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RADIATION CHEMISTRY AND PHOTOCHEMISTRY OF AGQUEQUS SCLUTIONS OF OXYANIONS

The work supporied by A.2.0. Division of Biology and Wedicine Talls

inte three sections.

4A) PFPuotolysis of Hitrate Ion ~ previocusly reported work has been
considerably extended and guantliiatively analysed.

B} Radiolysis of Hitrate sclutions. This work has been commenced
this year.

¢} Luminescence studies on D.N.A. constituents. Though not
included in the proposal, this work has been carried out on equipment purchased
from AE.C. funds. Preliminary.reports are appended. This work was presented
at Fourth Internaticnal Congress of Photobiology, end the Ninth Anmisl Heeting
of Biophysical Society-.

A. Nitrate Photolysis

The previously reported non-linear rates of photolysis found in the
range pH 2-6 have now been abalyzed guantitatively. Careful experiments at
iong irradistion times have shown that the rate of nitrite formation eventually
decreases to a steady value. This is shown in fig. 1 where a limiting rate
Rp = 0.60 p/min. is indicated: Using this fact 1t is then found that there
is & linear relationship between the reciprocal of the rate of photolysls and
the durétion of photolysis (fig. 2). Extrapolation to zero time then allows

determination of the true initial rate.
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In this way all previous non-linear date cbtained in studying the
effect of a) nitrate concentration; b) nitrite; c) arsenite scavenging
can be decomposed into two linear terms; 1)} an Initial rate (usually high)
which depende on the concentration of nitrate, or scavengers; 2) a ‘final?
low rate which 1s independent of these factors. This analysis of data suggests
e simple model on which all subsequent discussion is based. It is envisaged
that the initial rate is due to the escape of reactive species from the ‘solvent
cage' followed by their random diffusiocn and reaction with homogenecusly
distributed scavengers and inhibitors. The non-scavengesble final rate is
interpreted as the probabillity of decomposition or reaction within the
'solvent cage'.

Consequently the overall course of photolysis in neutral and acid

sclutions 1s represented by:

a) @y = $(t) + Pl2), snere $(t) = i dpansaat
1.1 e :
¢ o q‘» o + kexp.It' and ¢(f) ;uize;miﬁ:plzndent

which also may be written in the form:

¢(t) - __é_(fl_

1+ ki

Effect of Nitrate Concentration

When this anslysic is carvied cut opn the previously rei)orted
results for the effect of nitrate concentration on raie of phobtolysis, 1t is
found that the initlal rate is omly slightly depcndent on nitrate concentration
(£ig. 3) and that the major effect is on the megnitude of the constant describing
'bhe; non-linearity (fig. L). Clearly, nitrate has a strong inhibiting effect on the
secondary reactions during photolysis.

Although the experimental results may be written:

Plo) = (o) +x, [w3]




-
mechanistic considerations suggest that the relationship may have a different
form which the magnitude of +the variation is inadequate to demonstrate.

The effect on secondary reacticns may be deseribed by the equation:
1 = ¥ [wo}
L 3
kexp*I
Effect of Kitrite Conesntration: aivibition

The slope of the concentration-tipe curves Suggested that altrite,
a product of photolysis, wss coting as su inhloifor. To togt thisz the
Previously reported photciyscs of nitieie with nltrite added orior to

irradiation have been eitended and guantitatively analyzed. Scme experiments

results are shown in fiz. 5

and the overall picture is summarised in fig. 5. It can be seen that the
initial rate is rapidly decreased by small concentrations of nitrate without

appreclably changing the final stesdy rate {or the rate constant), and follows
the rate law

3o " s

Accordingly we describe the effect of nitrite as an inhibition of the overall

process of photolysis and ascribe the non~linearity of the time curves to the
‘accumilation of nitrite.

Additiun{gg Arsenite

Followling cn previously reported work, it has een found that the
secondary photolysis rate is unchanged by addition of up to 300 pM As. ITX
and accurate values of the initisl rate have been determined. The variation

of Cb(NOé) with arsenite concentration has a form typical of competition




kineties, fig. 7,

iy; i 1 +  3.35 x 107t

- 0.0L5 o.iés Tas IIﬁ}

1t

Addition of Hydrogen Teroxide

Arsenite being known to be a gocd scavenger for COH radical, it has
been decided to try other knowrn scavengers for OH. Of these, hydrogen peroxide
is of interest in that its behavior might give some light on the non-Tommation
o1if H202 in nitrate photolysis.

