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S()LlJ) .. S'fA'li Pm!tmftNA .AND TD l.'tU:MARY QUAm't114 CONVl5lBSION 

PROCESS OF Pttar~SISJ 

~1$t;L()n ~~ratol'Y 

Un1v~i ty ·of t:elitornia 
~rlm.t~y, .california·: 

i ~. vQrk described S:n thia paper was sponsored by tl$ u.s. Atomic 
Ene;r;;e;y Comi~sion. 



SO!.JD-STA:l:E ,l!'ENOMENA AifD 'm PB:lMtlRY ~ OONVlimSION 
PROCESS. Sf PJiQr<S~:mf 

:lad.iatiOn LabOratory 
un..tversi'ty o~ California, :aerke~y 

The electronic proport.:tes of ~stec of lu&'llY conjugated ore;enic 

molecW.ea 12\nd the poesible rel~t:i®.mhips beti'iveen the phenomena aseo~:tiated 'rlth. 

proaesa of phOtosynthesis are briefly discumsed. E~erimt)ntal. evidence is 

presented wieh su.fiWests th&t eh1Grophyll is twct:ionfng as e. aema..comuctor 

in vivo. It is shown toot such a function is conYJ?atible with both theOl."".f 

Prese11t.ed a.t syntposium at Brook.~aven National Labozoatory on 'Phatechem.ic~ 
Apparatus: Its Structure and Fun-ction, • June 17-18, 1958. TO be published in 
the proceeclin;gs of that sy:mposiu:nt. 

The Wt-k de:scribed in this paper w'"SB eponoored by the U.s. AtQmic Em raY 
Co:mm1s$ :I.on. 
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El~ctron mierosco;pe studies of' chloroplast mawrieJ. have revealed the 

existen~e of a remarkED ly ~lex lamellar structure. which presumably ·<:onsti

tues the photosynthetic apparatus. It has therefore seemed reasonable to 

ass\.t'ale ·that the prilnar:y pigment in'\i'Ol;ved in Photosynthesis, c.h.lorophyU a, 1s 

als-o present in some more or le·ss ordered ~ent within the chloroplast. 

Su®. a concept is supported by 01ihe:r1 more inG.ire~ 1 types o£ eVi<lence (e.g .• 

spectra e.nd polarttatiou of fl.uorascence) • From thiE; point of view it becomes 

of 1t9ortanc¢ to inquire into the el.eetron1c properti-es of ~gated dye tnole

aulea in the hape that a greater unde.rstandi.ng Gf the role tJf chlorophyll i;ll1 

the J1i'i.mary quant\1Bl eonvers.um proees·s· may tbere~y be a<l!hie"ved~ 

Quantum meehe.nics tells us that when h16biY pol:ari;able molecules :are 

broUght ·into close proxim:Lty, as 1n a crystal o~ a mono~r, th.~r electr6nic 

states vUl be perturbed to mt extent whteh is i.n'Ver6Sely ~roportional. to th'e 

cu~ of th¢ tntermol.ecular distance ana directly proportional to the equa.:re of 

t~ tran.sition moment integral tor the ~Uild state to excited state transition. (l) 

'rhese interactions lea{l tQ a band of st&te ene~es for the e.~gate whose 

width :1S a t'ulletion of the eborve }8 rametera. As a COnSequence tr this band 

fitweture, a quantum ot energy absOrbed by sny one moleCUle Will bava a definite 

probabil.i ty of being found in any other lilO.l.ecu'i.e « th~ nggregate, th!e pro .. 

babU1ty being a direct runct1on or the strength of the 1nteraet~ons. Titus; 

the extent tO Which .energy migration will oac~ i.n the ~sate vlli be .deter.;. 

.mitled liy the -~lectronic band width., by the lifetime ot the ex<eited state and 

by the Unce~in.ty Principle. It 1e evj,dentl;y pOssible to observe a continuous 

gradation of transfer .efficiencies, depending upon the individual system under 

consideration. Cl>he may eons.1der this mobil.e exQited staw of the aggregate 

(exciton) to consist ot the e.xe1ted electron and its eseocisted positive .hole 

mov1ng together thro~out the array. If 1 at some point 1n 1 te path,; t~~aiton 
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enc.ountel'S a. le.ttiee ~erf'eetion (see be:low for (lueli:t)ring ~s), an toni~a· 

t1on may take place, that is, the ele<Xtron and hole may beeQtl'le tNe to tnGve 

independently of Oile another. 'I'b.is a:>nf:ers upon tb.e aggregate the property 

of elect~ cal canducti vi ty (phot-oeonducti vi ty) • 

A.lt~ it 1s ill principle possible to have .m infinite epttctrwn of 

e oupltng strengths in qe ~gates, it has become increaGingly app rent in 

reeeht years that the intera.c.tiOJ);s gt.ving rli.s-e to oon«uetiQil bands and photo .. 

