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For sbout a cergury it hes been known that the colour and

lusiipacence properties of fonlc dyes can vaxy with thedr comenw
tration of substyate coapositicis These ¢olour changes are £irst
zegognised and used for histologisel puxposes in conncction with
the differential stalning of tinsues (l). It nlso becamne avpareng,
particularly in the £4e1d of textile colouring, thet cectein dyes
Aisoheoy the Beer's lavw relation and change thelr absorptios characw
taristlcos. The gpectra of srjuacus solutlions of several cationido
dyes are depesdent on the congentration of the dye (2)s In the
vislble reglon thuse BpeQLrd are chozactoxised by several maxiwve,
the intensitles of which depend on the dye éammtration. ‘The
apaopption Dand of the dye ot loagey vave length 18 charsctorlstice
Of very dilute solutione aad uvsually referred to 88 °C bande
Incressing dye cougenbrations esults in the gredual replagsement
of o =band by a band with a shortsr wave leaz:;}th vhich L8 assigned
as P band (2-8)e Furcher ima:éaﬁe in dye coieentration Gay cause
subskitution of {3 band by ancther diffuse band cloger to the blue
range of the spectzum This band is assigned as U bainds Such GOl
. ezntration changes may 2lso cpuse the appearance of 2 new maxioun
at wave lenyths longsr than the oCebands A£f this now traositlon
is narrow, intensae and exhibits rosonance fluorescence, it 18
colledt a Jebend after Jelley (7) who, together with Scheibe (@),

Eirge dasopibed ite propurtinde



the o =band 48 wustally refvifed o the udgerturbed Lransie

Lions obtained in highly dilote agueous o alevhollc solutions and
is sttributed to tho mononerie Jora of uha dya whille the devistions
£rom Begd's 1§w and the apposaransg of ﬁh&:ﬁ ¥ Y'anﬁ W bailds are
speited o dlverio ong higher aggfegaces of the dye resgeétively
{9-113e This apcotraosecpls phanoﬂ@noﬁ,is el lad astachionasy and
cakionio dyes wnleh show this offect are Koowd a8 aetechromst io
Gyes {12 }s The phenomeneon 42 exhiilocd only by dyes An Wwhiczn the
characoordistis fonio chapge iﬁ an iocegral pere of the chromgphorie
sygtem Al la ﬁimtriputeﬁ throughout the syonein by xcoohsnce (133,
thot dgy nost comael boole dyed and a fuvw agld dyes asd the sawe
BEQURGIILE 2o3iky tﬁ.&yﬁ&,lﬁaah 28 LDluorenceis, Wwith a Giscributed
degol iva Chariid. | _

B Many dyos then uscd L0 eeloul certaln tissuw Qoastitucnus
lehromobrosen ) abaoh Light Qﬂ wavae length ghoroer than thst
shsorised by the dyes in solution {1Ye siailazr mshachyrooatic
belhaviour is exhibiged in golubion whes the dyes inversct wigh
soluble shpoiotropes, (oF exam@l& nuelelc scids (14, Polyhone
Fhates (15) oad gelatineg {167. Hetachromasy gy slso e luduced in
selution in the abecnee of chromtropic substances in three diif
erent weys {17) by inoresslny the dye concentration {(dye-induced),
By adding sslit (salteinduced’ snd by lowering the dicleciric coas.
hent oF the solvent (oolventeinducad).

The dimerisotion of Mmauy oryganis aui&ﬁ aﬂd slniler comicutads

le usually sttributcd Lo hpdcien DohdSe Huk Eho asooolation of
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gyos studés most bo explatacd o a different way for wha followling
COaBOns

$4) Dye ptuifs dimoriac aore stroagly 4N agusoud soluticn
than 4t openic polvents, whereas qomboxdy lie acld dimers exist
i wne vapour and in potiepolar selvengs, but 2re dissociated in
Wit Gl _

£11}) Ia concrest to the bohavicur of the dimerizing
carbory lic aciclu,- the polyrorizeticn of dye stuffs does not atop
ot the dimeric stete, but often ;,Araeﬁaaa‘is to wrlers and higher
POLlY YCrBe
{iii) colourluss leuco dyas dinerizing to a smaller extent

than the corrasponddag colcoursd formoe

These Lsots agree with the postulste ﬁﬁaﬁ: tihw ;‘t:‘olymr.ima.
ticn of dyes is dwe to addicive foroes of van der taals type. It
oEy acf;;-'m chat these Soross Jra oo weak to acs::auntv £or dimerizaticn
encegdes of the ordel of 4 to 7 K Cal/mode {1BJ. Hovewer, sccorde
ALy to vondonts cheory (192, the mutoal potontial energy of two
ldentical Solsculss pbssessing a single longewave elecorciice
sboorpiion bsnd Ac{a deseription which fize most dye stuffs) is
" ¢o a first approniintion proporgional to (3*, vhure £ is a measure
of the' excitatim proebability {(celled augzer of absorition vlece
LIns or s:zse:ill.atmr serengthle Since large voluss of £ sand A are
oxactly the zr»'ro;}ercies which make 8 comround strongly coloured,
the attractive forcos betwesn dyo stull nolecules must be considersbvd
larger then thooe betwesn oilmtlar goloured Molaculcs {(ege the
ccarmsgtmcﬁng louce dyes)s Theoe forces are additlve and thus

account for the formsticon of dimers 88 Well 38 POlyaalS.
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The (-virtﬁnl) dipple-dipolae attrection of London in the
cnse of (ye BLufis should be supolensnted by dlpoloequakizuscle and
| guairupole-~quadrupole torad. Sincge the two lons are of the saum
sign, o musk substract the couloable elc-sctfmtat:ic: repulaion
SIOIY 9 ,,,???%% y Exom the Lundoa-iargonan 4200 attrasation eneigys
“‘.’%.nall_.r, the usual z.e.‘,,‘:umim oy Datveen neucral molecules must.
algo ba ceiici inew accounts 0 the diner 18 yrobebly held tw-at;ha:
by rondon dispexslon lorces aid “iydrophobds bonding® {21} which
ovarcons the ela-ctzmsﬁ.atic Lesulsion boetweesd i;‘wr.:: dys caticng. The
adspersion forgee should be greatest when the motomer Units ake
in a sandwion with vrincipal moleoslar axes barallele The c:auldm-
e repulnion will be amindcsd when Lhe t:harqesﬁ sndng groups
(Bacie it the caco of thiasine dyes like methyleno blue) lie along
- opposite eQyer of the sandwiche.