Addition of Hé&a leads to an apparent increase in the rate of
photolysis, but two feature are note worthy.

First, when the nou-llnear concentration curves are analysed it is
found that the initial rate is only elightly higher than in the absence of
Héog s and the major effect is on the rate constant which decreases by a factor
of 10. Second, in comstrast to arsenite, for which scavenging is complete at
1 mM, nge beging to have an affect at this concentration and is really only
effective at concentirations L1020 M.

It is inferred that HEQE does not effectively compete in the primary
radical reactions, and that its main effect ic competing with NOE in the
secondary reacticns.

Effect‘gg Ethanocl

The addition of ethanol ieads toc an increase in initial rate at
low concentrations. Acetaldejihyde is formed at the same vate as nitrite
together with very low yields of HQOE .

Initial rates as a Punction of ethanol concentration sre shown in

fig. 8. (the curve is caleulated from the relation:




=B

1

3 1 L 3.7 x 10"

ég- 0.061  0.095 - [ewod]

It is inferred that ethanol, in contrast %o H

282 ; is about as

effective a scavenger as arsenite and OH . However there seem to be some

quantitative differences reflected in the 1imlitinge: suantum yields.
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B. Gamms Radio. utlon

Work carri d o

Aqueocus Hitvese So

Dy e

A study of oo v samme Caclat o induees reactiong oceurring in

carried ocut. To date

o
P
i

aquecus sodium nitrat.

tiom of 6 values of

the investigation has bewn Ilmitad o o2 deterning HéJh
ot

and NO; in neutral serateod colublons wicse nitrote conesntral ion” range

= ; , L ;R P , =1
from 10 4M to GM. A dose rate of soout L ox 20 ey, liter . min has been

employed for all of the work to date. Vilues for G{HOZ) have also been

typlcal yield-dose curve ior

o

determined for oxygen-saturated soluiicns

NO; formation is shown in Fig. 1. The shape of the curve at low dose has

not been explained, however, it has been observed that the addition of

5 micro moles per liter of NaN02

nitrite in the same dose range.

is considered to be the initisl rate of formation of no;

by the broken line.

Fig. 2 shows the initial G(H O

=

various concentrations of neutral ae
plot of G(NO™ ) in peutral seroted and oxyzenal

Although the work ie still In ius

points can be mentioned.

The HL

results in a linear rate of formation of

The stralght line whose slope glves waat

is illustrated

2) values obtained by lrradiating
ated godium nitrate solutions. A similar
2G sclutlons is given in Fig. 3.
some interesting

indtial stages,

yield drops very rapidly with inereasing




-
nitrate concentration Lo the molecular yleld value of 0.7 wahere 1% remains
essentially constant until ralatively high nitrate concentraticns are reached.
The decrease in G(Hé)a) ino this region is probably due to the decrease in the
water electron fraction. The effect of wxygen is to lower the nitrite yield.
Thie can be attributed to the competition between oxXygen and nitrate for the

solvated a2lectron.

02 -+ ea.q 1 . (")2
NOL + e” k NO. + 20H

B 22
5 ag S 2

Values for kl and kp have been determined by other workers and are:

1 - =1
kl = 1.9 x 10%° 3 % gac
o -1
k2 = 1.1 =z 1010 1l m 1 Bec

glving a ratio kl/k = 2
2

Thie predicts that at nitrate concentrations above O.IM G(RUE) should be
essentlally independent of O2 concentration. The fact that oxymen lowers
the nitrite yield even at 5M Naﬂﬁ5 indicates that this explanation is not
the complete cone.

The first platesu in the “aerated® curve in Fig. 5 and the inflection
of the "axygenated" curve occur at sbout the same G(NO%) indicating that this
G represents total electron scavenge by FOg . The increase in G(No;) at
higher nitrate concentrations can be considered in part to be due to a direct
action-effect.

Work is now in progress to deiermine G(ND}) and G(Hepe) for deaerated

solutions and to investlgate the effects of intensity, pH and radical scavengers.




