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HIGH ENERGY HELIUM%IQN IRRADIATION OF AQUEOUS ACETIC ACID SOLUTIONS*’T
Warren M. Garoisoh, Herman H. Haymond, Doﬁald C. Morrison,
Boyd M. Weeks, and Jeanne Gile—Melchert
Crocker Laboratory, Radiation Laboratory
University of California,
Berkeley, California
SUMMARY
A study has been made of products formed in eolutions of acetic acid
by reactions.resulting from irradiation with cyolotron—produced helium-ions
having an,energy-of 35 Mev. The non-gaseous products are principally dibasic
and tribasic acids. Succinic acid is the main product at radiation doses
below 1 x 10°° ev/ml. Tricarballylic, malonic, malic and citric ecids in
eddition to succinic acid are produced at the\higher dose levels. A proposed

‘mechanism accounts for the quantitative observations.

According to present c:onc:eptsl"6 of the mechanism of radiation‘induced
vreactions in dilute agqueous solutions, the primary chemical effect of radiation
is the dissociation, by ilonigzation and excitation; of water molecules to give
hydrogen atoms and hydroxyl radicals. The observed chemlcal changes in
- irradiated solutions are attributed to subsequent reactions of the H ané CH
radicals with one another and with solute molecules. The relative amounts of |
those raﬁicals thet combine to form H) and Hp05 and of those that react with

a particular solute depend upon the specific ionization density of the

* The work reported 1in this paper was preformed under Contract No. w-7405—
eng-48-A for the Atomic Energy Comm1s31on. ‘ o

'tPresented before the Division of Physical Chemistfy,‘l22nd Meating of the
American Chemical Society, Atlantic City, N.J., September 14~19, 1952.
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‘effective radietiono Most of the radicals formed along the traok.of a fest
eleetron, eegoy in regions of low ion denolty, dlffuse 1nto the bulk of the
solutlon and are ayallable for reaction w1th solute molecules. In regions
of high ion den31ty, €o8os in heavy partlcle tracks, radicals are formed '
wlocally in hlgh concentration. Under these condltlons many of the H and OH
radicals are not subsequently available for reactlon w1th dlssolved organiec
:materlal because they combine to form Hp. and H2Q2 before they have time to
diffuse into the bulk. of the solution.

By reason of the fundamental relationships between ionization density
and radiation yield in chemical and biological systems,2’6’7 it has seemed
desirable to us to’investigate ﬁhe'qualitative and quantitati#e_effeotefof
heavy particle radiafioo on agueous eolutiOns containing organic solutes, .
particﬁlarly thoge of possible biologioal interest, and to establish the
dependence of the observed effects uponvthe ﬁype of'oertiole and its energy.

The'pre.sent,pa,per8

reports a study of products formed ih dilute aqueous acetic
~acid SOIutionoby irradiation with high-energy helium-ions from.the 60-inch
oyclotron at the Crocker Laboratory, vThe greater part of thisbsﬁudy was
directed toward the problems associaﬁed with the separation;’identification ”
and quantitative determination of the non-gaseous products. Some indication
of the possible nature of this fraction is suggested in studies of the effects
of X-rays. on aqueous acetic acid published se?eral years ago?by Fricke, Hart
and Smith;9910 They suggested on the basis of indirect evidence obtained
from.gas analytical data and from pH measurements that succiﬁic or glycolio acid
could be the principal non-gaseous product. No direct chemical evidence was
reported. In the present work a detailed investigatioﬁ'of nonfvolahile acid
producte was'undertakeng- Reoently:develOped methods of partition chromatography
on silicie ecid coluhns were exﬁensively employedo vaoduct identification

was greatly facilitated by the addition of CH3Cl4OOH to the target solutions.
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EXPERIMENTAL

