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1) E.:'C:.,)erimental techniques: \ 
. ' ! 

',' ,,'-,:' I 

.1I.bsorption: T'~ absorption spectra vlere, measured on a Cary! 14 
. . \ . '. I 

Spectrophotometer. G~eful corrections. for base line deviations~'l'ere 

carried out. The comp~exes' vlere prepm'ed directly in the 1 cm' path length 

Q.ua~tz cell by addition, of microvolu;nes of a concentrated. polymer 

solution to the dye solution and magnetic stirring. Measurel71ent::: or, 

conce:1trated solutions of the pure dye were pessible by reducin~ the 

pat;-, lel.1gth \'.rith quartz blocks of ImoH:"1 thickness. A check on tl:c 

relative thickness is provided by r;;':c.'a.surements on compeur~s obeying 

been calculated and are generally n8::;Iigible. 'Turbidity effects 2'e:; 

in any ca~,e) canpensated by the use cf a l:,olY;;ler solutien in the 

---------
ider:\:::L.cally nreC2.rE:'Cl solutions on an !:;tincoBo:-rr::an.'1 Spectr-ofluor'v.:-i>::te:..'" * 

ti-,;:: l--c:inze of' u3eful concentrations =~::; ll:r:ited to values of t:!e optical 

den:~ity sufficlently low to ~void a. :~'ea\)sorp'(;lon of the fluc::'esc;ent 

l oj s:r:;~ A correctioni'ar absorption of the incident beam before reachin3 

the s~r;all observed volume in the micUle of the square 1 cr~ cell must 

be cc.r·ried out~ and can be very importan'c \'711e11. the polyn:2r' itSelf abso:. .... os. 

'l'he correction factor· i's the anti-lnj:Ll'ithra of b.alf the optical density. 
J, ...... 

..,.~ .. • ... ft ••••• ~ 

'l.\'/O (;".ca'cinss rnonochrcmators allc:'! the c~;ice'of the excitation 

2.::-.::1 tluorescerice wave length. A ser:Le;3 of .:;:lits define tile band :<fla::;n 
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set in the formof r matrix w11ich is used for direct enumeration of the ' 

number of:rluoresc~tspec1eSin solution, according to the methcct of Heberl. 
, j 

The ,construction of ~he true actlon'and fluorescence spect?:,a require 

a series of corrections which l-4ve been carefully studied by Par'ker for 

,the case of un polarized fluorescence 2• As ~·'le viere primarily ill"cereste-d' 

in the relative values for the free ':in::i bound dye, there :-ias ¥10 need for 

a calibration of the wave length depc~dencG of the nwnber of ~uanta 

reaCl'.i.rlS the cell. Atl approxiIiJate CU:::'VE: can be obtained by rr:atcl1ing 

the apparent action spectriu-rn with th(; absorption spectrum tor a dye 

1 "Yl0· .• ·".. 'POI' 1"I~'':' con'stancv of' ~/,.<:: q,n"n.h~,..r., '.1';,12',)(,; as ~ l""n~+-.J..':"v".·'" ot '::hr- e_~·.-cih~7:ion . .<\.l.',,,,. _ v J.~. .. ......... ___ = v_ ,,'" _~.. ~ 1.4 _'" _ _ _w ___ •• 

.A,' ? 
-"..:."E:'1uency.J • 

T..'1e tr-UE: fluorescence spectrum is l~y.pl'essed as tL:e nlZ:-loel"' dGYd'J 

of t~1e quanta Q emitted. at a frequen::y \I wit:'1 a band viidth Bv. It is 

deduced frO?!1 the output Av of the Pfl0~O:'lUl'ciplier tr.rouZll 'ehe l"el2..tion: 

dQ/d v = A v(BvLv?v) 

~';Llcre Lv is ti'ie tr--d .... ·1S1nittivity oftf-.(: o~)ticZLl system ata freque::-~cy \l 

ar£l P'J the sc:..sitivity of the phOtO:T;ult:pli(;i'" 2.:.t frecr~ency \l in 

to GO const?:..trt in 'ci1e :ca11ce of an e::-S.:::::.:;'on barr:l •. Pv is deduced fr-c'l 

insertion of t-,!O Gl2.:--. polarizing priSIT:.3 

ir.cider.'t a,::j fluo:''''escent bean allm! 2. ~:cp.:::,:c2.te rr,easurement of the four' 

of fluorescent light" }Iv~ c2.pi'C2.l 

in~.licate the polarization of the :CluGrc:scent light ar..d 

subsc:::1pt that; of the incident lisht. V2r''cic&1 polarization eV) indicates 

'.c·ll8 pol,::.i."ization of fluorescence -1'-:-, 
• .L.u claSSically defined 



Vv + HV 
~ I 

'l"ne' observation of dilute solutions of free dye in a n~n viscous 

solvent reveal a.large dependence of the trans:.littivity of the gratings 

cccord:L'1g to the polarization of the liGht •. T'ne ratio of tl:ese transrnittivities 

t :;:: (Lv) '/(Lv).n· is experirnentally detennined from the ca:,lp2.T'iso::1. of 
'I; , ' 

actual values toJith the theoretical equality : H~ = Vh :;:: Hh " In the 

follq:·IiJ1g tl vull .mean the value of t, tor the rr.cnoci"1.ro;'nator selecting 

the excitation wavelength, t2 the vah.e for the moncchro;:;12.tor 

selectinp: the el'issionwave len::;th. t, ar:-d t2 are slightly depe::1.dent on -. ~. 

the wave length,' so that the asst!"Di)tiorl that Lv is a constant does not 

the tr~e fluorescence spectruzTl 2.n:::' the truepola:. .... izaticn. Their 

deriv2.tion is given in an apperd:5:,;:, 

;~ .. C!·Ce~3S0r'''v tecllnioues: Tl"le corlcc:rltr;2~t:loll of the polY:;~ler· 1"~·2.S 
---~ , 

deterril':'ned l"ro-:n analysis of phos:)Lcru,:3 by the methoj of Chen e1l al.1.! 