- _xJ\sv

ON]

i Bousinn Jwire

L
-
EEH

[

)

(e



I
£
oAl

g

3“5;:»& wﬁwﬁam.f.
eﬂﬁ, Gptng 54 mrozaz
. ?2 dﬂ#ﬁ.ﬁa _
ﬁnﬁ 9 o




ﬁ...:. 117] \m.uﬂoZv

-0l | Ol

T i2
ﬂ TR dtr O
AT AR
i ; T
| i ,
1 i i :
it W | R 1
, il 1 ] l T
i s j ! i -
[ ! w, i
i 1| Tm_ : m .ﬂ, [
;ﬁr , i 1o L
i -_rf.v.f " “ i
ikl A i m |
AHTHIEE =t i
i 1 4
i |
il
i i
4 !
_ "
] T |
i T nerM
T
i Al
+ i = . +
N i : H
ﬁjﬂﬁ._ .E. H
i T
I i H{H-
il i {EHE g
e il _.w_g I Lt 1..@! 1,
4 i
i i T
I i
il
i 1. i
il
it T
1 HE
i
L 4y
b _ _.f ? I ) | iy | } : ;
.m; il T ) i : L a8 1 b Ll
i o~ o 0 9 n o o

goor v » ¥ o ~apnh o N ¢ 0



...d*,. ..mv_oz
0l 1 \

ol

|
X
1
T
i

e

o&) 9

(“1.

!
L L)
L i1
o4
m
T
LITh U8 1y R 1 Tyl AR
i
Hiute 4
HL i i
U il HEEE
Ha 1 t
i i . i
Hat bl ] i
f L ) RS It
& i T of- 4o Tt e
Ui [ b

T

i

Lt b R
“ho~ 9 0 9 ) o -

-t

1 TG 1L L |1 i
il : ST it it
.hﬁ | Hit k i._wm I RN i ithi

1
II gt il R : Ml
geor ® ¥ ¥ @ o -poh OB ¢ @ o Y LE R IR




C. Luminescence Studies on p.g,&. Constituent

a) Cytosine

The luminescence behavior of the purines which occcur naturally in

D.N.A, is well reccgnized (Duggan et. al. 1957) and has been the subject of

considerable research (Walaas 1963, Drobnik 196%). The phosphorescence of

D.N.A. (Berschn and Isenberg 1963} has been attributed solely to the adenine
and guanine residues. Fyrimidines and their derdvatives (with the exception

of thymine) have been reported not to fluorescence at all (Udenfriend 1962),

However, following cur esylier work on the photochemistry of cytosine

(Daniels and Grimison 1964 ) we now wish to report the fluorescence of agueocus

sclutions of cytosine at rocm temperature.

Cytosine (Calbicchem A Grade) in triple distilled water gave fluorescence

spectra such as that shown in Figure 1. The spectra (emission and excitation)

were obtained with an Aminco Spectrophotofluorimeter ccupled to a DuMont type

30LA Oscilloscope and recorded on an Electrc~Instrument X-Y recorder. Apart

from the first ang second order Rayleigh and Raman scattering a broad emission

with maximum at 380 1s Seen; excitation maximum is gt 295m {wavelength un-

corrected).

The pH dependence of the intensity of the emission as 38Cru has been

investigated for leO-hM: cytosine (ol was varied by the addition of HESO or

4

NaOH only, aceording to need), using the mierophotcmeter. Results are shown

in Fig. 2. (For comparison of Instrument sensitivities, we get for 10y/ml quinine

in 0,1 N HESOA at 480ms, a relative Tluorescence intensity of 75).




C. Luminescence Studies on Q.J.g. Constituent

a) Cytosine
The luminescence behavior of the purines which cecur naturally in

D.N.A. is well reccgnized (Duggan et. al. 1957) and has been the subject of

conslderable research (Walaas 1963, Drobnik 196k). The phosphorescence of

D.N.A. (Berschn and Isenberg 1963} has been attributed solely to the adenine

and guanine residues. Pyrimidines and their derivatives (with the exception

of thymine) have been reported not te fluorescence at all (Udenfrleng 1962),

However, following ocur carlier work on the photochemistry of cytosine

(Daniels ang Grimison 1964) we now wish to report the fluorescence of agqueous

solutions of eytosine at room temperature,

Cytosine (Calbiochem A Grade) in triple distilled water gave fluocrescence

spectra such as that shown in Figure 1. The spectra (emission and excitation)