conductivity need not be very strong. (I) This is W'f4Pl.;y demonstrated by the 

cas~ of tetrephenyl porphine. It has been found (J) ~t althOUgh the l~ 

W$velength absorp; ion b&nds of this eompowd are ·es&entially une.tteoted by 

eolid•state interactiOns, eai'Tiers e$1 be e;tej.* as efficiently by ~se tn.ns-

1 tions as by the Soret tl"atlSi tit:ms which are awrecie.'bly ehs,n,ged in the saUd. 

Inasmuch a :S the lowest s i.ngl.et state e:xcitons will be ess~ntiallw immobile, 

these results $l:so sugest that the e~1t&t1on eztergy .mq not ~d to be f'Ul'meled 

tG special 10111zertion site$ in the crystal lattice. It $ thus \!Vi~nt that 

the shape ot the &b.sorptien spectrum . ot an ordered array is ·not an adequa~ 

crt ter.-ton ot t.he presenee or absence of photoconductive properties. 

It is a»Jarent from the above cona.ider•ti~ that the phen()mena .Of 

energy t:rtmsfer and pbotoeonduotivity are intr1ns.1o proptt;~rties of dye aggregates 

and 'Will occur to a greater o.r lesiler eXW:nt in all sueh sy:etems. fbe ;problem 

'before us therefore is to aseeas, fl"'lll bOth a theoret1ee.l ~ an experilllental. 

lilREt point of View, \.·he t rate, if an.y, th·ese properties p~e.y in the pnmaey 

quantum conversion. 

In principle 1 the shape of the absorption spectrum Qf an ordered array 

of ll1QleG!Ules t'U'nlishes direct :t.ntorma:tiQn. as to the a trength of the intel';'aetions 

:tnvolv&d Bid hence as to the extent of energy migrati.Qn. Thus, on the l;lasls 

of spectros~ic ev:l,d:~nce, Jacobs !1 !!_· (4) nave estimated that the n\li'ltber of 

Ea~ei tation en.e:qy transfers between Chloroplqll ~4Ul.e-s J:R.. vivo durifli the 
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h~d. Tile assumptioll th.a\ one }las to make :tn Grier ttt arrive (:lt this figur~ 

is that the shape ·of the red absorption. baQ.d (in partie~, ita 'broadn~ss 

co~d to the eoluti0n spetttrum. and. the ina.bil.i ty to ~solve any structure) 

is 11 COM~quenee of ~ak inte2;'act1ons leading to e. coupling of the electronic 

excitation with mol-eCUlar and lattice 'Vibrati(ns, thus requirins ~t the e;t

cits.ti.Qn enere:,v %'$~ 1u epb. ~e~ for a~ et l0-18 seconds •. lfow ... 

ev-.;r; tt 1.-s knowu on the~retical ground$ (1,5 16) that the shape oS the abnocy

tion Gpac"tm ·of e,ggNgt\'t$6 Will be e.xt~mely senei.t1 ve tQ the st~tural arra.nge .. 

~t ~.:.~;~~ l!!OlecW.as. hr ~le, the palymers of ts.oeyan!.tle have s very 
'.;·;.-_·,. 

nan'O't.1 bs.nd on the 1onrg ~. side of the· tnon~l" abaorptton in spite f!}f the . 

b~s.s. o.t the fi)I'St «aikciwli st~w of tna ~ga~. This is due to. a selea .. 

ticn fUl,e ~Gd by the linearity .of the polymer Whtch allOW$ t:rsn.sitions Otll$ 

to the l~st level. of t~ ·e¥C!te~ rsta-te e~~rgy btind• 0.n thE: Qttrer ht!Jl'.ld, fer 

bydro.carbOns sueh as anthr&~~, . t\1C ebso~ions ~ f01.ll1d 111 the crystal spec ... 

trum >with $1!\X:lme e.t <t:i:ther aide pf th(!: t!l()Jlonter ~~Jll due to t~i tions to the 

