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ABSTRACT The photoox1dat10n of chlorophyll b by 1,4- benzoqumone and
2,6~ d1methy1 1, 4 benzoqumone was 1nvest1gated usmg the techmque of
: chemlcally 1nduced dynamic nuclear pqlarlza,tlon.‘ Polamzat_lon of the
- proton magr.mévt..ic‘reso‘nénce 1_ines éf ‘the quinone was detec“ted.. A mechanism
for the pho'to.c')xidation was bosfﬁlated which i-nvokee-:'.the reaction of
the quinone. mth the exuted singlet statec of the chlorophyll to form
a radical pa1r ThlS mecharusm, together with a theoretical model
- and parameters takcn from the 11terature ylelds a theoret1ca1 PMR spectrum
for the polarlzed quinone which agrees well with that observed experi- |

mentally.
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INTRODUCTION
| ~ The phdtosénsitized oxidation of-chlofophyll by different 6Xidizing.

agents’ is béing investigated in several 1aborétories.(i-l7), in order to
’provide,guidélines for understanding the primary steps in photosynthesis.
Among thé VariouS'oxidants, the reaction of chlofophyll_with various. -
quinones is- of special interest. ‘It is now well»established'that this
reaction proceeds through'free'fadital interﬁediates, but:the,mechanisfic -
details are still ¢oﬁtrbversia] (16). There are conflicting'data_on the
' nature of the excited states of chlorophyll with Which*the quinones react.
The méin sources of information. about the ‘nature of_thesprecurSOrs,involVéd
were obtained fram flash photélYSis, ESR, and.fluorés¢ence studies with
B-carotené-as‘a competing quencher of the excited states. It was assumed
that B-caroteneifeacts only with the triplef state'of;the excited chloro--
phyll.. It was fbund (13,14) that addition of quinoné-reduced'thé concen-
tration of ‘the excited triplet of the chloroﬁhyllrbut not its lifetime.
" This suggests that the quinone reacts with a precursof_df the cﬁlorophyll
triplet. ‘However, ESR studies showed that B-carotene qgenches:fhe;semi-
-quinone ‘radical formation, which was explained in terms of competition
between the quinonés and the g-carotene for the‘ch10f6phy11 triplet (9,11).

| .‘As a way out of this dilemna, Tollin (13,14,17) suggested that a
reaction occufs involving a ternary Complex of the form: |

(Solvent;‘c4Chio--Q) —hﬁa (solventox + Chivf'Q_).

Thev$Uggestionfwas'that the chlorophyll phétosensifi:és-the oxidation of
. solvent molecules and the solvent radicai which iS'fofmed reacfs with the
quinone. Réééntly Harbour and Tollin-(17) reporfed]obserVatiOns~of the'-

- solvent radiCal in low temperature ESR experimentsi.for_ethandl*as the
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soivent, the4etﬁoxy radical was identified.

'Chemicai}reactions ihvolving redical pairs can give rise to nuclear
~ spin polariZatiOn, which is manifest by enhanced NMRTebsorption and/or
emissioﬁ:v This phenomenon is commonly denoted chemicaily induced_&ynamic
nuclearrpolari;ation‘(CIDNP) (18,19)l Thfs techniqee appeared eminently
suitable'for attackiﬁg this problem, and we reportvhere:direct evidence
of the'nature of the precursors in the photookidationief'chIOroﬁhyll by
quinones. .  | - |

A necessary condition for producing'polérized.NMR spectra of this
sort is a cempetition between spin dependent annihilatien of the radical
peir to form a singlet énd-spin independent scattering;to form the two
separate radlcals (20- 26) This condition seems to be satisfied in this

case, since the reactlon is revers1b1e and the radlcals .of both Chl and -

semlqulnone have been'observedlby EPR (16). ‘Furthermore, same data obtained ;j

by fluorescence, flash. photoly51s and ESR were 1nterpreted in terms of
the ex1stence of rad1ca1 pairs (1,3,16). Slnce the CIDNP technique is

sensitive to the multipli ity of the precursor ofrthe_rad1Ca1 pair as

well as the chemical nature of the participants, it seemed to be a promising

apprOacH'for'clarification of same of the mechanistic aspects of this
reectioﬁg : ) |

B MATERTALS AND 'I'ECHNIQUB

| The 11ght induced PMR spectra were recorded, using a Varian A-60
spectrometer equipped w1th a light guide, as described elsewhere (27);
1,4-Beﬁzoquinone was purified by vacuum sublimetionr';Allvother chemicals
‘were the most‘highiy purified amohg those commerciélly.arailable, and

were used without further purification. Corning'glésssfilters'were used
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for\Seleétiﬁg‘the degired specFral range. 'Calibréted.mqsh filters were
used to change the light inteﬁsity. An Hanovia IOOO'W high pressure mercury
xenon - lamp in'a Schoeffel housing was used as the iight source.