were obtained with an Aminco Spectrophotofiucrimeter ccupled to a TuMent type

30ka Oseilloscope ang recorded on an Electro~-Instrument X-Y recorder. Apart

from the first ang second order Rayleigh and Raman scattering a broad emissicn

with maxirmm gt 380nu is seen; excitation maximum is gt 295mu (wavelength un-

corrected),

The pH deperdence of the intensity of the emission at 38Cmu has been

investigated for BxlO"AM eytosine (pH was varied by the addition of H,SOh or

2

NaCH only, according to need), using the microphotcmeter. Results are shown

in Fig. 2, (For comparison of instrument sensitivities, we get for 10y/ml quinine

in 0.1 N HESOH at 480m, o relative fluorescence intensity of 75).
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Tt cen be zeen that the fluorescence intensity shows a marked
‘depenﬂence cn pH which can clearly e correiated with ionization of the cytosine
(pKy=b. b5 pKy-12.2) (Chargaff and Davidson 195G). This pH variaticn cenfirms
us in our beliefl that the flucrescence is truly that of the cytosine and not
due to some adventitious impurity.

Further, we have investigated tae soncentration dependence of the
emission at varicus pH's. When corrected for fractionel light absorpti$n, all
curves Show strong concentration guenching. Typical curves at oH5,5 and pH1l.8
are shown in Figs. 3 and b,

Analysis of this data shows that the guenching cdoss not follow & simple
Stern-Volmer relaticnship. However the curves for soluticns in which cytosine
is in the mon-ionmic form can pe analyzed Into two components Fq and'FE of which

Fy is quenched by a second-order mecnanism 1 = kl(C}Ekl = 2.35xl&6 at pHA.B

¥
i
(Fig. 5) and Fy is guenched by & first-order process 1 = K, (C) where %y = 9.4x10
®
2

2

at pHH.8 (Fig.6}.

The natare of the fluorescing species and the mecnanisms involved in
guenching are the subject of continuing work,

This work is part of a progrem supported in part by Naticnal Institutes
of Healtn Grant AMOSL20 and by A.E.C. Div. of Biclogy and Medicine.

We thnank Mrs. Awilda Romérn de Sandoval for technical assistance.

References

Berschn R. and Isemverg I. - Bischem. Biophys. Res. Commoanication 13.205 (1963)
Chargaff E. and Davidson J.X. - The ¥ueleic Acids Vol. J Academic Press, N. Y. (1950)
Daniels M. and Grimison A. - Bicchem. Bicphys. Res. Commun. 1964 (in press)
Drobnik J. - perscnal communication 1964

Duggan D.E., Bowman R.L., Brodie 2B and Udenfriend, §. - Arch. Biochem, Biophys.

68.1 (1957)
Walaas, E. - Acta Chem. Scand. 17.461 (1963)




Fig. l .

Fig.

Fig.

Fig.

Fig,

Fig.

2.
3 -

b -

6 -

O

Captions for Figures 1-6

Fluorescence emissien spectrum of cytosine
Pl dependence of the fluorescence emission at 38Cmy

Corrected relative intensity of emission ae function of
cytosine concentration at pi 6.8

Corrected relative intensity of emission as funetion of cytosine
concentration at pH 11.8

Second-order contribution to fluorescence quenching at pH 6.8

Functional dependence of fluorescmnce guenching at pH 6,8
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t) Neture of the Excited Stete of Cytosine: Evidence from Photochemical
Kinetics and Luminescence Guenching®

e @

We have previcusly reported(l) the photodeaminetion by 2557°A radiation
of cytosine in aqueous scluticn and have drawn attention to its possible signifi-
cance in photobicloegy.

Investigation of kinetics of this deamination nas led to the following
results which, %taken in conjunction witn the previously described(g) luminescence
behavior, allow clear conclusions to be drawn concerning the nature and behabior
of the excited state of evtosine in aguecus sclutlon.

The deamination is linear with abscrbed intensity up to cengiderable
percentage change, (Fig. 1) and hence represents & major, primary reaction. As
can be seen from Fig. 1, the reaction ls strongly dependent on concentration of
cytosine, and quantum yields over a twentyfold range of concentration are shown

in Fig. 2. Graphical analysis shows the reciprcecal of the quantum yield to be a

1inear function of the reciprccal of the cytosine concentraticn (Fig., 3) and gives

the result
1 = i + 1 kc : 1 hc = 6.2 % lO'h M (l)
? (NHj) ¢% 9% .