2) Ha.i-;::ilin,; of the data:' 

3pectr'c ... : of , 

:,x,lyr:;&:c' (e:-:-pressed as concen'crat~LG:'i in rr.oncmer units) to dy.;; P:D 

:::':"2 use:d '>.:9. calculate: the abso:r'l~tion spectrum of the 

'Cti8 pey'ce:-~';~26C q of free dye for c"-,,ch value of P:D; the ac'ctl:~l Y'atio 

()t poly::::::r' to dye in. the cQ-:lplex. 

, ........ -~.- ./ 
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to o:)tain the cfrr.ectoo intens~ty 
I 

I,ra.ve ler~~th the 'multiplication 9f 

I (~quation 1). For one excitation 
. I 

I by Pv leads to the.true! 
I 

fluor-cscence spectrum. If t\'10 species are present this spectr'U.'T1 \'fill 

depend on the excitation frequency. Spectra at P:D = 0 and P:D + ~ 

do not:; depend on the excitation and repl~esent the trw;; flubrescenc~ 

:..~ ~;8ctrurf1 of the free al"ld bound 0.;;r,,,: • 

k· 

If a fraction q of free'. dye: r':::;·.uins ~l.n solution the intensities 

oi.' fluor;esccnce due to the bound dye acC': d~;rivE:d fran th¢ IV and. 

is obtaillW 

len~th .pair: 
TV 

C;Jl· • r: q o 
:::;; -------

-1, 3 
the! m;~'" :lbsorb(;:n(~" 

::, •..• ".; ,.;~ '- -1 on . ," ~""a.' · ... ~ .. .,.; ..... v ... _l,.._ ... ~ .\'0 (...1,.1.. 

of fluor8scencc of the 

of the 

.. }O tlt?J 1-

---

of 

of bal1cl 

<:1 (1-:;) ..... . 
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Study cf the Fr'ee Dyes 

> i I\'u'"'ificat1.on.: From a solution of proflavine 

ex ~~ K Laboratories) 1 1 " ' t1.. 1 . t "I rv. n a :... ':iJ:cer-e 1 ;.<' ...... '10 . nux ure;, t.:'l.e i I .. ee 

base 'vlas repreCipitatedvJith O.lN K':l.OE. T'D2 precipitate WeiS 

i'iltrati.'<i, \'lashed and dried and l'"'ecry.st8.11i:::ed fro:n a 9: 1 vlater-

ldith 0.02 N SCI and agrees ... lith U1'~ p:;:'cdicte-d value i'Jitrj.n 

2:~. Stock solutions of the ionic: ::>')ri'?l aee :9repared by 2.::5.dinS· the exact 

quantity of ECI to a &iven weight of proflavine' anci ac.ditio~1 

t.:: 
base . 

iTilpurities re:r3.1.11.S fixed upon , i "",.' 
cn~orOl orm If 

-;~~. _~'~.·'''.J·lr:'''-'~T eV::>~I)r.1"a· tea' a-... d ~-.'ne r;-.',O,.··.'.I~".·I.J.·c: .. ·, ", ··.,e-.,..y .... ~-·'ll-; 7---" c'''''~~r.L..'''· ... ··l "C.Y'i _...... ~_ _u _ _ .... __ q '" "- __ I _ ..... 0 ..l t.,;.... ...:J-..,a, __ .....,~U,:) .!..L:;:.! .• ~,:Cl...; :.,..,(;~ _..::..:..;.. ...... 

an1 pu:c in solution in the mO~10('.;.·~·:;lon:lc {orm as for p::'ofl2.'line. 

solutions 

:L'l tbe U .. V .. 

t:r..2 s~ne conditions ShOHS r.r~. u.v. 
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observations canoe of interest for' the theory of absorption in. dir,;.;:!, 
I, 

¥fferent 
) 

electronic transitions are i<lell id1ntified. molecules if the 
1 

Polarization of fluorescence: The \<lave length dependence of p as 

a functlonof '.;;;,ve length in a very viscous solvent allmls the recognition 

of different electronic transitions .. In the absence of rotational 

depolarization and for totally aI".isot:;.~opic. tra."1sition dipoles) p is 

related to the angle," bet'l;een the ah::>orptio .. 1 and. the e-:1iSsion tr'a.'1si tion 

dipoles through: 
-1 

p = -'- ,.~) ----
COS'" ~ ~l- j 

u ~ -'l ~ =-;.~~;:: 'vi3:~olc trJansit 2.on· mor,1en-c::3. ,::l~ce r:(";x";::.llel ~"'id t~e lOD~:~ ".\f3.\if; 12:1!~,t~! .... - -
~ 

'.01:; 

'(f:'l. -~r,,:.rh::Ltiol1 is different:ly pol(..;.{·~·.~:Etj.;. YICCl.S'£8::1e11ts at -very lO~d tE::-':-~~::~:C·-

it i's. ,in fact 

,',. "., 

,_" """ suggest. 