- Target cells of the type repreeented in Figs. 1 and 2 were used in.
:studies involving the.identification'and yield determinatiom.of non-volatile'
produots; Cell No. 1 had a solutiom capacity of approximately lO.mio One side
of the cell was drawn in to give a window (A) whlch had an average thlckness
" of 3 mllsover the bombarded areao A stream of gas (oxygen or hellum) was
forced through the fritted-glass disc (B) to stir the solutlon durlng o
‘ ifradiation and to control the oxygen conoentration'in ﬁhe bulk ‘of the
" solution. Cell No. 1 was supported in the bracket (C) which was attached
through the snout (D) to the target shutter assembly showmn in Flg. 3.
Quantitative yleld data were obtalned using cell No.: 2 whlch had a solution
capac1ty of approxmmately 80 ml. Qxygen or helium was passed through the
inlet (4) during'irradiatione The replaceable:giass'windows”(B)'had-ah'
average thickness of from”l to 3.mil and were supported in the‘standard—taper
jointi(C) which in turn fitted over the tapered metal snout of the target
shutter assemhiyo » o B |

‘ An expanded diagramxof the targe£ ehutter assembly"iS"shown in.
Fige 3; The cyclotron bean entered the front plate (l) and was delimited by
the water-cooled aperturs (2). The defined beam then passed through a one
mil aluminum foil (4) vhich was retained in posztlon by the plate (3) and the
 shutter arrangement (5, 5&) The irradiation perlod could be accurately
| controlled by the shutter (5b). The beam monitoring'ciromit ishshown
schemaficallyo The maximum error in beam current measurement was 1003%

The energy of the helium-ion beam was evaluated from range-energy

relatlonshlps and from calorimetric data. Absorptlon measurements in aluminum.
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gave a calculated 11,12 value'ef 40+, Mev for the meen energy of the "naked"
helium-ion beam. The calorlmetrlc method, to be reported ln detall elsewhere;
gane an average beam energy of 40.2 Mev. bnergy degradatlon in the alumlnum
nindow (4), in the cell windows.and in the air space between was calculeted
from theoretlcal range-energy data.lls12 | - -
t Hydrogen perox1de and organlc perox1des were determlned separately
using a modlflcatlon of the method of Greenspan and M’acKellarl3 whlch is
based on the observatlon that hydrogen perox1de, unllke organic pera01ds and
» hydroperox1des, is oxidized at temperatures from O to 10%C. by cerlc eulfateo
Organlc perox;des are then reduced w1th oota331um 1od1de in excess and the
solutlon is tntrated with standard thlosulfate. In the present study, an
.allquot of the target solutlon was added to an equal volume of 6N sulfurle.
acid and the resultant solutlon was titrated in the cold with .OlN cer;c
_sulfate=d.OE sulfunic.aeid solution to the fe::oin end‘point. Potassium
>.dodideiuee.then added in excess and the eolution was tit:eted:with 01N |
sodiunbthiosulfateg in no case did the thiosulfete titre amount to more then
.05 ml. Control analysis of simulated target eolutions containing acetic
aCld, hydrogen peroxxdep and peracetlo‘ac1d were reproducible to within £1%.
'oeparatlon and identification of acid products was aceompllshed by
'appllcatlon of recently developed methods of part;tlon chromatography‘14915 »16
'The celumn dlmen51ons and method of column preparation in the present werk
were a duplicationlof those developed by Mervel_and Rand3014 The deveioping
liquids hed.the following eompositions
| | 1= chloroform
2- 5% n-butanol - 95% ehlo;t'oform v/\}
3- 10% 90% |
4= 15% 85%
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5- 20% n-butanol - 80% chloroform V/V .

b= 25% o 75%
7~ 30% , 70%
8- 40% . 60%
9- 508 50%
10- 70% N 30%
11~ 80% | 208
12- 85% 15%
13- 90% 108
L4~ 95%. 5%

15- 1005 o

‘Several different solvent sequenoes were employed dependlng upon the partlcular

ianalytlcal problem involved. Unless otherwise stated, the solvents listed

l"vbelow ‘were water saturated. Msthod Ais essentlally the standard separatlcn

'_vprocedure reported by Mervel and Rands.14

’ Method A--

C-

lOO ml each solvents 1 through lO.

20 ml each solvents 1 through 7,. 100 ml each solvents 8 through 10.

20 ml each solvents l throwgh 7, lOO ml eech solvents 8 through 10,

20 ml each solvents 11 through 15.
20 ml each solvents 1 through 4, 100 ml each solVents 5 through 8.
20 ml each solvents 1 through 3, 100 ml. each solvents 4 through 6.