~ and oottQ111 Of the exei~ s:ttM;e eneray band.. This is t:t eonsequ~e of a 

structurel an.-an~t in much t~ mol't;l~u.l.t.u' orioutations exist w.itbi.n a 

l!ti~e ll-l:an~ of th~ orya'tal. • 

.Al~ very l1ti:J..e i$ ~ about the manner ill which clal.ol:Opl'lyll 

molee\ll;es are oriented j! ,vivo., it is probably reasonabl-e to as:S"Wile 'that they 

are in the form ot a ll'iOnGJ.ayer 61.14 a~ q\ti te l~ely not pe~eetl.w' ordered~ (4) 

BOth elf tl:l.ese ~ndi tions wul.d tend to decrease the Ulte:n.no.l.eeu.la r interactiOAI& • 

On the ath~r hand, the long wa\1& absQ~tiGn in ehl.ol1)peyU is veey int.ense {a;tld 

this "WGUJd lead one tG expect stro~ interaetione fOr nnN' reasonably small 

iute~ar se-paratiQn. w~ me;y tnus consider ~wo pQBti.1b1ll tie.a. tt the 

structure or th¢ chloropbyli ~te is such as t(l) eJ...lOw two transiti.cns, 

the iru.ah~ity to resolve the spee~ is probably. :tm 1nd1C$tlon Qt veak. inter

actions and hence :relatively limited energy lll1gt'ation, as proposed by J~bs, 
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et ~· (4) !:n this case, the red shift ifl the spectrum 1rould hAve to he s.scribed 
.~ .......... 

the red shift 1s a· consequence of only one allowd transition, then the 'Width 

of the e~c1too state is of the o~r of several. hundred va·-re nunibers ind.icat.ihg 

a ·moderately strong interaction. ·1!Jle broa4nes$ of tre b·tmd in this case, as 

CQntrasted 'With the sharp poiyisoc~e band, may be the resUlt of the ·presence 

of regions of cti.fferenUy aligned ohloro.phyll moieeul.en vhieh v1auld lead to 

slightly varyin$ -wavelength maSima for the different degrees of interaction 

which exist in the aggregate .• Extensive energy·migration may then 6ec'ur within 

each region. Thus, one can,ilot cOJitpletely rule GUt the poss1hU1ty tOOt the actual 

number ot transfers 1n vi\TQ :may be signifiee.ntly la;t:'ger than several. hundred • 
. ........ ~ 

AnOther point of interest is the role of ihe triplet .state 1n Vi'VO. 
~..........__ 

MCRae .·and. I(e.sha ( 6) have cao.s1d.ere4 -~ aggregates :f.rom fl theoret ict:J. point ot 

v:tew end co~clude that the probabUity ·a£ the po:pu,l.ation of ·the loWest trlp~et 

state sh0ui6. be enhanced in these systems Clue to an increased overlap in 

energy- hetwen the first ex¢1ted sin,gl.et 'sta.~ and the triplet state aad, in 

S$me cas'e'S, to .a selection rule ·forbidding the tranaition to the lowest level 

of the s~et ttltmifold. Inast4uch as triplet states viii be essentially un

affected by .aggregation (because o-£ the extremel1 zmali transition moment inte

grals involved) triplet state exciton migratt.on should be e. rela.ti vel.y ill..; 

efficient process. Thus, if the low yield of fluorescence .:11. vi vQ is a conse ... 

quence of· e. l}jg hly probe.l)le erot!reing-over into the tr'iplet. state, any chemical 

uti.iiZati(m .Of the ·t'.lxeitati:On energy •\KJU,'Ld preeume.bl,y have . to take pls.ee 1n 

the immediate env~nt ef the triplet state chlot()phyll molecule in~lv¢4• 

This would introduce .a de~ of :trmdomness :1-rtto the quatitum conversion pro .. 

cess which is not a1 tOgether deeirable. llaw:ever, ~er:tmental results obtained 

in our laboratory (7,8) indicat-e that perhaps the triplet state is not populated 

at all .in vivo <llr only to a ve.ry small ·eXtent. · We have observed that the delayed --- .,...._...., 
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l.igllt emission of .areen plant materials from one millisecond after exc1 tation 

to 30 se:Conds after excitation alWEWS originat-es 1n tb:e first excited singlet 

0 . . 
state of' (:hloropnyll, even at tett{pere.tu:res a·e low ae ... 170 c where emission :from 

the t~iplet state ahQuld be greatly fe.cllits.ted.. 