,.. 
--. :.,> . .;-::;Y~:(;~~~~~:~:-:3 as lo~'! 2.3 10-D• rrlle '(S~~l1~Lt~:) ·of rrar)le .L S:1C::"1 ~o 
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TABlE T 
'" ,', \ ' .. 

, ChanGe", of F,l1.l0ras~E;nce', of . Proflavine Solution as a Function 
~ 

" Conccntl'-'ation. , ~~rIOO ~ ,Excitation ,"iot ~~:;',' 

'~J.' U,., 6 Y.;"'" '_, ~r c· o'nc' ' "l>.I _ • ,.' 

2 

5 

10 

Intens,ity. of~ 
fluor~scencc 

'21.5 

40 

140 

09t:i_c::~1 density Correction 
at: ·~·.~1~(~() ~.. l 1~or' 'abzO~l)tion 

1.04 

O.GI2 1 . .08 

1 '-? ._ • .J-

10-6 I/c 

21.3 

_... r. 
.o::.J...o 

-.".-...------.;..;..-.---'------'--~"-~--,---------.;....-----'------

'ft 
) 
),\ 

,j 

...... 
; 

........ 

',', 
" ~'. 

'".' 
-.,", 

,,', 

" .~ " 
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Study of the C0:1~p.Lexes ~,\[ith (olyphosphates 

""hl~""~c+-;;.L.; -~,;--i on of ;-'n~ -"1 .. ,,·'O-l'h" .... c. 'Pr.,p,, ~""'"l, •• ·,:-;l_e ,,:.,Iaf' v" c .... CI. v ........ ~ .,.L.!..c;.v_ ""'. _ .~.'r .. J ....... " ... 1 !..I!...;. .:,tJ ...... ,,;,.v-. _ ... __ ~ ...... :::- ' _____ c.:..... __ ~ ... __ ._ 

a KUr'oll salt prepared at 680-·'::;90c C. Its m.olecular 1'zeigh~ measured. 
! 

i~1 1.9+ l ~'() 
\..1 ;=;.nc. 600 A. 

P .. bsorot':i.Ol1 s'oec tl'-'a: 'l~:c: f c}::·:<~:·::ltj,Ol"l of a cor;Iple:{ b:3:t"~',;een the -----'----

c 

~el~te6 to the ratio r 

S}.""C2S 

-;- '"7\...... --, .'~ 
V ...... lol. .... '_i. 

""",.",,:-.. '­._1 ... ' .... · ... · ... '.;,. 

CC;tlS t::: .. nt 

5 to 

boxld· l"'" • l 

" ',::"~ .. 
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the IT'~in bar.d does Bot 0.110;.-1 any (Ie.finite conclusion for tl"+:; ba..lJd 
, 

nor' rap the sSo*t '1ia'le length U. '1" oartO. in the 
--l~ 

. spectr;ura of aCl~idi·ne or~a.'1se. ; ... 8 :I ... ~·J th·~ ease of dirr.8r mclE..·cules, it is 

i;nportant to 

'-.' ~, 

,- .~. 
\' ... ' .. 

() .::'. 
v,. 

',:+ .... ,~-.... 
'-"-.:.1 .... 

r. 
• I 
'-..i~ 

7"\,-:. 
~,.. 1.1 .. ·.r~ <It 

4'_ r. r;, 
V.l..\. .. 

especiall~/ 

;~ ..... .., ... 
... .1 ..... " •• 

V.-, of" 

to 

in 

eX2..ctly 2S 

of 

of' 

b:'lt 
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Absorption spectra: Tne results given in Fig. 4 "'{ere obtained on 
'J 

very dilute so~utions (2 lO-~ 1,1) of dye in'lO-3 M acetate buffer~ pH 5.5. 
'i 

~ 

Under th~se co~itions 
i 

the ratio of phospl'.ate grO..lpS to bound dye 

thcr~:fore dealing'i'iith the "secord type tt of bindinG for vIhich 

the intercalation mcdel has been proposed. Tne spectra present a ':1811-

defined isobestic pOint. ~or values of P:D r~&~er tha~ 20 no wore 

c:n.ang02: o:~. absorption occurs a:".d 'v:1E: quasi totality of the dye is' boun:i. 

Th.e lll:1itin;:; spectrum it!1th a red 51-ift of 
o 

100 to 150 A i~ the visible 

spectra ootained 

[.:.s difi'(:rence spectra v.rith DX~ .. [;olutiorls of equal concentration 

;.';E:~'e not .?S accurate ,due to the ~~i):)orpt:Lon by the PolY:Iler itself. 

'.J:;cciiffercnces Hit!!. the spectre::,: of the fre8 dye a:.. .... e strH:ir-G: 

(i.c.d.it:l.or..al ano..naly in the short \';('."f; l~;ngth band. Possible shifts 

2::. .... 0 difficult to. evaluate precL:';:::Lj. 