100 ml each solvents 5 through 7.

100 ml each solvents 1, 3 5, 7, 8 and 9. All solvents saturated

with 0.5 N hydrochloric acid.

350 ml 35% n-butanol -65% chloroform saturated with 0.5 N hydrochlorlc

acid.
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I- 400 ml 25%.h¥butanol -75%Aben2ene'seﬁure£ed wlth 0.1 N hjdrochloric
| acid. ‘ _ »

Water from a Barnstead still, redistilled in pyrex from alkaline
permanganate was used in the preparation of:the'taréet solutions. ‘Beker and
Adams reagent grade glacial acetic acid wes.redistilled_twice;-the middle
fraction (approximately 30 per ceot) was retaiﬁed eeoh;time. fThelCH3Cl400H
'ﬁas prepared from the sodium salt by‘distillatioh'lgfreouoﬂfrom:phosphoric

17 R - _

acid solution.

RESULTS AND DISCUSSION'

In preliminary studies, 80 ml volumes of'0925 M acetic acid containing
- from 150 to 200 microcuries of CHBClAOOH were 1rrad1ated in cell No. 2 with
h35 Mev hellum-lons at a beam 1nten31ty of 1.0 mlcroamperes.ifgxygen_wes};,:
bubbled through the solutions during exposure. After lrred;ation,_the target

solutions were distilled to dryness in vacuo at room‘temperature; The_gonf

volatile fraction was dissolved in*2—3 ml of buﬁahol and chromatographed . - .
uslng,method.A_whichvwas employedxesstﬁe general'survej method‘in the present
work. A 1 ml aliquot of each 10 ml of the.efflueht was;evaporeted to dryness
in a porcelain dish under a heat lamp and assayed for cH4 aétiVity? ‘The top
curve in Fig. 4 shows a typlcal elutlon curve for a total dose of 44 6 x lO20

ev/ml. The lower curve in Fig. 4 glves the correspondlng tltres obtalned by
tltratlng w1th 02 N sodlum hydroxlde the remalnlng 9 ml of each lO ml eluant
volume The s1mllar1t1es between the two . curves shown in Flg 4 1ndlcate
that the Cl4 actlvity corresponds to labelled non—volatlle aclds produced

-in the bombardment. At lower radlatlon doses fewer product peaks were
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observed. Below a dose of 1 k 10°0 ev/ml, peak (I) only appeared. Acids
corresponding to peaks (I) and (III) were the main products in the dose range
Cof 1 iflOZo ev/ml to approximately 10 x 10%0 ev/ml. Above this level all of
the peaks seen igAFigé 4 were present in the elution curves. For the identifica-
~ tion studies reported beiow products in peaks‘(I) through (VI) of higher
specific activity wefe}obtained by irradiating, in cell No. 1, 10 ml volumes
of 0.25 M acetic acid solution containing 250 to 300 microcuries of CH361400H-
In this way it was_possible to igolatevthe product peaks in amounts which
gave 014 eountiﬁg rates of several hundred counts per second and a titre of
less than .Ol ml w1th .Ol N sodlum hydrox:.de° : |

A sample of Cl4 activity a38001ated with (I) was co—chromatographed
wifh added authent;cigucqinic acid using method E. An exact correspondence
of 014 activiﬁy énd titre was obtained. A second sample of (1) was co-
chromatographed w1th authentlc su001nlc'a01d using method G. Exact correspondence
between act;vmty and tltre was again obtained. These data’ are summarized in
Fig. 5. Milllgram amounts of (I) were subsequently isolated from 500 ml of
0.25 M acetlc ac1d solutlon whlch recelved a total bombardment of 40 x lO20
ev/ml. After two recrystalllzatlons from ether (I) melted at 182-184°b
A mixturs of (I)_andiauthentle succinic acid melted at 182-184%C.
| Fraction kIII):was originally suspected of being glycolic acid. vAn
aliquot of gl/+ activity in (III), however, did not co-elute with added |
authentic glyéolic.acid usiﬁg chrématographic_method A. Subsequent work
showed (III) to be iricérbgll&lic acid; A correspondence'of activity and
titré was obtained ig ¢o~§hrqmatographs of (III) with authentic tricarballylic
acid-ﬁsing three different methoag qf partition chromatography as shown in