We‘fOﬁndzno effect upon deoxygenating the sample, exéept’for.the
.observation~that the deoxygenated samples remained stable for longer
periods of irradiation. Fresh solutions were uSed for:each experimént.

" RESULTS ' |

5

' Fig.ll shows spectra for a solution of 5 x 10% M chlorophyll b with

1072 M 1,4-benzoquinone in perdeuterated methanol. Thevlower trace shows
the spectrum before irradiation and the upper}fraCe shows the spectrumv
during irradiation with visible light using an O-51 Corning filter, which
_Temoves all light with WaVeleﬁgths shorter than'400fnm,”,The magnetic field
increases from left fo right. The line whichvappears:in the low field
part of the spectrum is due to the ring protons of 1;4—benzoqﬁihone. The
remaining féatufesvare dﬁe to the solvent. It can be'éeen that upon irradia-
tion the ring'protons'of the_1,4-benzoquinone‘arevénhanced iﬁ intensity
‘while the shape and intensity of the'methy1'profbn$'of thev561Vent remained
unchanged.‘ Thé absorption peak‘bf the OH protons'éhangés shapevand shifts
folﬁighef field due to local heating, but.integraticﬁ‘of'thé signal revealed |
that there is no change in intensity. | | | |
Fig. 2;$hows~spectra of 2,6-dimethyl-1,4-benzoquinone téken under
. the éame conditions as in Fig. 1. A and B are scans recorded before |
birradiation.under low and high resolution conditiohs; respectively, while
C and-D_were fecotded during irradiation. ’ v , |
The HWR-épectrum of 2,6-dhnethyl-1,4fbenzoquih6ne'is of the type .
A'Xé_(28). [While we were unable to resolvevthevfing proton lines, -

3
the methyl lines were fully resolved with a coupling constant of
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Ja*v= 0;7't“0.2fH2r..Upoﬁ irradiation the ring protohe_of 2;6-dimetﬁy1-
‘..i-4ébenZOQUihohedére.enhanced'in intensity while thejeignels'due to the ' 7 %
| methyl protons appear as em1551on lines with a dlfferent dlstrlbutlon of
1nten51t1es w1th1n the triplet- compared to the unlrradlated sample. In
addition, an unldentlfled peak appears on the low field side of (a) in
trace C. This peek arises from some wnidentified pdlerized irradiation
product. _Andther feature-of the spectra, not shown? is_that afterrpro- g
~ longed jrradiation the enhanced absorption lines of:the:ring protons’

become emission lines. We will not deal with this problem here, as we

are not sure as to the mechanisms involved. Our working hypothesis is. o |

that this occurs: from new product(s) whose chemical shift does not differ ) | b

from that of the original quinones' aromatic protons.',Work is in progress -
~ to clarify this point. - o | - S 4
The polarization of an NMR line which results from transitions

between nuclear states n and m is defined by:

o o . : : : : : . ;
oV -V, : ' : }
p =_M . : _ L (1) T _
R mn
where V is the observed intensity of the NMR 51gna1 and VO is the

mn

1nten51ty of the 51gna1 at Boltzman equilibrium. '
No polarization of the quinone peaks occurred-intthe'absence of - P _
chlorophyll. No polarization was observed when the.ehiorophyll was replaced :L o
with chlorephyllin..'Alse,vno polarization was observed wheh'the deuterated
methanol solvent was replaced by CCl,. | |
" When the system chlorophyll + qu1none was exc1ted Wlth red light,

by u51ng Cornlng f11ter 2-61 wh1ch removed a11 wavelengths shorter than-

600 nm, ‘the same pattern of polarlzatlon was observed.butvthe magnltude
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Hwas reduced by more thanISO%' this indicates that both v151b1e absorptlon
bands of the.chlorophy11 part1c1pate.1n the reaction. No further enhance-
ment of the’polarization was observed by removlng all filters and extending
the spectral range of the exc1tat10n 1nto the ultrav1olet | It was found
that the polarlzatlon was proportional to the llght 1nten51ty
Theory Detalls of the theory used to calculate the polarlzed