It [[(J.Y be aslced whether the;,c: eJ.'fcGts represent a.11 alteration of 

the absorption properties of the dy(::s Ol:' of tbe bases of the n;-.·;A :wleculE:. 

co::,-'respor-ds roughly to 50% for ti::::' c.:;.,c 'uut \'jould cor:cespord. to the 

~'. 

totJ.l con'c~ribution of at least 2 to 3 )-.:rines or pyr:Ir::idines. I:1 acid.ition ~r-~e 
cO:;lpar-iso;1 

,/', .~l.tll trJe sI)8~tra obtained. in tr:e 

,'~, , 
.... ,1 ... due to couplin-; ·.<.th t.r.c br..ses. 

ta:.o:c:n, alone ;. 
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Fluorescence. soectra: The fluorescence soectra reveal, 
-----~,...,....-. • I 

'markedly in t~~ case of proflavine (Pis. 5) ja shift of the! maxirr,urn 
I,' • l 

. ~ ! 
of the fluorescence band of the bour.d. dye towards shor·ter \-;ave 

length~ and. a narro.,n.ng of the band. This blue shift must be related 

to the red shift observed 'in the absorption spectrLL'11, wb.ich sho~'ls a 

sj;r.ilar r.arrotol'ing. If the latt~r \,:as to be explained by all 

envirormental effect perturbil1g the gap bet~!een the grourLC1 a..'1d ·the 

first excited state, the former should be in the sa'11e direction;, i.e. 

tOWal"ds red. Shifts of opposite direction in absorption and' fluorescence 

spectra:; i'lfuch bring the tnaxi.rr.a closer.> stro:1gly s:.:.;gest a."1 

alter'2.tion of the vibrational r)2.ttern~ "lith a hig.'1er probability of 

population of the 101,0; vibratio:-;al levels l) with the subseQu(~nt s:r~f"ts 

,. and n3.rro::ing of the ba.'1ds. A si.rdlar ef:~ect is observe.:i ':il-:en canpa:ring 

the free dye in water and glycerir:e. 

()f tl-':'e eY1E:rC::'1 tl~ansI""er~ in. the T'/.~!\ :11ol.ecule: --- ----~~ ---- ----
'~ne properties of the free dye t.o the properties of the dye bourD. to 

a very large excess of polymer. l·'ls_ 6 and. 7sho\-I that the qUEL'1tur.: 

yield or'" fluorescence of the bC'~l;-d dye varies with the actual P: D 

ratio in thecor:.plex. The results present four intere::>'Cir-:; featu.y'cs: 

a)Tne relative quantu.'7l yield at ratio is differer.t fro~ 

or.e; b) the relative quantu.-n yield at 10'.! P:D r2:c1.o is zero; c) the 

variation of the relative quantu;,l yield as a functio:'; of 10;; 2?,:D :Ls 

si';Ti:8idal in shape; d) the quantum yield is a fUJ1ction of the 'iiave: 

1e1'.;;t11 of excitation ani is hi[;her .';'1h.8n the excitation takes place 1::1 

".'-' 
,::':1. 

.. . .,. ~ 

,. J ... 30l.2.. ~c(.: 
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as evidence for energ;j transfer both i'ro:n dye to dye am frqn the 

purines and pyr:~midines to the dye • 
~ 
~. 

\ 

Excitation jj;. the Visible rer;.i.on [1..'1:1 dve to dye transfer: The shape --------- - --- --~ -
of the variation of the relative q<"lantulll yield as a function of log P:D 

(the actual ratio 1..'1 the complex) is very s:irrlilar to that given by 

concentration quencr~ng in solutioD3 of free dyes. The value of P:D 

corresponding to 0.alf quenching in the complex is for both dyes 

approxirnately 20, Hhich corresponds to a.."1 average separation of 34 K 

bet':leen the tillO binding sites aloDC; the DN..l>. structure .. Tr.is value is 

very sin:ilar to the half quer..chir,!.s values obtained fOl'" concentration 

It is not possible to ~elate tr.is value to the distance 

of halt probability of energy tl"ansfer in the absence of im~o1:-::ation 

on the m::cr.anism of quer:ching a.;.'1d 0,1. the distribution of dye to 

dye dista.'1ces in the complex. AS3u:rJ.ro.g scr::e necessary nu.--rioer of 

trjurnpslf ," ":\1.) of the .excitation ener'~;y in order to reduce to h2..1f 

the probability of radiative transitiCin~ a 02.ussian distribution of 

dye to dye distance with adjustab~.e i'rj.dth, .6.t"1,:;.anC. a dipole~ipole 

;-n·:;c\,anism of energy transfer with:, valUe no for the distance at 

\·,';::::'ch t:18 probability of tran3fer .~3 eque.l to 1/2, it is pcss:Lb1e to 

cor;:.:::truct a curve whi'ch fits the C>:0::.rir;:ental results. Since it contains 

"(;:1.:;:"'28 <:l.djustable param,eters~ N, Lli~> alld ?(o~ it does not shed :!1uch lisht 

on the pllys::'calmecl>.anisms involved . .If;. hO":!E:ver> different dyes 'ditl-: 

l,c,:.. .... : . .::ly different values of P'{) detc-rmincQ fro:;. concentration depolarizatio!;9 

of' ',~;!e free dye could be used l such a ma.tl1erratical :n.cxiel \'!oulct be of 

obtaine:d ·,,,hen the re1ati\;e position:'~ 01' the molecules are at :::'2.(.60:11 rr:ight 

c:.~pcar contrary to an expected increase of:' probability 0:;:-' tY'anster due 



• 

• 

to SJ.~e re.;ularreftion in orientation bet':leen dye molecules 

\ ca1atedaccordillg ~to the Lerman mcricl. It rust be remembered 
\ 

angle bet'deen transition moments ly:Lr:.g at a distance n times 

rter
-

that the 
I 
I 

3 .. 4 ~ 

'1lould be2rrn/IO in trJ.s model so that the average factor cos2 211'n/l0: 

C3.4.n)6 i·:D,:i.ch governs the probability of transfer in Forster 

th:.:.6ry19 Hill not be larger than in tc,e absence of some relation 

bet"i:,sen distanc;~ and orientation. 