I:t the triplet state of chlol'Qp~ll is not PQI>Ulated in any great extent 

!!!, viVO, a highly efficient process .mu&t exist wb.lCh C<)Ill@etea with the sinelet• 

to-triplet r.x)IiversiOn. lt i3 ct:mceivable tnat thi~ J)l'Ocess inVOlves the 10xu¢Q

tlon or the ex:citGn With the f'Prmation ot cbar$e carr~re ill eQnd\ict:t9n bands 

whiCh ll'OUld ~ be free t6 migrate wtU they were trB.Pl,)ed by ~u:tteble aeceptors. 

Such a concept we fir-st pro»osed by Katz in 1949. (9) 'l'h.~ exists •scme ('}JC"" 

pe~iment~ evidence which tends' to support thi.s p<mt (If v±ew. Amo;Ld s.nd Sh~r

wood (10) have del!l0netrat¢d that d:ried tilms of chl.oroplasts .exhibit semi ... 

oondlictirlty aY1d thel'mOl.umiilescence. Lisht-1nd.ueed electron spin resonances 

(ESR) have been observed in ·wet Ohlorqpl.a~t ~tertta (ll) as wel.l es long-l.i'V(td 

luminescences (12) which ·~ ehare.cter1stia- Of semieonauctors. In cur own labOra· 

to~ we have been .studying beth the l.ight-induaoo EaR (13) e.n<i the del-eyed 

emission 0,8,14) ot ~t material.s. Some of the .~sults ~f these .studieg 

wh:i:ch bear on the present <d1scustU.on a:re reprodlloeli 1n FigUres l, 2 &J:ld :5. In 
J'rGCeeds 

Figure 1 we se:e that tm production of unpaired spins/ at CO'JI!l)arable rates at 

both 25~C and e.t .;.15rlc. The s.mall.Ersignal at the l.cnte:t temperature suggests 

that more than one type of rsaieal is prOdUced at room teDtJ}eratu.re. This 1e 

ce>nf'irmed by results at 1ntermadiate teJinj>eratures. (not shewn) 'Where a com.plex 

gl"'irth Cl.1rW is Obtained, cle.e.rl;y demonstrating two separate mdical·pl'Odu6ing 

proeest?eS. 1'he f~ tha.t the signal elrbibi tB li ttl.~ OZ' no de¢$Y at .. 150°0 

demonstrates thet th~ unpaired spin'S are ~pped .at these tempere:tu~s • In 

Figure 2 a.t"El shown the luminescene~ decay curves for apizlach chloroplasts at 

room temperature at ·168~C • tfhe predQmine.nt ef1ect Of o:Oo.lit!g is to cause the 

disQ.PPean;mce ot' the slOw aoxqponents of the decay • i,fue eurvea for the inter• 
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tnedi~te te•X'Qtu~ (not shown) d£ml(m$trate a very ~li!X tett(peratur.e.

de)e~nce (see, tor e~ ~ Figure 3} • At no tempel'9.~u:re Ce.$1 the deet\~ eU%"\Tes 

·'bte repres~ted by a simple kinetic eQxes~rici>n. ';rheE!e .resUlts indic$te a mel;thanistl'l 

consisting of ~ thall one rate•limi tin.s etep. 

-:g the p~ of elie.ctmu .ep.its; ~esonen,oe ~ delayed light tsW.S$i.<m 

b .Pl~t •~neJ. are in~d ~lated to the e&l"l.y etuhs ot pl:lOWs~thesis, ()n:f; 

'WOuld ~~ct to titl.d. a high q;'r.W.lnturil ~ tor the tt;~r proee&s and a ll'l'ileh l-Ower 

yield for t1w latter. Although it has n<rt been pose.ible to obte.:tu en aeeurate 

quantum yield tGr tM ESa sigmils, c:t'Ude me$$~~oS indicate .a value ll()'t 

lees ~ .o.ll. .and probably h1gb:¢r. Qh the ~heX' ~d, ta:trl(r e.aQ'I.irate 

meas~t.s Qf the l:und.n:G$®Uee quau~ yield ~i\\l val\!laS of the Order of 

1(.1)-
6 for ~~~ anil . S¢~$'-~ anti· 10"'., tor sJcillaeh c hl.or0pl$e~. Thus the 

resUlts are in aco()rd With e~eta:tions. '1:8 l:ewer yield ff>r the cb.l.Qro»~t 

me:terte.ls in. l®.inl-Y $ ~leetion of s smeller ~il$n ·Of sl6wly ~aying 

light in this material -.a ~&red 'With 'tha elgae. 1his .~s prdbfiiblr e ®nse .... 