Fige 6
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Fractions (II), (V) and. (VI) were found to contain malonic, malic,
and citric acid respectively. Only those methods used in the isolation and -
iaentification of malonic acid in (II) will be presented in'detail-beéauSe
the resulls obtained were essentially duplicated in the identification of
 malic and citrie acids using'similarfprOcedUres° Because the peak effluent
volﬁme of (II) corresponded approximately with that reported.for malonic acid,
& sample of o4 aetivityifrOm (I1) was co-éhromatographéd with authentic
ﬁalonic acid using method A. The elution curve is shown in Fig. 7. Similar
curves were cbtained for (V) with malic acid and for (VI) with citric acid
using methods B and C resPectivelj. 'The small displacement in the relative
pbsition 6f"the titre and activity curves shown in Fig. 7 was found to be a
result of the fact that (II) contains several as yet unidentified acids
which co-elute with malonic acid when'chromatographic‘method A is used.

' This may be observed in Fig. 8 which shows an elution curve obtained by
00~chromatographing a sample'of‘(II) with added malonid.acid using method Go

Part of the Cl4 activity‘associatéd with (II) is seeﬁ t6 correspohd with
maldnic'acida' A éampie of this fraction (II-1) was then chromatogfaphed |
using'method F. The éOrrespondence of activity and titre is shown in Fig. 9.
Peaks (V) and (VI) were both fractionated using method H and each was found
to COntain_several acids in addition to malic and citfic\as indicated ébeveo
In subsequent work it was possible to separdte malonig acid in milligram
amounts from (II) Ey fractional crystallization from ether-—benzene.mixtureso
Identification was based on melting point and'ﬁixed melting point determinations.

' The isolated product (II-1) melted at 132-133°C. A mixture of (II-1) with

authentic malonic acid melted at 132.5-134°C. Aniline and para-toluidine
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salts of (II-1) were prepared and these showed no depression in melting point
* when mixed with authentic material. -

Cell No. 2 was used for the quahtitative studies. In the determination
of radiation yields for succinic anmd tricarballylic acids, the target solutions
were evaporated to drygess }E vacuo at room temperature. The non volatile
acids were chromatographed using méthod A, Each 10 ml volume of the eluant
was titrated directly with standard -OlN or .O0RN aqueous sodium hydroxide to
the phéndlphthalein end point after the addition of 15 ml'of methanol and 5 ml
~of water to give a homogenous solution. The total milliequivalents of product
acid were calculated for the succinic and tricarballylic peaks after correcting
for a small background titration. Control dete;ﬁi@atibns of succinic and
tricarballylic acids in simmlated acetic acid tgﬁget,solutions gave recoveries
of 97 to 10R%. Fig. 10 gives the concentrations of suceinic and_ﬁricarballylic
acids as a function of dose in 0025'M‘acetic acid solution irradiated with
35 Mev helium~ions at:ahbeaﬁ intehsity'bf one miéﬁoampere; oxygen was bubbled
through the solution dﬁring the irradiation. The effluent gas was passed
through a‘dry%icé fra§ -and then thfough'a series of two scrubbing traps
céhtaining stgndardv;QSVN sodium hydrdxidé solution. The amount of carbon
dioiide produced was a linear functioq,gf the dose; the radiation yield was
-070 carbon dioxide mclecules/100 ev. The corresponding hydrogen peroxide
concentraticns as determined by the ceric sulfate method are shown in Fig. 11.
Organic peroxidéé-wére‘not detected. |

. The productioﬁ of suceinic acid andbtricarballylic acid is most
readily accounted for by assuming that'the CHQCOQH radical is formed,as
an‘intermediat@als In separate experiments it was found that (1) the .

. radiation yields of succinic and tricarballylic'acids in 0.25 M acetic
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acid are not changed appreciably if helium instead of oxygen is bubbled
through the solution during irradiation and -that (2) these acids are
‘not produced in 0.25 M acetic acid solution containing 1.0 M ferrous sulfate.