JJJ1 explanation alterr'.ative to energy transfer mig,."'lt be foun:l in 

a Y'cdistribution of the dye molecules a10:13 the polymer bet;'leen sites 

O!~ different quenching pO' .. ~~r as a i'ur:.ction of 1ceding. EOiieVer)1 the 
I 

."j .• 

rigGul".:;s of the measurements of the polarization of fluorescence 
"t~:Y, 

satisfactory proof of the proposed ener'Q transfer mccha.'1is::i. 

..,., .. 
ill!;. 8 ar:.d 'Iaole 2 give the results of rr.easuren:ents of polarization 

jor- ,;xcitation of the co:nplex in tr:e visible region. The pol£trization; 

beine; ::;-'elated to the angle betvleen the absorption and ernission transition 

'i:CJ.T,elJ.t, dec:::'eases ':lith transfer of e;:;er[!)J from one molecule to the other 

so that. a parallel cr~~e in polarization and quar~um yield provides 

good proof of the validity or. ... the mechanislii. 

TABLE 2 

. Polarization of Fluorescence of the Dye-D~,IA Complex. 

P· .. cr·idllle P:D 
,-

10 25 60 100 0 

0~\!lJ .. P .1'15 .180 ')') 
.LL .275 .35 

?:-·c)tl2.virle P:D 20 40 SO 
--" .. - '"' 
.!...J '!-' P .24 .30 '''''',''''''l 

6..).) 

In the case· of concentration dt:po121.r:i~:::ttion of pure dyes, the 
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P:'D ratio, energy ;is indeed likely to be tr~ferred through \ 

several dye inolec~les so that the angle bet\'ieen absorption and 
, '\' 

emission, tr~itio~ dipoles will be 21Tn/10 with an equal 

probability of energy tra..."lSfer for each value of n.The calculation 

of the average souare'cosine gives - \ 

1 
= Io 

10 
1: 
n=l cos2 2~n1l0 = 0.49 

leadi."1g to p = .135 Nhich can be COl{li)ared 'tiith the experilnental 

value .175. Introduction of a variable probability of energy transfer 

as afwl.ction of n vlould increase the calculated polarization. 

A last experilnent ~tas performed to com";irm directly the ' 

possibility of energj transfer frO::1 dye to dye. T8:king advantage 

of the relative positions of the absorption and fluorescence bands 

of bourn proflavine and acridine orar~e an experiment of sensitized 

fluorescence has been realized \'li~h a complox of DNA and proflavine 

(P:D = 20) to ;t,r:-..ich a '::'''i:1all proportion of acridine orange has been 

added (P:D = 100).'By variation of the excitation wave length from 

the absorption of acridine orange is snall in' 

cO~[iparison to proflavine absorption,. to 4900 A, vlhere the Situation 

is reversed, and by comparison of t,he in.tensities of fluorescence 

of this mixed co:nplex vrith that of a pure proflavine canplex,' the 

ph:::ncmenon of sensitized fluorescence is clearly demonstrated.. 

Tne difference spectr~~ (column 3) has its rraximw~ near 5400 A 

~'lhich corresponds to the emission rra,:imum of acridine ora.'1ge. In 

the absence of the sensitized fluorescence of acridine orar€e ~ne 

might expect the excess enission of the If'J.Xed complex, excited at 

different wave 'length,' to vary as the: absorption of the acridine 

ora...'1f..£0) i.e. the.excess emission (eolumn 3)' at 4000 Jl should be , 
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TAP~ 3 ! \ - - I 
Sensitized Flu~rescence of Acridine Orange by Proflavine ~ . ~ , , 

\ - _ J 

the Proflavihe-Acridine Orange-DNA Complex. 

i'-' 

\-[ave length . * \iave length of emission 
of excitation 

t_ 

5200 ~ 5400ft - 5600 jt 5800 jt 

1 2 3 1 -2 3 1 2 3 1 2 3 

4000 ~ 7 33 26 5.5 32 26.5 2.9 16 13.1 .5 ~ 5.5 

4500 A 
~ 

27 49 22 21 48 27 11 24 13 4.5 It.5 7 
~ ~ 

4900 ~ 8 37 29 7 -47 40 3.6 24 21.4 1.6 
"i 

11 4 ,~. 9.8 

J~ 

:". '~r 

~l = Fluorescence of the proflavine-DI~ complex; 2 = fluorescence of the 

proflavi-l1.e-acridine orange-DNA complex; 3 = difference. 
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some ti'lenty fold less than it is at 4900 A. This is clearly not 
1 

the case" th~ demonstrating the tr~~~er from proflavine to acridine 
. ~; 

. ~ . 
orange. Additipnal proof is given by the variation of thelPolarization 

. o' .. 
of fluorescence emitted at 5300 A with exciting wave length: 

p (4200) = .175 ~.p (4900) = .28. For these v~ve lengths 

about 80% of the fluorescence is frQ~ acridine orange. The polarization 

of a simple proflavine-DNA complex (P:D. ca. 20) is .24. 