·Q;UellCe Gf the psrtiaJ.. remOval of ~S and s.Uer moae\lles in 'tiDe ~ere. .. 

ticm proeedure. Similarly, tf one aisrupts N..pe by uitt'!&aon~cstion or subJects 

th~ to lyoplrl.J.Uatt on, the ~urn1llet!iH~eaee ;Of the ~terisl ~bta.i.ned. in this rm.y 

reoombleca that obud.ne4 at .. J/ft>"c from ~lie cells in th~t it consists Only' 'Q£ 

~pidly d~eay~ light ett11ssion~ 

'Die ))resenee tit bot.h e. ~;~Ube~tial lU!Il1ne$~e: ®cay atlil ·t:t su'bat$tl.tial 

bulld•up o:f ~d sp:llm at te•:ra~s appr()a.~ that .of liquid UL troi¢11 

strengly l!i~Sts that the s~$ of the )rl.n1ai"y quaa.~ Ct>UW:rsion p~t:~s 

ilnmeaiately tol.l.Owing e~-e.i tob. }m)du~1w do not involv-e t ~e m1gmt ton Of 

at<td.e nutU$1 $114 thus a:m ~ physiee.l in aatuve. 'fhis is 1 Gt colU'Be, quite 

compa-tible lTith the s~conductsr theory.. In ~se ~ms, the ~ed spins 

f01"1ned e.t too :Low teltf}e-;f&tw:'e$ 'WOUld b€ eB$0Ciated Vith e~<ttl"'OllS end holes 

tr.apped at sUitable points in the chlOrGJ?hy-ll lattice. The lumilletltce»ee decay 
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to reoom'bination and, 1£ ~tme a.ece.y aurve· can lie decomposed. into two compon~uts, 

pe~ps t1W depopulation at a s~ tr~pping level as 't<t"ell· At rGIOm tet1pra

ture > ttJ.e tml}ped carriers can be e:IUymatic$11y convert.ed. into ~cals ana 

to tne $:lew bd.gnly ~eratU'r¢ ... ®genoont. C'OlllpGlWn:ts Qf the decay c '\.tr\r.es • 

It is eppamn.t thQt;, a:s srEt:t ther& mas been no uneqUivocal demonstration 

Qf '!rthe pres~ce ot charge carriers a. "'-'i.Y~'- It vill be ne®'S'sary to ;prove tbli!.'t 

sueh ca,mere a;;-e il.ldeed produc.ed Vi th fi. high quant"llln. ~l:ci before t11e saud· 

COl4~ctor mechanism m.e.:y b:e said. to be 0n a Be-C'Ul"e foGt.:ilJ4;. Jll:nf$ver, a uc11 

1rW.a$~~nts ere ert.l'emely ditt'ic'Ul.t tO t::~ out and tll\.1$ tor the present 

we .ere toreetl to be eonte:nt ·wt 'til :i.ndiree·t e$e:;riment.s <3t t~ type w tlined 

above. It is oertunl.y si¢tic~t in this regard, w:thcUf&h by no means con .. 

elusive, tll&t Jelsoa (2) haS shdi\Wn ttat fil.ma of ohlorG.Peyll are photo®nductive 

·end that they a~ ab~e w sens1tt.~ pheto~uctivity 1n uor~c pl'Dspho:rs. 

Di addi·t1C%1, the experi:men.ts dics\iU.lsed in this ~P~sium oy· :rn· • .AnlQJ.d (~5) 

tmve certainly stt~hened tlte eJtPerilnental bas;f.s \'IPGn w:'ni~h ~ $sn1oonciu<:tor 

In eon<!l.usion; we tu.a.y say that i.f cll.l~ll is 1.ndeed presen.t in an 

~ege.ted state i1l vi'V'G, ~·th .from a th~tieal)?O-int of v1~w and m terms 
-. _..........._ 

of the e xp¢r<J.::mental results wtticll h.aV(ll teen. obtQined w ~ate, th~ semiconductor 

hwethests c~ be $aiel to bit! a reasons.ble 1nterpretation ~the p~ quantum 

eGn~rsion pl:'Qeess Of photes~thesis. At tlt-e very least, it provides en ex ... 

~Jellent. wsrki;nS lcypothfiis u;eott which tG base f""rthe:r ,e~:Lm¢n.w:ti.Gn. 
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