_ | fmviat..mns Erom feer's law wich the appesrsnce of D, Y

| ox: J banﬁﬂ hoave buen rauiomalmm in verme of dya sgyregatian,
is@ey the formstlon m’: dimors, sriosrs, @ ad ra-emm, and the
_ﬂccdm'.:a::ry-jmg gppoctyal changss ware Lirse Mlt‘.éﬁ!'@mtﬂiﬁ by Forstoer
with a clasalesl @aaillat.ar meied (32,23)e Thuse speotral cﬁawes
of dyo-dye lnteractions were later oxplelined with the ctheory of
snargetically < c.J.ca:mi,,czd SLakusy lets, Cxgitons by a aumwer of
regearchors (24.-28)s The escencial featurs of this trectment {29,
3G} As t;hmi the excltation acnisved ﬁﬂ a2 single molecule of a
pericdic molecular asseably is tronsferred by courled cseillation
from molecule to molecule in a peried widch 18 shorier than the

vibration time of the component melocules o the assembly. The
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McRae Kasha exciton model (25) is described here in short restric-
tlng our _'Ln.'i.tlal considerations to the spec_lf.u: case of dimeric

dye molecules. It is assumed that the axis oOf the compos;te mole-

cule, the d.u_ner in th_‘LS case, parallels its tranSJ.t;Lon pelariza-
tion axis, i.e., the transition dipole is placed along the long

axis of the molecule as shown schematically in Fig. 1. Upon

Monomer _ Dimers
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Figure 1.

The energy level diagram for a dye monomer and its dimers shows that the allowedness for
dimer transitions from the ground state (G) to the split excited states (E) depends on the angle &
between the transition dzpoles and the molecular axis of the aggregate

excitation of the dimer from its ground State (G), the model pro-
vides for splitting of the excited state (£} because of electronic
degenerascy. The angle (o) between the transition dlpoles and the
) molecular axis of the aggregate deterrru_nes whether a trensition is

allowed to the lower or the higher excited-state levels. The ground

states of the monomeric and dimeric wolecules are shown in Fig. 1



Lo e fiaa& ét the sz pelative positlaon although the sointe
mule ipole excanslon omployed by Resha provides for o displacement
of the dlner ground.state becausce of van 4or Haals lutersotion. 5
condon ground stete aszpbion ccoms Lo be an over sisplicotion
in view of the effect of dye aygXegscion on puch ground-stote
properties as infrared traasitions (31.33) redox ﬁcuaﬂtiél and
bssictey (34} Excitcanle Intersctions, however, can be conveniently
dizeussed in worms of cuspgies nor@ilzed o 4 COON ground state,
Thus rige 1l ahows vhat when the cransiclion ﬁiyblea are in liha with
the mlesular axis of the Jimar, i=Ge, Whelo( =03, then the trsnsie
tion vo the lower axciieﬂ Lavad will be allowed and a8 o presult
he axdoun absorpuion aof the d&mar'wili et xadushiﬁt&d relavive
Lo the absorition of the JoHOHst Therelorae, & faﬁ BiLLEG, B8
chsagved i Jeband format ich, will occur as longy as uhe eugles
is icas than about 34° while if the angle 18 greasteér, the Lrsnsie
tlon o dhie higﬁax of che gplitc exzited levels will ba allowed so
that the aslngletesinglet tramgitlon of the diner will be bluge
ahifted ralptive to the oonomeric dye. The latker ¢ase 18 ¢he one
mast Erequently observed and the interaction betwesn tho conjugated,
{hear) planar dye leoules «e the van der Haals or Londoneforce
dimers - suggests sandwich stXuctures 4in whigh the trxaasition
dipoles ore parallel to each othoaXe

une wan, thercfore, coklude in general that the dimsric
gfhructures of the dyes consista of evwe awnammza.hmld-tmgathar with
thelr planes, of &b least their chromophorss essentislly paysllel
o enuh obherewich some devistdons fros psrallelisa becsuse of

thegpmal vibgatlons or struqbuzal any wnstry.
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nas lmportant consesjuence of the sandeich diner model snd
iﬁs polit oxcitsdestate lavels 1s the expectstlon of an im:maa
plus-shifped Lransition Xelative o vthe O —> O smaximun of cthe
SRIOBRL aa.wal.l me uspil podeshiifoed bend gasogicted with Lhe
fowvidden transicicon of low anarygys The mzwxrgy difforsnge batWeen
the rrﬁmmmx maxiaum and that of the b;%.ua-zshi.&‘iéc—‘:sﬁ diner should oo
aporoginstely pﬁa;mx:timnai Lo the dre's extinction coefficiont or,
sore precisely, to ite cransicion dipole soMnt.

The spuecral and chersasdynamia charagteristics (l.o. A G,
AHY for dimer foriastion of various thissine and dyandine dyes in
agueous solution (35) end related results, like thoze of Worz and
Dahaedbe for non acguamss dimra $36) lead to the folloving Jgenorae
lizationss '

{a) pelogelization of 1T =0lactrons faveurs dlnweization
of cyanines. Mcordingly, diocrizatlon is enhanced by the nutbor
of MO = CH groups in a viaglojous series (37

(b Dinexizecion de favourcd ny incrossed ﬁydm;hahmat;y
£ the dye such 28 fron lemthened Healky) chadns (35,360

o fol the diverigation pracess is insensitive co the sign

of the gyanina's lonie chorgy alt.iwu;;;h e loorcase In the choryoe
aensicy per molecule is expscted vto lotoerfere with sggregation(3s).