Excitation in ~ U.y. ~ ~ to dye transfer: It now appears 

possible to attribute the c~~e of quantum yield upon excitation in 

the U.V. to sensitized flu~escence) involving transfer of excitation 

f'ro:n the purines and pyrimidines to the dye. Such an hypothe~is 

~~s already been advanced by Le~ to explain relative uncorrected 

action spectra of quinacrine a~fl quinacrine-DNA complexes. 

Polarization measurements at very high P:D values are 

impossible" due to the high absorption by DNA. The values for 

inte~nediate P:D ratios reported in Fig. 4 indicate a smaller value 

tr.a..'1 in the visible. Quantitative deductions are hovlever difficult 

because dye to dye transfer is still effect~ve and transfer of 

excitation through the long ·\·;(we lene,th perpendicularly polarized 

t~~ition of the dye is liY~ly to be Luportant •. It must" however, be 

pointed out that the same considerations used to explain the 

limiti~.g yalue of polarization of the dye at low P:D ratio for 

Visible excitation should hold for the ang~e between the absorption 

transition dipole of the bases and the ~~ssion transition dipole of 

the dye 1'lith modifications due to slightly different geoIT'.etry of base 

ru1d dye.pairs and the different possible orientations of the transitions 

in tl1·:; d.ye. T'L1e.' net result shOuld be a positive polarization; this 

I 
I 
! 
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provides an explanation of the inversion of polarization of the 2600 ~ 
( ." , , . 

absorption band I ot: quinacrine bound to DNA which appears in! the curves 
i .' : 'i .' I 

published by Lerman~ Table 4 gives some data obtained with p~qflaVine 
I 

I 
and' acridine orange complexes in the U. V. region. , 

r.lore careful studies of the polarization. an:i of' the efficiency of 

the sensitization as a function of ''/lave length (with narrOVl band \tddth) 

in the region of DNA absorption are needed to analyze the efficiency of 

transfer as a function of the optical properties of individual bases 

and dyes and to gain e~~nt~l information on preferential intercalation 

betNeen given base pairs. It \V'ill simultaneously help to solve the 

~robl~~ of efficiency of base to base transfer to which a first approach 

ca~ be made on the basis of the precedirlg results. 

T.~e ra~io of quantum yield in the U.V. to quantum yield in the visible 

has been plotted ~ Fig. 9 as a function of P:D for the case of 

acridine orange. Tne higher value~ cb t2. i"ned (approx:L'11a.tely 5) in 

canparison lV'ith proflavine (approxirrately 3, see FiZ. 6) are likely 

to be due to the better overlap of the fluorescence spectrum of the bases 

lV'ith the absorption spectrum of the dye. For the lowest experimental 

value of P:D = 6 the ratio of sensitization is 2." Taking into account 

the respective coefficients of absorption of DNA and the bound 

acridine orange (approxirrately 7000 and 30,000, respectively) this 

mea~ that nearly all the energy absorbed by the bases is transferred to 

a dye molecule, i.e. the ratio absorbance (complex)/absorbance (bound 
. in the polymer 

dye) is 2.4. If the "free path length" of excitation enerf!:J/was 'irifinite, 

which means a totally efficient transfer with no loss of energy, 

the ratio of sensitization should then increase indefinitely '.1ith the ratio 

P:D. Tne experiment sho"ws that in fact this ratiO increases only 

slightly to level off for values of P:D of the order of magr~tude of 40. 
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TABLE 4' 
:, ". '\' .". ' 'I . 

, . . . ..' .. : I" 

.'. Polarization .01' \Fluorescence or the CQllplexes in: the U.V. Region 

. (~ssion between 5200 and 5500 jt) . J 
',I' • '.' , • " ••• " ••• " 

Excitation 2600 2700 2800 , .: 2900 3000 3100 3200 3400' 3600 
,;-rave length' 

. A.O.-DNA 

P:D ;;; 25 

"., P:D = 50 

" Pro-DNA 

... ;}~;t: D == 30" 

