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Surnrnary

Exciton effects were studÍed in three types of molecular aggre-

gate. These studíes involved a predominantly theoretical analysis of

the exciÈon migration phenomenon in molecular dirners and experimental

investigations of exciton transfer effects in míxed molecular crystals

and dye-polymer complexes

The adÍabatic approximation was applied Èo Èhe problem of vibronic

exciton interactions in dimers. It was determined that a weak inter-

action, arísing from the nuclear kínetic energy, exists between the ground

and excited st.ates within each molecule ín the climer and that, índirectly,

this interaction introduces an additÍonal signífícant coupling between the

excited states of the dimer. The problem whích íncludes such I'kinetically

inducedtt 'effects wa's formulated and solved for the usual tight-binding exciton

model of dimers. The results of this analysís were used to calculate

theoretical absorption spectra which srere compared with those from a previous

crude adíabatic exciton theory, An experimenËal verifÍcat.ion of the

theory developed in this work was carrÍed out by the study of the dimeric

species spectra of three xanthene dyes; Pyronine Y, Pyronine B and

Rhodamine B. In particular, the Pyronine Y sysÈem was the subject of the

applícation of an experÍmental planning technique knorrn as prediction

analysis which r¿as aimed at optímizing the experåmental conditions in order

to reduce the errors in determining the dineric species spectra. The

specÈra of the various dimeric species were fitted to, and compared with,

theoretical spectra calculated from the adiabatíe and crude adiabatic

theoríes. The existence of the weak kinetically induced interactíon

predicted by the adíabatic theory was confirmed and was lnterpreted as an



excitorì-nuclear momentum interaction.

The study of mixed molecular crystals r,¡as aímed at ínvestigating

the extenÈ to r,rhich the propertie" of an" guest could be interpreted in

terms of variatíons in the orientation of the guesÈ transítíon moment.

The systems 1- and 2.- amínoanthracene as guests ín ànthracene as the host

provide excellent examples as each of these appear to produce tt'ro

crysÈal1ographically distinct orientations of the guest. This üras con-

firrned by the measurements of the polarized guest absorption as a functlon

of the angle of incidence at very low temperaÈures in these mÍxed rnolecu-

lar crystals. By the application of classícal optics, effective

transition moment oríentations for the guests r¡rere calculated, measurements

of the system tetracene i-n anthracene providing a test of the method used.

Classical local field correctíons ürere carried ouÈ and appeared to be only

slightly anisotropic. The results of computer símulations of the

crystal packing were used to assign specífic guesË orientatíons to the

measured transiÈÍon moment directions. In this way, the dírections of

the transition moments were fixed with respect to the molecular axes and

províded additional, ímportant verificaEions of the crystallographic in-

equlvalence of the observed guest transitions. It was concluded thaË the

differences in excitation energy observed for the dífferent orientations of

the same guest species could be accounted for purely in terms of the guest-

host resonance ínteractíon, although Èhe effects of dÍfferences ln

dispersion forces may need to be lncluded as well.

Preliminary investigatÍons were effeeted in a study aÍmed at

examining the presence of exciton band structure in polymers, In analogy

to similar studies r,riÈh shallow traps in mixed molecular ciystals, the

absorption spectra of dye-polymer complexes lrere measured at low temperatures.



Mixed fihns of the phenothíazine dyes, Methyrene Blue and rhÍonine, in

poly (vinyl alcohol) (PvA) and atactic sodíum poly (styrenesulphonate)