$42 lon planarivy of the dye loads to dimdinished dinoriza.
tion. This structural featuze cei be induced by closscoiigurscions

10 cyanines or by highly crowding substituence Which also deprocs
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cha dye’s extinctlon ccefficient (36,38).
| - fm) The fb ~hamd iz dindinishaed and the K ebmd is intensie
£ied ly incyoraing the tanpsrature of a dye solution (3,10) and
this rever&ibq;ty suggests thot the o and Pbams COEEeB oA t:.'c)
distinet specics of the Gyes

Therasdy dande considerations indicate that the standerd
free enorgy of aggrsgatlon of chapged dyes dacludes peosltive terns
Fyenn electrostat o contribut iots ad EXoln adsing, @eofs Lhe Convele
Sion of WO monoWmers to a digle disr, as well as negative kerns
Erom Qdepersice ond Ifzod hydrophobic foxoes {3F-51)e

I shaxy ceoursse eo tha sbove sypregation theory df
sptachromasy of dyes in soluvdon, Hilloon aml Molay (17,42-44)
during mid sinties in a serdes of papers attadrted $o explain
tebschromany of cysnine dyes, rhodanlns D, muhylenc blus, and
Some othae dpoes .inl terss of an hypothusis iﬁvc&lvixlc; the 8230018~
tion of thé dye wilth its countoer ok, followinyg the suggesclion of
Pelchtioyy and Schleg (453) for some teiphanyl msthaos dyess They
argued that because the dyes la questlon are ell sslis, so a8
theiy a;:cnc_éntxat;.mn is ralzed from iafinite dilucicn, interagticas
etweus dye lons and gountoreicns vould be erpected, aob aerely
becaune of hebyeetiickel effects, bub bucause the dys ilons are
lerge atd polerizable asud auoh less goluble In water than simole
soitss The qlose approach of such a dye loa anG a countoreion
inveolves strong clootrostotie dnterzotions whilch would be ewpsceoed
e affect the diatributicon of chamje over tha chromornoric systea

Cf tha Jdye jon, and hence ivs vieldle spogtrume Melay and Hillson
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further maintained shot thely hypochesis was asnsistest with the
Se0R tysw of astachiogssy thaﬁ pogugrred with the addition of sales
a3 well af vhas the dlelectrio constane of the solvoit was lmweréﬁ,
as éueh iowering greatly ethenoced uhﬁ}isnnmmuanez don lnterastics
It thuz appeared thot thelr hygﬂﬁhmaié vas in direct conflist with
that of Sehelbe (9l. But now ¢his view scems fo longer viébla
§nlliouwing Poddys potetionstyio ovidence of norimel countarion
sotivity under condicions whers thete bands sxe forowd (6,46}
FMODeHVor, the influenze 6f salt on the spootre of cnblonic dyss
aon e e lﬂg&ﬁ porhly predisted Zrowm sctivity coeffivients ogle
culatad by the belye=dlizkel liaiting law {392,40,41),

Padiy guggéa&ﬁ@ thaty dskdepondant of the possible eristence
of opdersd Wabor at the hydrocarbon surises of lerge organic dys
srleculess the attractlon Detueen WoLel Foluculss at the gxoense
off wrtoeredya lnceractions aste cigndiigant contllbukions to tha
caocrgotios of dya Qlnarinabion (S,40, 3&3; kPolleningy the early work
cf Sohedibe and henpard (8,9,47,48}), the Loportange aiﬁ wthe pertie
cioastion of Londonwven deyr Waals dilsporsion forges £or the Selfe
agsoslation of dyes was recogniceds The obsorvation of Hest and
vearce (37} thot inerxmosing the vinglogs in thisgyanines gsuses
both blueeshifting and enhasnced dimerization strongly Susporis
the view thet ddsporsion Sorooes assogisted with delocnliged
electrons vrovide the aajor contribution to dlaerizastion of dyes.
Inzensicivivy of this progess o che lonle chargs of the dye also

SUDPOLES this donrolusion (35



nelde from the elted hydrophoblec amd ddsparsdoil forces,
clectrostatic forces also have to be conslaered since they may
Play a dominent rele in dyeedye interactlons. flthough formanide,
with & dieleeoric coistant greater than vator, does not induca
dve pggrogation urdier ambianti coundgitions, the precalavnee of water
In promoting the soliesssogistlon of large suriactooe or dye lone
won eften asoribed to the high disloeoric constont of thds solvenk,
:aim:a dte pulk value is likely Lo ke misleading whaen asnlicd to the
eolvation shell of an wigmzic £OLBLE, & solsening fzgtor vas introw
duced vo express the sifective dlicluotric constant experienced oy
the microscople selvens/dye oysten §3%-41)s Ia geasral, addit Lves
that inorecse the e£feniive dielechric gonstant Will reduce Legbla.
alon between similarly cherged orgaade iong and chue facilitote
thaly incersotion. The opresite affcct is found Eron ajdditives
thot diminish this constante 58 a brosd generaldty it casn be
stated that incressze solt conccatration cousges sn increace in the
aoreendng foctor or eifective dielegtric cmnsﬁzam &3 thus rosotes
aggregatione Dlffcrent inorganlics scolts have slizhtly different
aifects on the dye aggreganion {13,58,50) and the extaent of dlnogi-
s;*:-ee.’c,ian in the case ¢f olizalld mctal chiloriies ot higher concentZas
Lionz 18 in the odsx =y z-—:a:.:l) Lille This efiegt may be due
Lo the presence of pesitive lons whidch pulld up solvont TYogioons
fremowhioh the dye moylecules are sxeiuded because of elestrostatie
repuleicns as a gUageguence dye cocentzrates in the remainlng

frag voluioe
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in this xespock the bohavigur of totraalkylanmoalum 2alie
is poculisr 88 roportod by Dofooe st Al (G117 thoy sct like salts
Bt LT colcontrotion prowskling cthe dyo asscciation while ag
nigher cohcentiarlons the hydeorhobic compoumi of the wolecule
wrovaile and bahave 1ike rzmuian_ic cgsolute prompting the dye
G1ss0clat Lot |

inlependent of the Bagnituds of thelr dlaledsric constants,

n sgusous organic medisn ava often gowd solvents for dye lons,

ond with fon exceptions {(32.54), such mMdis requlio 1w LeNerow
tures oY high congenbratien of the dye to igduce formation of
dicors or highuel sggregatoi '155.31956.5? je » Shift from the < Lo
the P) sbgorpeion bond vwas found for acridinu orange in metiy le
alechol ond foramaide 4 she cuncautroblon rangs 0.0 Lo Ol
Moiare Tho dlsorisatiod constants 1o thone Capes &re LWo Lo three
ordeEg of magnitude lower than in wataer (S8le Protio aolviitd are
oot peauired for dimscisstiony Ain faot, thoe dimel speotiud of a
T opkholooyaning dyae in songels or Cllg is wvizbually fuentical with
the dye's arystal spgotrum (82)« For desggregation ko oocur, 36
would be sufflcient if the dye experleonces a mdoro envivounnt of
Aot effective dleleotric constant thet promotes stability of dye
TONOARESe Reggarding mixtwre of solvenbs, unseitled quastions
Teraala amm; thoix wﬁ‘ﬁaa&.iﬁ&a dielontric Qonetaitss neverthaloss,

the Incressing despggregetlon activity of sethaiiol, customs and



dioxane in eguecus dye polutions mey have a similar Dasis ad 1a
gonsistont with a d2Cereare i:§ the bulk dislcectric gonstants of
the mixpure (390,

