 969Gy. 

SUMMARY 

In this paper: 
(1) A good material balance between intermediates and final products in acetone ethanol solution was 

obtained, which demonstrate that some products in ethanol solution might be predicted. The achieved ratio 
of rate constant k(e'solv+ CH3CHO)/k(e-

solv+ CH3COCH3)=0.96 is well agreement with that of pulse radiolysis. 
which indicates that we can employ ethanol as a solvent probe to study the chemical behaviour of carbonyl 
group of ketone compounds. 

(2) Both y-radiolysis and pulse radiolysis of acetophenone ethanol solution confirm that acetophenone 
id an effective electron scavenger and there might be electron adducts isomers, both of them decays at the 
same rate constant via ethanolysising. 

(3)ReIatingtothe behaviour ofCH3CHOH radical in aqueous solution and liquid elhanoi|i;!,asweiias 
that of other kinds of alcohol radicals in ethanol solutions, one can find that different medium will affect the 
behaviour of alcohol radical. For example CHjCHOH radical can undergo both recombination and 
disproportionation reaction at the almost same rate in aqueous ethanol, but very few disproportionation 
reaction of CH,CHOH radical are observed in the radiolysis of liquid ethanol. At the same time. it seems that 
the number of (3 hydrogen atom belonging to the alcohol radical also takes an important role in 
disproportionation reaction.(see Tab.2), the more B hydrogen atoms a radical owns, the easier the 
disproportionation occurs. 

Tab. 2 The influence of the number of (3 hydrogen atoms on reaction types 

Radicals 

Number of P H Atoms 
Reactions Type 

CHjCHOH 

3 
R 

(CH,)2COH 

6 
D 

CJH5(CH3)COH 

3 
R 

R: Standing for Recombination Reaction 
D: Standing for Disproportionation Reaction 
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