(NaPSS) were studied at líquid nitrogen temperâtures and at room temper-

ature. The resulEs of this work indícated that spectral shifÈs caused

by solvenÈ effects would tend to out-weigh expected excíton resonance

shífts, As well, the spectral region of interest ín the proximity of

the host absorption band was not resolved at low temperatures so that a

deconvolutíon techníque was employed, Differenáes ín absorption intensiÈy

were observed between the free dye Èransítions and transítions for the

dyes bound to NaPSS. Thís effect rdas not observed for dyes held r¿ithin

a PVA matríx" However, Èhe intensity differences observed are larger

than trould be expecËed for exciton ínteractions in an atactíc polymer such

as NaPSS, Although inconclusive, the results of this study have índicated

the linits faced Ín attemptíng. an investigatíon of this type for polymeric

aggregates,
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1. THE EXCI'ION

From a quantum-mec.hani-ca1 vievrpoint, the electroni.c or nuclear

excitatíon of an aggregate of identical, oriented, non-.int-eracting

rnolecules or atoms cannot be associated r¡íth any partíc-ular coml>one-nt of

that aggregate. As a result of thís indistinguishabílíty, the absolute

location of the excitation cannot be lcnorvn and a manifold degeneracy i-s

assocíatecl with the- excitation of any one of the-components wíthj-n the

totality of tl'le aggregate. The independence of these conponeDts or

oscillators ensures the separability of e-ach íncliviclual- excíted state so

tl-rat the set of degenerate excíted states of the aggregate are pr:ocluct

states of the separate cornporrent rEavefunctions. In Ítself , ÈhÍ-s píctur:e

does not describe any ¡no¡ion of the excj-Ëatíon but rather is a reflection

of the probabilístíc interpretation of quantum mechanics. Tl're concepL

of excj-tation energy mígratíon enrerges from the j-nclusíon of an inter:action

betrveen the components of the aggregate r.7hích, ín reality, must be-

expected if tl-re aggregate is to exíst at a1l-. The existence of such au

ínteraction malces ít possible to describe tlie states; of exc:.1:at-Lon of the

aggregate as superpositions of the product státes so thaL e¡rch of tl-rese

superposed or stationary states describes the delocal-lzation of a single

excitation oveï the entíre aggregaÈe, The delocalj-zation is ascríbed to

the interaction between the compon.ents of the aggregate and thís inter-

action takes the forn of a potential exchanging the excitation energy from

one oscillator to the next. As a result of this type of ínteraction,

the degeneracy of the overall system j.s removed and the set of statíonary

states forms a manifold of separate energy levels equal in number to the

number of osci-llators in the aggregate, Various ínterpretations of the

excítatÍon energy migration evolve from this argument 
t 

O,ra that due to
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,
Frenlcel- has enjoyed the rvidest appeal , pert j-cularl¡ .ln .[ts appl-i cabi tit-y

to molecular systems.

As described in the- pioneerí-ng rüolk of Frenkel ,2'3 th" mígration

of excítation enel:gv is envisaged ê.s a \.Jave-ljlce propagatj-on. Idave

"packets", fonnally constructed from the stationary states of tire aggre-

gaEe, travel through the aggregate- carr:rying with tl-rem tbe excitatíon

elnergy and have been termed exc-r-tons, Consequerrtly, the stationary

excited statesì of the aggregate are temed excitorr states and are

stl:uctured into an exc-Lton band. Since the concept of the excj-ton had

its ínception í.n î-he fíeld of solid state physics, its clevelopment has

been ínfluenced a great cleal by its resultant ínter:pretatíon as a quasj-*

pa::ticle. As sucll , the exciton r'¡ill have an ef fec.tive nass and tllus a

par:ticle momentum so that the exciton band structure reflects the momerrt.un

dependence of the exciton e.nergies and of tl-re synrmetry-con';r'o-lled

selection rules, In the Frenlcel model- of the excj-Lon, iL ís furtire::

assumed that there is negligíble electron clensi-ty overlap between neigh-

bouring oscíllators ín both the grouncl ancl exciLed states -- the so-called

t'tíght-bínding" nodel. This ímplies that no charge.-transfer component

is included in the process of excíton mígratíon within ttris model-, The

application of these fundamental- concepts to the various excitation modes

possible in atomic, íonic and molecular systerns Ís far-rangíng but, rvithin

the scope of this thesis, the area of ínterest has been r:estricted to

singlet state, tíght-bíndíng excítons in molecular aggregates.

It ís apparent that the exciton, wíth its basís in the excitation

exchange potentíal, has no real classical analogue. The process involves

a radiationless exchange of energy betrn'een neighbouring oscillators by a

resonant interaction of electron densÍties, That is, the, de-excítation of
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one oscillator is accompaníecl by an ahnost simul-taneous excitatíon of a

ueighbouring oscillator and thus involves an interaction betvreen the

respectÍ-ve transition moüents. Furthermore, the simpl.e model of the

excíton so far described r^¡ill be inaclequate rvhen factors such as tl-re

nuclear vibrations, defonnations of the agg;regate structure and the actual

process of formj-ng the excÍton from a radiat-ion fielcl are pr:obed more

fu11.y. Thus, from the initial applications of exciton theory to

molecular crystals4 a.r.l polymerí-c aggregate*r5 tí-,i" fíe1d of stucly has

expanded ín various directíolls encompassing tl-re trso major aspecLs of tÏre'

e.nergetic and transport propertÍes of the exciton" The pr:esent scate of

these developments in the case of mol-ecular crystal-s is indicated by the

relatively large number of the more ïecent monographs and revier.r articl-es6-
?-I'-- r^¡híle reviews related to t-.he ¡nore gener:al gr:oup of mole-cular