Ropinson et ol {(41) hed davestigated in detell the Lheidow
dyasdes of sgssoairticn of the pomitively chorpad dyee roridine
wrange spoegerophetoietrionlly 4o vwatur a8 a Sunstion of ilonic
prreageh ondg Ao tho praéseice of added methanol, srea and dioxans
The extinction cosffiolents (y s Cp 294 fgg, WORG Msagured
whioh age charsgtarisuic of the spectra of moagmer, dimer and long

aggregates of the dye molecules yespectively. A theoretical wodel

e

syorem, bnoed on shorterange stesoking and IORGwEooye GleckEost at do
interactions, had been used to interpnet the chermedynanic datas
Their results awigested Lhat both fectors ore of lovmortance in
determining the tsndeungy te éagsj.z‘fsgr;t.a. turthernorey whea the
polvemt i varied they are melsotcd by a coxpensation offecty
Cenreases in-ﬁtzac}:iﬁj dncercotliond sre parallaled by decxeases in
repulaive elecurostatic iu‘temctiqm.

ine Morhod differeaee botueesd the dinsoizot lon constanks
of Gyed 4Aa wvater and o aoileoquecus Polst lolvoentd clsime Sor Some
shws Gause which ie .nm‘: salaly t;he:.a trivial high medisn dleleceric
m@i}:_étds‘zu but :ust be conmgted with the pogulidst streture gf
Aok hokually, the data obtoinzd in CHy0M and HCORE, Ior suridine
Orange Sedn Lo chow some dlolediris constant eifcct, oven 1f it
does not exolein the 8300730 ratio, bowveen Lhe Ky;'s la weter
§ ¢ 280} and Formanide § ém 109} BH,E0) Fugthar ore, from a

conearison of 'tﬁox:wﬁynamic: data slotg a hopologoeun series i
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repulta that molegules having groups to Interfere dirsctly with
Lhe watoe)l structurs thrém;gh hpdrogen bonding {d.o. the amino
hyﬁrf;gém) have & uch lower diderizstien constant and a highex
negacive value or the dlserization entzopy (3,;61)«

In the fopimntlion of g dlusr frol WHO OUGOWMSZD, Lhe nomber
of Mplesules GecLEascSs A a result, an ideal eatrogy of adxdig
tuia 18 assealated with 4 85, the s0 callod Yorstic sotropy™
Abg = LETLaKy = «33ed jouléz;/ﬁzf; mel {dn Weter)y, Xy beliny the
polube awle freotlion da 1 @olsr sclution {40,21)s By substracting
Adig from ASp , the enuxosy chedge ASy, is obtailied, chozece
teristic of the lfaterasctlons spsocleved with dinerization {unlvtoxy
entromy of dimerizaticinl. The data reported in llvorature (507
show that Ay ds generally posicives Since the formation of &
dimar Lrom Ewu menoiers dnvolves s csreain loss of rotational ond
traar?;h@timal entropy, the positive A Sy of dimerigotisn 48 the
mmﬁlt Of on exta contribution canoelling scveial nogabive Larins.
sueh a coatzdbutlon has to be found 1o the sbructural changes of
waber connected with dye dinerizeations It Iz noteworthy that
inm:easlmg the aumber and/or the length of ths aliphatic side
chalaes oue oliserves ob ingroase of whe wailcarian ent ropy of diusrie
sation {(82).

It s a well i'q'sf;wz'x fsct chat hydicgoarbons doe ﬁat: gisgolve
in wator. The unfavougeble progess of Gaispolutlion of hydrocaridins
(AG Y 0) in o coiseguence of negacive hydx:ét;icn tfmtrcéy (A S <0)

the atthalpy elfects boelng smalle The aegotive antropy of hydration
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in dnverproted as yesulbling £rol eohancocant of structule of
uaighbauring vatuy fmelegules surrounding the hydrocarbais This
Specisl by ;zé ef interacticn Of nolesplar QEoURs with vaker is
kuown ps hydrochobie hy&ratién {63}e The aspocistion Or agyrega
tion of polar groups wiich ie known as hydoorhebic incersotion
should thon be gogarded s pagtial zoversal of the thermodynanie
cally unfaveurable process of colutlods The peouliar footures
exhibited by suesus soluticons of hydrousrbaas or solucea haviag
:'egmlar groupa with ang or tvwo fungtional groups have boeen aticl-
buted to the pecullisrity of water 35 solvent.