: spectra can be found elsewhere (23) Here we w111 g1ve only the final
formulas 1nvolved in those calculatlons and we mentlon the phy51cal
meanlng of the parameters 1nvolved | |

| Based on the den51ty matrix treatment of the radical pa1r, the
vtheoret1ca1 expre551on for P in Eq. 1 is: . |

| nom, -
P LkT YTlnm (p _p) . v (2)

mn ss - "ss” .
NBI\FO "[o-p]. | |

In this equation, D P descrlbes the d1amagnet1c product formed by ann1h1la-“

tion of the radlcal pair, L = H(ZI + 1), the total number of nuclear levels:
of D P, gy is the nuclear g factor, BN is the nuclear magneton, T is the |
absolute temperature, Ho_ls the 1ntens1ty of the magnetlc field, k is the |
'Boltzman factor, Y = kl/k_2 where k1 is the rate constant for the radical pa1r
annlhllatlon and k is the rate constant for scatterlng of the'radlcal pair f
to glve two separate rad1cals (see scheme I), Tnm is the spin latt1ce relaxa—7v
tion t1me from state m to state n, and P is the dlagonal den51ty matrlx |

element for the 51ng1et state of the rad1ca1 pa1r, wh1ch is given by:

» % * u(2 +v) app o ‘.:f_ | (3)

S5 14y +u2+y)

In Eq. 3, a”is a matrix which describes the rate of_fonnation'ofvthe

radical pair; its exact form will depend on the nature of the precursor
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‘of the radical pair. If the total ratecofvformatiqﬁ of the radical pair
'is.giVen by'k*, then for a singlet pfeéursor |

T : = k* |

SO =0 and @ k*,

- for a triplet precursor

= ; = *‘

g O and dpr k /3 | o

and if the_radical pair is formed from two se¢parate radicals, then
& = = k* .
Ggs = Qp. k*/4.

p is given by ‘ :

- 2 42

,_ Hor'kp _

_ 2 A \ ul .l

| v(.1+7/2)> + 437k, + (2+y) Hgp/kC,

u =

0]

‘In Eq. 4, Jé:is the electron exchange integral in'energy units, which

is related to the energy separation of the singlet and the T, triplet state =

of the.radical pair, and HST is the off-diagonal matrix element of the
- spin-Hamiltonian which mixes the singlet with the Tojstate of the triplet
manifold and is given by: | | '

. o a b '
Hgp = 1/2[8H, hg + ? Aij - i ANI o (5)

;In-Eq. 5, a'and b are the two radicals which form'tﬁe radical pair;_Ag .

is the difference in their electronic g factors, Aj‘and Ak'arejtheir

scalar nuclear hyperfine interactions, Nj and Ny are their nuclear spin .
" :

quantum numbers which describe the state of the " and Kth spin (for

piotons 1/2 and -1/2), and B is the electron Bohr'magneton.
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- 'DISCUSSION N ‘

The st1ck spectrum given in F1g 2(E) was constructed by u51ng Eq 2 =

w1th the approprlate parameters based on the follow1ng mechanlsm :

Ch1+Q———>c:h1 +Q =y Chl'+Q

N

"™ Q7!
1; k

| Chl' +Q

Scheme I __ |

v'The chlorophyll is exc1ted to its 51ng1et exc1ted state fram wh1ch 1t
can go v1a 1ntersystem cr0551ng "to the exc1ted tr1p1et state The qulnone
quenches the exc1ted 1ng1et As a result, the radlcal palr ch1* Q is
fonhed‘ The radlcal pa1r can dissociate to give the sem1qu1none radical
and ch1* or 1t €an ann1h11ate to glve back the startlng materlals This
mechanlsm can'account for the-rever51b111ty of the'reactlon as well as

for the fact that both. the semlqulnone radlcal and Chl have been detected. .
by EPR (16). " | | |
| ., Accordlng ‘to this scheme, the constltuents of the radical pair are:
- Chl and Q The g Value of Chl is 2.0025 (29) and that of 2,6- d1emthy1-
1 , 4- semlqulnone radlcal is 2.00445 (30) The magnltudes of the hyperflne
'1nteract10n of the (s Protons is A&}{ = +1 87 g, “and that of the arqmatlcv- d
'protons AH = -2 22 g (30) The 51gns were deduced fran the well known |
dlfference in coupling mechanlsm between these two klnds of protons and
the unpaired electron Spln dens1ty in sem1qu1none radlcals. Whlle the
coupllng of the CH3 protons is via hyperconjugatlon and hence ACH w111 be