~·il\ 'P:D ;;; 60, 
:".~ 

~~~J 
.~,{; 
: .. ~ 
. ..:.~" 

. ~~~:. 

' .. 

. ~175 ,160 .150.130 " 

,.' '.20'·' 

.15. .18 

.19 .17 .. , 

, ,'j'-

,'.'>' . 
'. -:':-'.' 

, ., ':.' 

:: .. 

.17. ' 

.. 17 . '.17 

.19~18 

'. -.' 

. ",--
" ,'."- ; ", . 

.16 

.18 

:, ' .. :' . 
. ,' ,", 

',.' 

.10 ' ' . • 05.13 

.07 .11 .27 

; . 

" 

'1 
'i .. ' .' 
! ' . 

" ,J 
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'Tnis provides aval~e for the path length,of excitation from baSi to base, 

'. : ' equal to ten or twe~y base pairs, after \vhich the excitation energy has . 

been released into vibrational quanta. This result is to be' expJcted from­

the heterogeneity of the base pairs, and could account for the absence of 

fluorescence of DNA as such. It gives an eA-per:1.mental basis to, theoretical'" 

discussions of the concept of exciton migr-ation in t.he DNA molecule. 

Similar experiments with homopolynucleot~des in the helix and coil 

shape, and the use of dyes with different gross structure and electronic 

properties will be valuable to inVestigate the geometrical requirements 

f~ energy transfer and thepossibil~ty of longerpath.length of 

e1~~tation (or exciton) migration • 
. ;~:i' 

:! QuantU1'Yl yield~~ isolated bound dye: So far we have negle'cted 
c· 

t~ large difference in the, change of quantu..ll yield occuring upon bin:ii.'1g 
,j 

of/the dye to a large excess of pol~er for acridine orange and 
.. 

prQflaVine. The sllilple effect of viscosity should be an increase actually 
~: 

ob1FVed in the case of acridine, orange) i'1hile ii1 the case of proflavine 

bir¥S.i.'1g results in quenchi.'1g. Slight changes of absorption spectrum in 
, >'1 

th~\QPresence of large quantities or' purine nucleotides have been reported7 
M . ' a.14 vIe have measured the change in fluorescence of the dyes under the' 

. ~'~.~ 

fQU,pvr.w.'1g circumstances: a) vlhen bou.'1d to exce~s of polyadenylic acid, 
~:f< . . 

bojh in the helix and in the coil, confi&uration; b) in presence of 
(' . 

lO~~ l,l concentr~tion of different nucleotides. The results are given 

. ?tf, ~ 
111 'p.aole 5 • 

. " 
,if These prelirrdnary result.s \vould lead to the notion that the binding 

constant can be influenced by the nature of the base and the difference 

betvleen the ti'iO dyes ma.:r, be due to different crupling with different 

bases. Tne er ... '1aI1cement of fluorescence of, acridine orange by AMP should be co .. npared 

1,o,rith the proposed formation of a co:nplex on the basis of Ph~sphorescence 

measure'Tients20 • 

.1 . 
., 
'. , 
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TABLE 5 

.1 

"",." 

'. .'\ . . , . . . " '. ,'.. . , 

Variation ~~.,thi Intens1tyof Fluorescence. of the Dyes 11'1 t¥. Presence' 
, ," '\ ", ' ,',. ' . , . 

~:. of Excess of l'f.ono ani Polynucleotides. 
':"- '" 

, '. I' . -'\ 

'" l' 

, .. 

~ucleotide P:D 'Acridine orange Proflavine 

'Oolarizatic:>n .. ' . '% change, polarization 

polyA coil 200, + laO" • 28, . a .16 

PolyA helix 200 + 100 .23 0 .25 
, 

fu'1P 104 + 66 a -15 0 

''ll1P, 104 0 0 -25 0 
" .i 

eNP 
\\ 

104, 0 0 '0 0 \ ~ 

\ 
~: 

. 

. . . : 

.. ", ' . 

..•. , 

"; .'. ;-
.:'.1 -', ~. :". 

, .. '. i', 

',,: .... . .. 
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SYNOPSIS 
. . " 

. Dye-ma.cromolecule complexes providegocrl models for the study 

. of "the effects 6f coupl~ between chromophores. In addition to mcdifi-' 
\. " 

cations of the vfsible and U.V~ absorption spectra of the dyes at 

small interchromophore distances, very efficient energy transfer has 
. 

been demonstrated at longer distances; The probability of ncn-

radiative transition increases with the number of excitation transfers' 

so that an arra:j of oscillatcrs close to one another becomes non-

fluorescent. 

The insertion of a dye molecule> acting. as a trap. for the 

excitation energy) in the highly ordered system of·chromophores 

constituted by the purine and pyrilnidinc hases of native DNA has 

given results supporting the intcrc alat ion model of I~~~ and 

providing an experimental approach to the problem of the path 

~engtl:l of energy migt"ation in the DNA molecule. The average excitation 

path length seems to be of the order of only ten base pairs) a 

result which can explain the lack of flucrescence of the DNA. 
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APPENDIX.' . 

calculation\of the 'correction factors due. to the variation in 
=;;.;..;=;.;.;.;-.-;. --- - - - - ---

transmission 'throUgh '2 monochrom9:tors with'~ Qolarization .g£ 

~ light. 

The transmission of the horizontally polarized ocmponent do.es not 

vary in the narrow range of an absorption or of a fluorescence' band. 

The unpolarized light produced by the'source would,normally give 

fa~ fluorescent components related by the relations: 

Vh = Hy. :c Hh ; Vv = Hh (1 + p)/(l -' p)' , 

Due to the instrumental factors tl and t2 the instrument gives: 