Tt haos 5&&:‘1 guggusted By PFrank and Leens {(63) that water
@Solegules ab the hydrogarbon portion of disselved large onganis
molecules foram structural reglons of low entropy, the so=eelled
doebergs (64). The aggreyganicon of lugividuald dye aniecules in
Hects soludion thus resulss in e lnoyesse n eawropy owing to
tho breaiing up of these omlered oglons of water by the indivi.
dual dye oelecueles 25 they bind to ong onother. Thds gain in
antropy 18 accordingly conaldored t6 be the driving force in the
agpociatlion of dye _fawlﬁcmlesi 1o squons golutlon Uy hydroshobigs
honding (65,66}« &5 2 coroilary, compuirds that accopt hydrogen

Bod of bresk those of water, .ge, urea, pheaols should elisinste

spructured water at hydrocarbon inteorface angd chug ellaniasto the
driving forge for their sulf aescalot iote
 These concopes hed been sppliod inteially vo the study of

Protelns and surfsctonts but wers increduced toe dye sygregotion
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by rukerjee and Shosh {38), vho esteblished that uxea caused
deaggregaticn of methylene blue and the Ginerization of this dye
waz indced accomzanied by sn entrepy gain {39,401y Sucsh a galn was
also reported for Rhodomine o by Rohatgl and ":e"ing-hal {(571: on che
othur hend, acridine orange thionine end a thiascozhocy aaine lost
enerony o dimr&z‘aﬁ:im 28 shown by Robingson et sl (41), Hablnowicoh
snd Lpsteln (3), and Poddy (5,46) respuctivelys. Hlanos, these Linde
ings Ao nobt suppors thae view of Lulerjaa amd Ghosh {397 that the
clr‘iving Zorce in dye eggraygat.ion i@f tha az—mrcﬁ,w galn that results
LBt TY) atr'mt;uwd WBLHE thg someal led iéem:rg oi‘ 1oW entrory . 8
displaned by dye/dye conischs, i.ce hydrophobic boading (65, G0)e
:;.g 1t agpears vhat grRoEpt ;?caz e long fstty-tall dyes {(or mioelle
formation by surfactants (68-70) vwhich exhibit a near-zere cathalpy)
a gleax ddstinceleon betwesn entropy « and enthalpy-controlled dyew
agugregat ion Processes may be prensturee This coneluslon 1S 800K
ted by the cbservation that the weterewater interactlicn mdel can
be epplied to both hydrophobde and to dispersion forces (21,4583 .

From all the experismwental avidenne ¥e wy ceaclude with
certainty that the sprearance of the ﬂ and Y wakds In the ansorpe
tien gpeotzum of the lonic dyes is Aue to thé sandiicheliks BLocKe
ing oE molesulos indepeadantly of the medium that Sromotes such a
steghdngs The biug shike £rom < wo /b bend Jdue to dlusrigstion
hag buen also prodicked thﬁorﬁﬁicaily (11,72 )a

o0 t:.hé other hand somc doubes still exdst sbour the forces
ruling the dye stacklny espacially in water solution. recording to
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some euthons (41,73} whe walo factor 16 the eaexgy release upon
A =slackron clowds ovorlap in the association of dyes, vhile othcrs
slala the exlscenge of stkong hydrophonle joveraction (40,85, 74w
6. & writicel enalysis of vhe proviously roported results Seems
Lo suggest ian Zavour of the last hypothesis becauza the dye 2030~

ciavion progess decply livolves strugtulal changes in the solvents
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He Dyesfolyelectrolyte Jdnterxsotionsi

T™he int.&kaui;ian between coticnic dyes and polyeloerrolytes
Nas been widely siudled in recent yeoaxs (77) bscauss of the great
intercst of these dyes in varlous fislds of i:ic}lagjy. “hese dyos
are dorivatives of a varicty of aromstic doffppounds, such as
aeridine, thiszine, xantens, triphenyl-msthoeng, etc. They bind
strongly to ey Poly acld subscrate, parkleslarly to i::ielog&eal
tisocues ac the loter sre comstituted of proteins, melcic agids,
polyseceharides chat bear fondged groups on thelr chadns. A aumber
of those dyes are wsed for stadning living ciscues, some of thanm
hawve pharimcdlcgﬁieal propert ien and thelr aolcgules ey sinilerie
v ies with antibiotic molocules such as daaomnicing and pobtinomie
Ginge Many of than have o moemsstkable mstagendeivy being able o
ingerfure An the regplication OFf Din by causiay the deletion or
Insertion of kase pales (Feflle Those LoCit are valuadle repsoms
Lo adidrass ressorcht to the sty of the lnterastien stechanism
Letween dyes and polyionic sudatrated.

. %he binding of seridine dyes to DA and polyribotuclactides
has bewn perticularly studied in dewail using BeEVeEal techniques
Wnien include dialysis equilibrivm (823, viscosity {(7%,83), optical
apmctronstry (80,82,84=-06), induged opricel rotation (987-39),
civeular dichroism (20,013, flucrescence (83,921, Jeay on £iobers
(‘39, 80}, and low angle XM.ray seotboering (93J. The grost loceroest
in the soridine dyes binding to polynuwelectides is aalaly due to
the renarkable dsatagenicality of acridines waloh can inceriore in

the replication of MM by csousiag deletions orn lasertions of base
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padrs. {8,543 HOVEY :a';am than £ifeeen yours age, Bradley snd
Lifson {95) polnted out that 4o sipdte of thie great ancunt of expalie
sental date gatheresd with & vardsty of aethods on the interaction
ketwesn dyes (epecislly of the ecridine serles) aud blologlcal
solyolectrolytes, there was ne gomplets piloture couprehensive of
a1l availsble Infopmetion o Cthe subhjzot aad hes nok yet led to &
uwiifled ploture of Wha bm.mg Progesr. Sance then informakion
mm&-oup; ﬁoci:g:ﬁsﬂ o0 whe piologizal iméx‘aatf; found in comcounds
havdag muceganic propertios, had noticesdly inoroased. Naverthelese,
- 4t ssens Dradley and Lifecn's otetement 16 SLill standing.

The @ain festure of the binding of the cationic dyes to
. biopolymers and to gyanthet s polyelectrolytes i3 the so-called
"matachromesia® that iz a cheage of the abaorption and fluamsmnm

speatrum in che vieible Xogion {14). This effect has been suggested
ag due to different hinding sodes of the dye molecules on the
substrate (84,96} vhilch can exhibit dif:famzit; susorptlon spectra
in the visible r(“:!g}iﬁf-h Tha abaorptlion bands show that the dye aolee
dul.es binﬁafs monomsy, of they linternge with each cther on the
;Jmlyeal&mﬁmiym avlveuls i:é form dincns or aggregates siadlse to
shore existing in coucentrated aguecus solusions (3,4)e slohough
duzing thoe last deqades a lorge cxmdtmt" of-w.arf{a has m'aa.n Judl ished
on the interzetlion of dyes with synthatle polypeptides siallar
study on the binding of the dyes Lo aynthetic polyelegtrolyces has
been neglegted. Synthetio wlyélectmlyte molecules areg simpler
systems and the study of thely interaction with dyes should give

interesting infornation of relevance to problems comtccted wich
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biqlagieal Poly Grée