The data strongly suggest that the C§2COOH radical is formed by the reaction

CHBCOOH + “OH- )CH?COOH + H0

rd

A ' ' - A

Succinic and tricarballylic acids are then formed by the following sequence:

2 GH,CO0H —> —an—f CHp |
» O0H COOH
5

g, ¢ MR — O+ i
COOH  COOH . GOOH  COOH |

4

S

i, i;u + GHZCOOH—efHZ—CH—CHZGOOH
COOH  GOOH COOH  COOH

T

Since succinic acid and tricarballylic acid are the principal products below a

dose level of 1 x 1021 ev/ml it would be possible to apply the proposed

mechanism to this dose region. If we employ the usual procedures for deriving

(1)

(2)

(3)

(4)
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a rate law from a mechanism and assume that the rates of change of radical .
concentrations are small compared to their rates of production and removal we

obtain the relationships:

a (3)/ae =k, (KR - k5 () (0)
4 (T)/at = k, @) S) |
k(4 (0m) = 2ky (R + 1, ()

7 7
k3‘(b)(0H) = k@(A)(S)
from which the following expression is readily obtaineds

_£=is;)- 5 k(s)/dt » o ()
ky  (a) d(T)/d,t . A .‘
According to the proposed mechanism the rate of formation of £ricarballylic acid
shoul& be initially zero. This is in agreement with the rééulﬁs of prévidusly
mentioned produci'identification stﬁdies in which the acid:pfoducﬁs formed at
low radlatlon dose levels were determlned by cl4 countlng methods, viaz (l)

below a dose of l X 1020 ev/ml succinic acid only is formed (2) succinic and
tr;carballyllc aCldS are the main products in the range 1 x 1020 ev/ml to
approximately 1x 1021 ev/ml and (3) above 1 x 10”Y ev/ml other acld products
begin to appear. Therefore equation 5 would not be valid above a radiation

dose of 1 x 10?1 ev/ml. The effect of acetic acid concentration, radiation
intensity and added succinic acid on the radiation yields of succinic acid and
tricarballylic acid are shown in Tables 1A, lB and 1Co The values for kl/k3
were calculated by equation 5 using the approximatlon ‘that the’ change in acid

product concentration (Dﬁl)_,(l‘llo) s’CérreSplonds%“tO ‘the SlOpe d(M)/dt a'ﬁ the -
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product concentration (M,) + [(Ml) - (Mo)] /2. The calculated ratio is -
reasonably constant over the range of conditions studied. Experiments now in
progress at lower dose levels give values for kl/k3 in substantial agreement with
those fouhd‘in‘Table 1,

The decrease in,fédiafidn yield for both succinic acidiand tri-
carballylic acid with acetic acid dilution (Table lA)-indicatéé that
reactions 1 and 3 are not the only procegses involvéd in the femoval‘of OH
radiéals° The falling off in succinic acid yield is apparently not causéd'
by competing secondary reactioné involving suécinicraciﬁ-and tricarballylic .
acid since their radiatioﬁ products do not apﬁear in appréciéble amounts at
a dose of 1 x 10°% ev/ml. Furtherm&regvsinée the succinid acid yield is
_independen% of intensity (Table 1B) and‘approaches a limiting value at the
higher»ace;ic acid concentrations it would appear thét the reactions
| cdmpet;ng‘fér OH removél are not H + OH =,H20_or OH + dH‘: qzqé. ~Although
iﬁ is not possiblé at the present time to give a complete mechanisﬁrof the
féacfioﬁé involved, it is of interest té nste that an explanation of the-
qbservéd‘iﬁténsity and dilution effects can be obtained in terms of the
meéhanism préposed by Allen and co=wofkers4 for the decomposition of water
by ionizing radiation. Two different primary reactionsvapparently occur

when'aqueous solutions are irradiated viz
0 ———> H + O (6)
AP ———> o, +H, @
Reaction 7 represents the formation of products by combination of like

radicals in regions of high ionization density along the track of the

ionizing particle and 6 represents the production of radicals which escape
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TABLE 1

"~ Radiation Yields of Succinic Acid and Trlcarballyllc Acids.
Target volume, 75 ml, Dose, 0,20 tahr?