This relationship is very important, because the form of it indicabtes a simple
competition between deactivation of the chemically active excited state and
reacticn of it with a further molecule of cytosine. Rurthermore, if it is supposed
tnat geactivation is accompanied by emission of luminescence, then we can gquanti-
tatively account for both the luminescence and photochemical phenomena by the

following mechanism.

*Presented at the Fourth International Photobicleglical Congress, Oxford,
England, July, 195k.




We propose that an excited gtote of cytogine

cm 0%

which can luminesce in reverting Lo ground statn by & first order brocess,

C* kl y £+
_-“~._9 - & -

can react with another cytosine molecule bo give 2 transient excited dimer

€,

1

*{;3

iy g

C + C == S
—-

and that this can be deactivoted by further collision with cytosine to give

stable products, among them ammonis

k
CZ + G ey  Products {NH;)

i

Treatment of this mechanism by statlonary state Kinetics, assuming k3§ﬁ?kz,

gives the fellowing axpression for the relative luminescence intensity

1 o=1 = 1 X .k (¢)?
F K K kl k-2

(F = relative luminescence intensity, X = constant),

and for the quantum yvield of ammonia,

1 — - d + i 1 . 1
¥ ) s 3 e ©)

These equations are to be compared with experimental eguation (1) of the pre-
ceeding Communication and squation {1} of thie cne. The internal consistency
of the mechsanism, and heace the relationship between results obtained by two
entirely different experimental techulcues, is shown by the evaluation of the

ratio k§ from the experimental slopes k, and k.. We find k5 = 3.5 x 105,

k-2 ' K2

in agreement with the assumption of the mechanism.




=12

Hence we concinds that the sxeited state which luminesces is the
same one which on muenching leads to the deaminciion reacition.
Fuarther comstdoration of the experimental constants leads 4o the

conclusion that She aieited state OF i leng lived. Thus from the deamination

L

4]
AR

Kinetics kl/kg =6.2% 10 . “he poxlan pessible value which k2 can have

o

) ) L -1 " :
is the diffusicn conurcliled rate of 107 L@ see  {Caleculated by methed of

G. V. Schultz(j , using 2 Aiffusicn sostficlent of 1070 cm® see™t). This

gives an upper limit of £,2 % 107 cae ™t gop .

i

An alternative and ccmplamen?ary exproach is te discuss the quenching
constant in teims of gaﬁg = 1.7 % lo waere 7 is the intrinsic lifetime of
the emlssion. I cmission is from o sirglet state, for whiech T, 45 commonly
10‘8 secs, fthen kp = X477 ¥ 10+2 » an dmpossibly high value. On the other
hand, if emission is from a triplet level with T = T sec, then ka = 1.7 % 108,
pomawhat less than the diffusicn~contreiled rate. Accordingly we conclude
that the excited state is probably o tripisi level.

To summarice, we find <hat ivradiation of cytosine in mgueous solution
leads to a relotively Long-lived >xocited state, probably triplet; emiiting weaX
Juninescence at 80 mu, and undergoing self-quenching reactions leading eventually
to deamdnation.

A vomplete pregentation of this work is in preparation.

Puerto Rico Nuelear Ceator Malcolm Danlels

Department of Chemistry

University of Puerto Rico

Rio Pledras, Puerto Rico Alee Grimison

(1) M. Danlels end A. Gripiscn, Bicchem. Biovhys. Res. Commun.

16, 428 (196h)
{2) P. R. H. ¢, k2 {1964)

(3) G. V. Schultz, %. Phys. Chem. (Frankfurt) §, 284 (1956)
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¢) Thymine and D.N.A.

Similar studies have been carried out on thymine. In aqueous solution

at room temperature a clean emission Kmax = 38Cuu has been found, confirming the
report of Udenfriend. The pH variation of this emission parallels the pK of
thymine, increasing strongly in alkaline pH.

In view of the evidence for the cytosine emission being a rhospho-
rescence from a long~lived state, and the similarity between the behavior of
c¢ytosine and thymine, +the Possibility that the thymine emission is phospho-
rescence must also be investigated. Apparatus is being set up for lifetime

studies.

It should be noted that g very weak emission has been observed frem

D.N.A. solutiocns at roem temperature., The conditions for cbserving this

emission, and its characteristics, are being determined.