The intersction of synthotic polyelecisolyles with astas
chrowat ic dyes 8 aimilal to that of biologlesl polymors (27,98l
The tendency of dye mmle:zi;lm Lo stach eacdi okher is mach highey
(971002, and gendrally it is Siffinult te cbhserve Lhe spectrum
af sonomner bhound dyes The sinple Sradley and 1oldf model (847 of
dilution of the dys -«'r.wlu&s‘;}.é& slmg the ,@mlys:aaf chain owing o
chie lnorenead nubher of avalilable binding aites dees not appely
. satisfagtorily in bhiz cese but can be applicd caly to rigid
polymors (10l)e The behavicur of synthatic ;:alyelectz:olywa Can
o mtribi;i:.&d to the higher flexibility of thedir chaine (844,57,
99} with regpect o those of bispolynars. In this respeot the
roly {styrone sulihonic agld) has oot sore xesedblance to LR and
Lo p&lyrmanwleatmes than to the gynthetic electrolytes with &
polyvinyl chain {97,99).

By adding s DM solution to s Ailuce dye solution sueh as
soridine oronge one oan 8ee the gradual gubstltution of the ab2orie
tion band of the freo dye (o -~band) with that of the dye bound o
‘ the polysleotrolyte W«-bandjﬂ, charsatorictic of the aggregated
dye, The -azmctmgalxnmmtrig grachs ape simdlar to those cbtainsd
Wy dnereasing the dye comentration ia vauor, The Y hand As such
broader and hes a moxioud shlited 50.60 nm towards the blue rag don
of the sucotiMle Here we arg In the prosence of a dys exuess and
za::a,-" we can pssusie that the g) band belongs o the Gye that saturstes
the DN polyandoi. With Ias further addicion of DA {le®s when the

cotcentration of the absorptlieon sites oo tha polyelestrolyte
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melooules booones grgaker then the dye congentrotion} tho K -ang
reappears with 3-5_-10 nn red snift of 1ts mgwioum, and in the Sane
tima the Y bad is gradually subbtituted by a new oas (_ﬂ J wikh 2
magiown 20 nm red shifted. The f’ band and tha h@:c(’ band belong to
tha bound dye and vere ilaterpreted by aradley end Wolg {847 a5 a
dalivtion of the dye alony the polyelectrolyte molecule with the
ingreasing of the avallable binding sives.

2 statistical tregtacnt allowed deficing 20l comvuting a
*phacking goefficlont whish ascounts Lor the Lendemnsy of the dye
wlegules Lo aggregste whep bound aleong the poly tex chaifie The
soridinag orange biiing sltes on Hils vers assumed Lo ke the DA
Jhosshorie grovps (85,102) os chey aru pivrated by the Gye within
8 Lo parcaite Lt siwsuld bDE polnted ocur that oll metachromatic
dyes behave in an eloost identdcal woy with DEs and all polyacids
oshibic slsllsr effcous o the sshe dye.

The Y _andlb absprotion bande of the specta have bean
apbributeld <o dye nwolecules Stacked | 28 sygregates or as GLiners

inside the domein of the mecroion (stached boand dyals The o bard
is attributed o monomerie bound dye while the tronsition from 3
and (5 to « hend is intorproted as due to the diluclon of the dye

Cingice the dumalin of the polymnesic chaine
wich sost synthotic polyelectrolyces, such 28 polyacrylates,

polymzthacry lates, polyvhoesphates, asrboxy mothyl celiuioze atce,
the bowrd dye dilukion 18 not so evident 33 lu the A, cese because

of the strong stacking 'aaﬁa:ieneg of bound dye {77) end it io
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neoRassry to resch very high veluss of the ratlo #/5 of polymer
aaulvalent caﬁcﬁntwéticn o qyd gracentrat ian in onder to see the
reagpearsnes of the X absarpelon Lafide A vegulier benaviour iz,
howevar, shoWn @y polystysong sulshodale acdd {95 which shows a
Cgpagrrophichometric beheviour sindlae to DHa, exhibiting the X
apsorpe ion band a2t 2/ ratdes nct amuch higher than unity (58,
101,103). ¥he sulphaﬁic grauss can Do essily bitrated stoichic.
retrically by using a dye oush a8 aopidine orange Lo SO ZCoUTsty
of le2it (101,103). The stacking cosfficicnt of the boud dye, on
the other hand, is lowy indiecating speclific Intersatlons Dwtwesn
the dye and the po;gﬂérﬁg chiaitly that favour &hg ay@ aoner izaw-
tlone rowerding to Vitngllano and Costancing {(101) this Dshaviour
aould be due o tho 280 bann@nﬁ_ringw Eavouring a partial ingone
calation. of dye molecules between aelgnbouring rings, siallsr to
thizt £ound 4l che DEr.dye ayét@ﬂa, the staeuiﬁg cogific lent valuas
oNe alrn wvoxy iow 4o this caoe (84,104). |

It e wozeh mentlondig that tha Solyaer matedx does not
luprease the stechiing tendensy of the dye, aon Cotyered wich the
one 16 ejuenus Solution. Oa the contrary the binding to a-ﬁalymef
promotes the monomorization of the dye molucules. The mazked
asaociation effeot apporancly prowwced by the binding process ls
actually due to the fact that bound oye molecules a2ro constralned
within the polyelectrolyte "phase” po that Lthely actuial lodel cone
pemtrotion 45 much ndoher than the stdichliometrle ouas
oo Gl fferont equllibikia chavactorizé the Gye~uolyslectics

yee intersotiong in Solutdons:



., -
(i) The adooppelon of dye of the peolyelectrolyte ¢

Pa v EDgroe ™ Vil g v

where 2 15 gensrally chooens of the maurclon wonomeric unit. The
ahove sdporptilon poeceticn inpliaes an oxchonge with an egquivalent
eaouint of polyslogtrolyte oOURLeCionse.
{11} Tha aﬂﬂneiatiwn, oK ﬁta&k,'aﬁ e ﬁyé bound to the
Folyclectrolyta.
'Hmmw;r,‘ authors have usually vreferred a sodel for the
meorolon 23 a linosr sedquencs of bhinding sites 50 that the stacke