HA = !~; VA <= t2 Hh; HV = t l , Hh and Vv = tlt2 (1 + p)/(l - p) 

The correct intensity of fluorescence in unpolarized incident light is: 

I = l' 
4 - 2p 

1 + 0 

(1 - p) [1 + tl + t2 + tlt2 1 - p J (1) 

'vlhere P is the observed value Without polarizers and the true 

polariZation. of fluoi-escence .. 

p = 
(2) . 

v~:+ t2 H.s. 

If . starting fran a solution of 'free dye at a . given concent~ation~.· 

emitt1l:lg an intens.ity IO~ the addition of the polymer to a' given 

ratio lets ,a fraction q of the molecules remain unbound~ With an 

unpolarized fluorescence, and binds a fraction (1 - q) of the molecules 

i'/hlch nOl'l give. rise to, a polarized emission) the polarization of 

fluorescence of the, bound dye Pl can oe calculated from the actual, 

values of the intensities of fluorescence of the two solutiOns, 

I' and 16, the value of q, and the corrected polarization of fluorescence p 

of the solution containing the, polymer. If the subscript, 1 stands for 

the bound dye the fOUl:" components of the emission are: 

( . 
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, , 

• • ' I 

" .,: .... ' .. 
',: 

':Vy = tit 2 Rho q + tlt2Hhl (l:tPI)I(l~Pl)' ,',',::' 
. '. " " . 

" , , , "" ,l\r ;;. tl (Hho,q + Hhi)" . ',. ,";;' 

, "Vh; + t2(HhO~ + Hru) , 
, , " ',., " ~ 

Hh- ,Hhoq+Hhl 

, , , Hhl (2 PIll - PI) 
Too polarization P :: _______ ~-~ 

2, ~t Hlll' (2 P1/1 - P1) 

" ,',. 

.:' ... ' . 

.,., , 
'r.' i,"" .,-

'.:. : 

:,",,' " .. :, " '.,' . 
• I ,. , • . • 

. '.~ .. :.: ..... ~ '~,; ,~: .. 

. \' 

; .. ' . 
. ' •• '. I' 

. ',., , 
','. , .. 
.:: . 

\ ,;", . 
,I, " 

. . .', 

. ':, ',' 

. ,,' .. ~ 

.. ; ' . 

, : . 

",; ','., I.' 

":,' ,J .. , 
io ,', " 

= ~----------~--------~----------------------------------
, ",', '",', " 4 - 2 PI l+Pl ,~ 

2 I~ q (1 + tI)-l (1 +t2)-1 + (It - I~ q) 0, , , (1 + tl + t2 + tIt2 _)-1 
, 4 (1 - PI) I-PI 1-

Inmost cases, a negligible error is intro:luced by the replacement 
", " -1 .' 1 + Pl ' 

" of I~ q [(1 +tl ) (1 + t 2)] by Io q [(1 + tl + t2 + tIt2' ' )(1 - PI))-l 
, ' , " ",'",' 1'-~ 

Plis then, ther'?Otof the equat:i.on . 

(4)2 pi~(I' - I~q)~p1 (2p(I' + Ib q) +: 4 (rr - I~ 'q)l + 4 pI' = 0 

",: ,.\ 
,!' . 

. r..·. 

,,' ': 
"', ,', '. 

, t",' 

. . ,~ .. ;" .. ~:~ :' , , .. 

.. ~ . 
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FIGURE. LEGENDS 

Fig. 1. Optical properties of proflavin+ in 10-1 M acetat~,buffer, pH 5~5. 

__ ~bsorption spectrum, 5 x 10-6; .~.~ AbSOrpti~ll spectrum, 10...;3·' 
, , 

"-- - - Fluorescence spectrum, 2 x 10-6; Polarization of,' .' 
...... ,' ':i" 

fluorescence. , 
. , 

~ig. 2. Optical prop~ties of acridirie orange mon6cation in 10-1 M 

acetatebuffer,pH 5.5. Absorption spectrum, 5 x 10-6; --
___ • ___ Absorption spectrum, 5 x 10-4; - - - - Fluorescence, 

2 x 10-6; Polarizati9n of fluorescence. 

Fig. ~. Titration ofprotlavine and acridine orange cations with polyphosphates. 

Top: Proflavine,2 x 10-5 M. Pure dye; - - - - P:D = 0.25; 

_. ___ P:D = 0.75; •••• P:D = l.25; __ P:D between 5 and 50. 

Bottom: Acridine orange, 2 x 10-5M., Pure.dye; - - - - P:D = 1; --
•••• P:D = 2; • P:D between 5 and 50. 
. ----. 

Fig'. 4. Changes in absorption by fixation on DNA. 

Top: Proflavine 'total concentration, 2 x 10-6 Min 10-3 M acetate buffer. 

Free dye; P:D = 4; - - -- P:D > 20.' -- --. 
Bottom: Acridine orange total concentration, '2 x 10-6 ~ in 10-3 rt'l ' 

acetate buffer. __ Free dye; - - - - P:D > ,20 •. 

p = polarization of fluorescence of the c~~plex With P:D = 50. 

Fig. 5. Shift of the absorption ani fluorescence spectra of the free' am 

bQund dye (P:D = 100). (Relative ~alues obtained by fitting the 

maxinum values arbitrarily to 1). Free' dye; - - - - boun::i dye. --
Fig.' 6. Relat~ve quantum yield of bound proflaVine as a function of P:D. 

Open Circles, excitation in the visible; closed~ircles, excitation 

at 2600 l. 
Fig. 7. Relative quantum yield of bound acridine orange as a function of P:~. 

Closed circles, excitation in the visible; open circles, excitation 

at 2600 A. 
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, . Fig. 8 •. Change or the polarization or fluorescence or the canplex 

excited. in the visible with the ,1oad1:ng or t.he DNA. 
'j' • 

.. '. <~ ~ . -.' 
,. >.,' 

'.;' ;. " 

Fig.' 9. Change of the sensitizationra~10(ratioorquantum yield 'for'; "'> 
",.' excitation 'at 2600 1 arid in the visible with the·loading·of.· ::.';: ,'.' 

. .,.. . '~'. 
',' ... - ·the DNA. ..... " . . .. ",,' '.' :. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com· 
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or f()r dalllages resu.!..t;in~ fr_~m the use of any infor­
mation, apparatus, method, or process disclosed i~~ 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment Or contract 
with the Commission, or his employment with such contractor. 
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