A, Effect of acetic acid concentration

Beam current, 1 microampere.

o " Succinic ‘Acid . | Tricarballylic Acid  ky/k; x 107
Acetic Acid _ Concen Yield(Gg) Concen, Yield(Gy) - Calcdo (5)
 Concen.o oMx lO"Zr mol/100ev, - M x 104 mol/100ev.
W .
. . ‘_.8'0‘85 0049 . 1095_ ooll 89 54
00625 ) .
9.35 052 2.26 - .013 8elds
: 17,7 ©.098 . 5473 .032 6450
0012‘5 ’ R
16.83 ' -093 3.37 -020 8.75
0025 '. -260 O " oll{d!f— . 400 - 0022 ‘ 8932
40,7 226 4+86 027 8,08
0.506 ‘
37.6 .209 5.01 028 6,80
_ 49.6 . . L 2Th - 3,96 - - JR2 6,97
1.0

49.6 2% Lol2 . .024 6.73

a With 35.0 Mev helium ions a dose of O 20 tahr in a 75 ml volume corresponds
to an energy dissipation of 1.05 x 10é ev/mlo Because of small differences
+in window thickress between target cells, the energy of helium ions absorbed
in the solution varied slightly (<3 per cent) depending on the particular

- cell window used. The corrected energies calculated from range-energy data,
were used in the calculation’ of GSo



B. Effect of intensity

Acetic acid, 0.25 M

Suceinic Acid

Beam current  Concen. Yield
microamperes = M x 104 mol/100ev.
" 1.0 26,0 U4

26.8 ' °149
- o5
- 26,2 145
- 2604 ’ 0147
0l ' :

2506 43

Co Effect of added succinic acid

UCRL-1863
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Tricarballylic. Acid ky/ky x 107

.Concen Yield :

Mx 10%  mol/100ev. Caled. (5)

40 022 8.32

45 .025 | 8,0
421 0234 8.07
2.97 L0165 10,89
2,60 0145 11.61

Acetic acid,uooZS M; sucecinic écid, .003 M; beam current, 1 microampere.

Suceinie Acid

Concen, Yield
Mx 104 = mol/100ev.
4846 102

Mol 078

Tricarballylic Acid ky /k, x 10°
-Concen, Yield Calcgo (5)
M x 104 mol,/100ev.
8.99 . .04 10,51
11.10

6026 ’.035f
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combination in the track and which are available for reaction with decomposi-
tioﬁ prodUCtS or added solute in the buik of the solution;the relative |

rates of reactions 6 and 7 are‘determined by the ionization density

properties of the effective radiation. If we cénsider a competition in which
OH radicals produced in 6 react in the bulk of ﬁhe solﬁtion éither with products

(P) resulting from reaction 7 or with acetic acid (A) we have
ke I = kp(P){CH) + Ik (A)(0H) - (8)

where ké is the free radical yield of reaction 6 kp the rate constant for
the reaction of OH with P and I the iadiation intensity. For low radiation

doses the equation for the formation of succinic acid becomes

afs)
—— =ak; (a)(oH)
as- :

- where a{l/2. Substituting in equation 8 and taking (P) as a constant we

obtain

a1 +— - 9)

ta

where‘GS is thslexpefimentally observed radiation.yield for succinig acid
and C is a cogStant involving (P). A plot of l/GS against 1/(A) for the

data in'Table 1A gives a straight line which if extrapolated to 1/(A) =0
gives a kg = 0.38.17 This corresponds to the case in which all of the OH
fadieals disappear by reactiocn with A through reaétion 1 Then kg > 0.76

which is a minimum value for the free radical yield of reaction 6. The

sams relationship between Gg and (A) given in equation 9 could conceivably be
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obtained if P were an impurity. This situation is considered unlikely because
of the rélativély large amount of products formed in comparison to the possible
impurity concentration and because the amount of P present would have to be
é@nsistently independent of (A)o

. At the higher radiation déses (> 1o?l' ev/ml), the kinetics become
considerably mere complex bgeause of the reactions of succinic and
tricarballylic acids to give mélic and citricvacids respectively and several
other as yet unidentified acid products. It is'appareﬁt élso from the data
éhown in Fig. 10 that the succinic acid and tricarballylic acid are each
apprgaghigg a Stétionary concéntration at the higher dose levelss Thesa

reactions will be discussed in a later paper.
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