Loy equilibrium cat be considered a8 s disvribucion of didferent

specics along ono single direction {(L05,106). This sodel is
corcalnly roalistic for polyters with a rigld structurce fmylylng
epen chaln conformations in solutiowy it may €ail for flexible
chaing (het can sssune coiaat colleld quniomuations siailar to
Nicellefe The moadeldl has bheen successiully applicd to the ntersc~
tion of dyes with nuolelc anids (84,10%,107), polystyrene sulihce
nstes (101, 103,108,105, wilysscgharides {(110) snd polyglutanates
£13459, 111 Ye

The simplest émprecsivn to deserdibe the binding eguilibrium

iz ehe Lapygouir dsotherm (112), and often cxpesrimcnial data €1t

198 :
waellouch on expression. & fore agourate expression is doerived

1f one agasumes the lincer chaln model of sScmiarm (113) of couizme,
e binding process cen not be considered peparstely fxom the
stachking one md in facht the stackinyg tendency of the dye favours

the binding, promoting a coupsrative eifZaci.
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It has been suggested by Fal a0d tchubert (1247 uhat the
appearance of motachroiasy of cotlonic dyee by adding 'to 2Oy~
anlp devends on the inceraction of three types 3 (i) oloctice
static interceticn hotween dyes and tnionle siyes of polyanlons,
(12) hydrophobic intereetion bBetwesn bound dye via the effective
cenfexmaticnal change of polyser chainr (L1i1) interaction of &
eleotrong botween boulnd dyese They suggested that the £irst interace
tion was Drobably the strongest of the three and thae the third
loteraasicn was cosestial for the popealence of etachro.aasy,
although 1b was the woakest of the threes. The fact ‘mm laxye
ﬁlat’_immc:a.;lea are pound Lo the polyanion melecules Mmach .00re
bﬁtrtmgly than snall fews such a Li¥, nate ehds, is B SLxoig
evifence that other lnteracetlons besides the electrostatlico ones
Play a relavant zole ol the dye binding process. Hosever, the
eleptrostatic effent mist be t-._ﬁe madn ong Docause wilonized Solye
2leovzolyle wolecules hind a very littlie a»r:tmunﬁ Of dye uns shown
by Barohe et ol {97). We con assigh to the eleotrostatic offest
the following exserimental fmots {al the eviﬁemé that binding
nites correspond to loniged groussg () the indrescing binding
.m:,mu;;th Ly increasiny charge deasicy, and {c; chae competition of
meeal lons, imluc‘lirig eeli:aziné metal lons, £or the binding sites.

Baparicuntal ovidence shovs that the arw'tmc. of avallable
Rindlay slces on a polyelogorolyte goaorally corressenis to that .
0f ltn loadlzned groups (85,1024103,1110)) foxr goms polysers such o8
DHN 0% PEDg the tlt¥eticn of ionizod f,zrau},:nés with a dye is stolohlc.
motric with an erzcr lower thaa 2«3iiy 80 thot dyas can pe wsed for -
tdtrac iy the polyelectrolyte in very diluce salut;:}.an. Experdacnial
Gata alsc deronscrate that the binding sureajth is m increasing
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funetion of the mRacro fon chorge dunsity (77)s 80, -or pactlally
ionized polylons ésat.zch ag polysers bearlng cerboxylic groupe along
the chain), tha aawunt of dyg that gsburates the polyelecurolyce -
ineraonas proporionally to tho z‘iegme of neusralizatlien, vwhlle the
sonomicration of frew dye in cqguilibyxivm with the buund oneg
deeronses 45573. Tho wave length of the matachronatio band rollects
the strengeh of the ctasking of bownd dves @ tho shorter the wave
length of the mtaohronst o banﬂ; the strongor the stooking of
bound dges (115)e

sddit lon of grlts tb a dyeepolyalestrolyte SysLan pronotes
the goloass of cthe dyoe Jrom the golyserdic macrix o solutdion (116,
1377Ye Thero s comeetitdon with mutal catliong, even with those
cueh as alkald metals widah ars thought to o Lo zmly_al@ct;:olym
melocules oainly or @aly by @lmamrﬁ;atzw interagtions (11Bw121)e
THE Competlng iors change is the oot effeciive factom mmi;m_ll:ing
the dyewsalt lon exchonge equilibgium, though dlfferent esffects
we:ré ohserwnd for series of Lfong bearing the Sate chargs {G.ge

e @ & "
I'!.'i:t" -f'f&_" '] {:ﬁ‘:‘ g Tuney o :‘ﬁ'* ¥

&

’ ca’ » Ba ¢ seesd (122.123) presunsbly
due to diffsrences I che sﬁge Off the lonm.

Shiral et al {124) hed rocently investligested the effect of
pikall schal ohlorides od leosubstivuted Swecarbanoripycicdinium
zym_--;;i%a o3 Ene -:‘:mt;mhromat.-iu pehaviocur of metihyleag blue induced
ki poly{stassium styrene osulphonzteld (PSS) and poly {stassiun
vinyl sulihata) §2VE) ppectrophotomstriunllys The size of ﬁydrat&d
ien and ths hydrephobisity of opbstitusnt werne significant fachors
ok dnorgande sad organic iﬁxm, vaspecuivelys They cbhserxved thet

the concentration ©f salte rOgUlrad o dedLogy the motachromasy



induced by 8B and O deoreased Lo the énﬁmr v oLiT > Eﬁff} ix’-—”} Cﬂ*,
uwhdch 18 4o goold ggresmcat with that of the h}inﬁinq- affinicien
oF thusae ionas to polybtyruno sulphenate {125,126} and polyvingl-
cul'hmnate (127). This rolscicaship {Sﬁiggeﬁw that Che replagemsnt
of the bound ethy lang biue by motal catlions reswlting in the
gestruckion of kmocachsonssy ls nduced by non-aseQlLic ¢lectIcw
stotle foroen. Shiral et 2l (108,138} Zurther studiced the struce
wura) effect of podyanions on the metechrowabie behaviocur of
mothylens blus and concluded thet tho flexibilicvy and charge
density of the polymer are the ifosortaat factors in Lhe syylega-
tien of the hound dye and thet the dlfforence omony -850 , w0B03
and UN6T eap binding sites dn not a signifigant factore Tholr
results suggest thet polysaions having a highor flexdbilivy end
charge density chow a higher dye biading affinity. Howover, it was
generally observed that Lor polyanions of sim.i;iar meqronolecular
seruvotuse the order of binding strength of dyes iz -nf;-Q;> ..ccig >
=P ) iy e 5 $1237. :;jmilarly\ for polymers with a golyvingl
chain, sulphonic groups bind dye moxe corongly than carbowy lic %‘&"O-t}’{w
97,915,103 3« In genaral it was found that the imtmhrtma@ af Qysas
induced by polyanicns 1o exegensly affected by suoh £actors s
degree of poly-mrpisation of polysnion, nuober of enionic sites
Per polymey molecule, flexkibilivy of polymoer ci'min, and Polyitte
dye xatlo In sclutions