positive, the coupling of the aromatic protons is via polarlzatlon of the
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"C-Ho electrons by.the unpaired nlelectrOn, and hence’ACHg will be negative ;:
6D, | :
‘ .Tne‘asymmetry of the methyl triplet is determlned by ‘the sign of
the indirect coupling constant, J For’the.calculatea stick SpectrUm in
:Flg Z(E), which agrees reasonably well w1th the experlmentally ‘observed
spectrum, 'Fig. 2(D), a negatlve sign was requlred in agreement with other
allylic COUpllng constants, g#g;, toluene (32). The,electronfelectron
exchange interaction was taken as Je = 108 Hz; the»jnstificationsvfor using o
| this value'are given elsewhere (23). The parameters given‘thus far are
sufficient_for calculating Hep from Eq. 5. |
Muchzless is known about the kineticvparameters which appear in
Scheme 1. vThe existence of biradicals of the natore'pOStulated-here was
suggestediprevlouslyAto.explain various optical andAEPR observations'(l,3,16);
.Hales and Bolton (16) bostUlate‘that they observe the EPR spectrum of.the_ B
’ Chl+ Q'.biradiCal at room temperature and that the_biradical decays with

a first order rate constant of 1.2 x 103 fl.

We haVe~some reservationS'-Tl
as to the correctness of the ass1gnment of their rap1c y decay1ng ESR

s1gna1 as the Chl Q b1rad1ca1 and thus do not choose to use the1r value -
for the rate of dlsappearance in .our calculations. In view of lack of other :
sources of 1nformat1on, we took the literature value for the rate constant

| for the reactlon ch1® + Q which 15'(3 0 - 1.0) x 109 2 mole” 1 ' (10,7,12)
We nonmallzed thlS value to an apparent quinone concentratlon in wh1ch the -
dlstance between the qulnone and the chlorophyll would be 6 R and mu1t1p11ed :
the result by a steric factor which accounts for only one sem1qu1none radi- ' 
 cal per Chl*.r°A55uming that the radical pair dissociates with equal prooabilities '
thrOUgh-its singlet and the.three'triplet Channels;lme'arriyed at the'followlng s

values for the rate constants:
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k= 5x 100 sec ! and k., = 1.5 x 10° Sec !
In view of the fact that we did not measure quantum vields for the polari-
zation, thevon]y information that we have about k* is its linear dependence

upon the light intensity which derives from the predicted linear dependence

‘of the polarization. 'It should be’mentioned that thc“accurqcy of our esti-

matlon of the IdtC constants will have only a marglndl effect on the rela-
tive shapc of the simulated spectrum, but will havo a pronounced effect
on the absolute magnltudc of the observed polarization. The shape of the

polarized spcectim is very sensitive to the relative values of ag and the

hyperfine constants of the various protons.

Finally, as the precursor is a singlet

L =
ass‘- k* and arT 0

Attempts to fit the spectra for a triplet precurser or. two separate radicals:
gave spectra inverted relative to the_expefimehtal. It was impossible to.

flt the Spuctra to .the radical pair proposed by rollln et al. (13,14,17),

‘namely, CHEO,Q . Using the g value assigned by Harbour and Tollin (17

for the ethoxy radical, g = 2.0049, and assuming fhat.the methoxy radical
will have a similar g value, the Ag between the hethoxy and the semiquinone
radioals 1s- too small compared to the hypeffine interactions to account
forothe obeerved polarization. Simulated spectra Wﬁich are baeed on those
values look totally different fram those observed exoerimentallv; ‘
Although the experlmental results presented here are in reasonable
dgreement with the postulate of a 51ng1et precursor of the radlual pair,
we cannot exClude some - participation of the chlorophyll triplet. ‘From -

eqs. 2 to 5 one can see that if the same products are formed from singlet



1
- and tripiet»precurﬂorﬁ the condltlon for the absence of lny poldrl*atlon
:is_tﬁat aésf; Qoo (1 +y). Ihe fact that we observe polarlbatlon characteristic
of a singlét_precursor is 1nd1cat1ve that at lcastbog,of the radical pairs

form through the singlet chanhel. We can not assign a more accurate frac-

tion as the absolute quantum yield of the polarization was not measured.
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* FIGURE CAPTIONS
Fig. 1. 60 Miz PMR spectra of a solution of 10 “ M 1,4-benzoquinone and
5 x 10-§,M ;hlbrophy]l b'ih[CDSOD; A:  before irradiation. B: during

irradiatidn,with visible'light. (a)‘l,d-benzoquinbne; (b) CD-0D.

‘Fig. 2. GO'NHz PMR épéctfa of a solution of 1Q-ZIM.Z;6-dhnethy1-l,4- :
benzoquinone'énd,svx 10-5 M chlorophyll b in CD3bbg (A) ahd (B): befqre
irradiation;. (C)vand (D)Ev duriﬁg ifradiation with.Visiblellight.'

(E) Theoretically cdnsfructed stick spectrum. (a) Methy1 protohsvof the

quinone; (b) aromatic protons of the quinones; (c) solvent lines.
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