The aelfecta of aliphatlce tall of Heality lated soridino
orpneie doxivatives on the lnteragtlon of mly -héwmm sulohonds

eeil hove been studicd with specorophotometric and electrico
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dichrolsn measuretents by Yausglshl ond vatensbe {1089} From the
analysis of the exgerimental resules they concluded that the
lengen of the aliphatic tail effeces the cmpe_amtiva interacticon
srmong bound dye specist to an appreclable extent and thet the
dynamies of & bound dye mwlecule is influenced by the length of
the allyl ehoin more delicotely than by the eguiiibrium of _;!.tj-
storig hlodrance dug to £he alkyl chaln, for exampley, may b

Sportant. toward Lthe stback ©f o dififerant polynsr chaine
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Co Dyeeclay ainerais totersetionsi

The chromotronie effects in clay ninerals were chserved
by vedensva (130) by stwdying sorpelon of malachite groen and
prillisnt groen by smekcmorillondte mc’i,a‘-:.aal.ih.li;e in 1947. che
aonclikied that fdx:’mtion of lonis bondis betuen é.l ays and dye |
caused a pashochronic ﬂ?'liﬁxf., while the elfedt of lnwensiication
of the dipole boal was hypsodiromdc. In 1343 E&rgmmm ana
0 onsikd {130} described & spectrophotoaetrdd stwly of wechy leae
Blua sorbaed cm sodivn bestonitcs Gpectinl cionies wers found eo
'ﬁalm:{ Chatsies Ao the 2oount of dasthy lane blve sorsued of the glay
Surfaces Due Lo the foct that thefe chengss wers slaillsy to the
aponcrsl ﬁhiﬁt& aguompany iy dlnerizaticn =nd polymecization of
methy lene Dlue In ajueous arslﬁtﬂ.im, those shifts vere alsSo agtti.
buted to dyedye interaction on the surface of fwntaorilloaite.
recording to thece authors whe dlour I8 held cogethor by London
gddspersion forges snd hydrophobhis bodlnge. | \

varly and Luplo (192) in 1571 iavestigysted in detail tha
a:zataci}: romatie behaviour of aethylets biue sdoorbed on Bontmorilloe
aite sl showed that the adsorptlon takes place by a oatiohe
exghrnge wehanlen end the Qys can Lo sorbed edther at the edges
of tha glay plai;elew wn o3 the oxyoen ahgets of the silicate
layors The Latholr type o2 sorpticn leads to swtachronssy of the
dye with a ghdfy of the atsoustion kand in the visible Xegion to
lover vawe lengths. Those atthorg shouwsd thoivugh Herey diffraction
studies, that Jetschronasy of oethylede Dlue in sontaorilionice

cequrs even when there is only a maelayer of the organle. cotfsound
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iiea pﬁmxml to the silicote shests ang mnmludeé ERSE TN mifnter
ackiong betwsen wthe dye catlons -and the owygen plans of the aluasine-
silionte ;L'ezyer of tho montaorillonlite lead o gRGaghromasy when
c:le;y dye incersotions wohe ploce.

adeglshl ond Soaa {1337 im 1981 stedded the adscrption
wf seveEal tenliy Lated acxldinge oxenge Ly mnmm;smmumiw. in
um ir skudy they showed that adsorption of caﬁm&ic dyes which
hesmw;; to the acridine orsnge fandily also resuits in @metachraiasy.
Hovwaver, they cobsidered the clay mineral as.s & aornal galymlw&m-
iyte and believed that the interaction betussn the negatively. |
chm:geai mineral and the dye estion iz a pure alectIostatis atirace—
tion and thov metaghrotmasy nesulted £rom the eleckiroie intersie
tion betveen neighbeouring adsorbed cations. |

Mors reeently in 3.9#4. Cohen ond Yeriv $124) extended thely
eartier stullies {132} and investigstoed metachronesy of acridine
orshge uslog H=, Nas, fﬂa’f-. P2 g Gu= montrorillonite by visible

and IR spectroscouy mnd by EmEBY diffracrion muthicds Two tyree of

sppoglstions batween acridloe crango sid moktoorillonite verw
Houed {i) a sopoleyer of the dye locaued in thy laweslisyer
BpRGE, %.a:im the aromatic rings pavsllel to the aluddnosilicnte
layer el (410 2 ilaper in the lncerlayoery space of tiltiay of
whe éatimic dye relacive to the slumdnoesilicate layers They
coneluded thot in the posoclistion of type (1) metachrouasy caanot
g attbibuwa to dimegination &£ the dye bt wust ba 'aaﬁﬁeﬁ A -
interactions betueen the oxyygen of thwe alumﬁmailicaue& znd tha

aromatic ring.



Iu viaw of the 2b0ve c;:::nﬁ.‘.l'.mtm mrindong on Lhe cautes
of metachionasy wvhen caticndc dycs gre sorbed on cley wlnerals,
the presgnt staldy has been catpled out ko thikow Surther Light
iz ehids £leld by iovestigating the apeoursl ehaviotur Of Lol
saskhy L 535@}_;3}1 talonine VIHMET ), srimethy'l bucyd shiconing {207,
Glethyl authyl progyl whioniae (LERFT? end diethyl wethyl butyl
thioaine (NEEIT) vheao sox_;m& by foutrliloaite, vexeiculite and

T-op0olce Susens it