1. 18-e1aggregatesr" including polyners and lamelJ-ar systeins, have rrot been

as plentiful.
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2, TOI'ICS IN TT]I' STUDY OIi ]]XCI 'ON ]T}-FECTS

hlhile the lnost ímportzrnt advances in the theory of excítons l-ravr.-

occurred in the studyof crystall-ine solids rlue to t-heir high order, the

most significanE applícations would appear: to be in the bioJ-ogical spher-eI'

18.20,2t-- '--'-- involvÍng a var:Lety of other molec.ular aggregates. Alth.ough the

prj-nciples are necessarily ídentj-cal in applying exciton t.he.ory to a

diversíty of molecul-ar ap,gregat,eEi, the partícular emphasis and technicltre

will be characterístic ol, each crxample, Conver:se1 y, the experímental

information c¡btaínable f rom various systerrìs v¡i11 add const:ructívely Lo

the understanclíng of the general plìerromena ilrvolved. It has been in the

aim of tl-ris rvork to irlvestigate specific aspects of the exciron phenolrenon

in a va::iety of urolecul-ar aggr:egates v¡j.thin p¡ìrticulal guÍdelí-ncs. The

method of electronic absorptÍon spectroscopy for--med the basis of al1 the

experirnental strrdies car:ried out and each Lopic- utilÍze-d a specífic

property characteristic of the molecular aggregate ínvestigat-ecl. In order

to systematj-ze the following dÍscussron, the termínolgy used by nirks2-0

will be aclopred. The exchange of excitatíon energy írom one rnolecule

to a molecule of a clifferent specíes will be terrned excj-ton transfer rohí1e

such exchange betrveen identical inol-ecules will be termed excítori migrati.on.

The excitatíon exchange potential ís most cornnonly knom as the excít:c¡n

resonance ínte.ractíon .

2,L Bxciton Mígratíon Effects

The phenomenon of exciton migratíon has rnany spectroscopic ramífi-

cations enconìpassíng both static and dynamÍ,c properties of the exciton8'12'21

These include a variety of effects fron such fundamental sËatic prope::tíes

as the nature of the excíton \^/avefunctions and energies to such dynarníc
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properties as the interaction of the excj.ton r¿j-th 1att,íce. vibrations.

The parficular facet of iirterest in thís rvork has been the interaction

of the exciton wíth the. nuclear vibr:ations - the so-called víbrcini.c

interactíons. Such interactions pla.y a most important par:t in the

nechanism of exciton decay since the exciton motj.on j-s retarded by the

nucfear displacenents. The effects of nuclear motion on the e-l-ectronÍc

sËates oJ: rnolecul-es have long been recognized2?- uoð. the application cf

Èhese concepts to the excj-ton problen followe<l frorn e><¡rer-L¡,lr,rr,tal cbserva--

tions on a variety of mol-ecular aggr:egate s,23'-26 Earlier rneasurenent-s

of the spectr:a of crystals and polymers showecl the- existence of two

lirniting cases rvhe-re the patLe::n of vibronic levels ís determíned either

by electronic consideration s23' 24' 26 or by tl're vj-brational strr-r"t.rru.25

Thís effect \,/as qualitativeJ-y classifíe d27 in terms of strong, j-nl:er:me,cl-

i¿rte and weak couplíng, referring to the strength of Èhe exciton

resonance inte-ractíon as cornpared to the vj.bratj-onal energy increment"

Theoretical formulatíons of the vibronic interaction have been presented

for: crystal1inel0'r2'14'28 
"rrd 

porlrmeric aggregates.--'

the experímental ancl theoretical study of dineric aggregates has been

involved to a very great extent wiËh the problem of vibronic ínteractions

in view of the sí-rnplícity of these systems.

z,L.I The Interpretation of the Spectra of Dimers

26 r33From the earlíest qualÍtative discussions, the forrnal analyses

of vibronic ínteractÍons in dimers have been developed ín several ways but

most of these treatments have been based on specific models rvhi,ch require

sone amplification at this stage. The mathematical treatment of

molecular behaviour may be formulated in terms of the adiabatic approxima-
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34-36tion in whj-ch it is reasonecl that riuclear and e-lectronÍr: energies

may be calculated separately due to the diffe.re-nce Ín the inagnitucle of

these terms. The separability of these energie"s is the basic prernise

of the well--knov¡n Born-Oppe-nheimer approximatior-t,37 T,n rec.ognirzírtg

that the potential ín rvhích the electrons ilove depends on the positj-on

of the nucleiu t-he el-ect.ronic wavefunc.tions are forurulated- so as tc

retain a nuclear posítion coordinate depenclence, Ìlorvever:, as thís

nuclear dependence ín the electronic r¿avefunctÍous causes cotnputational-

diff icultíes, the r-ruclear posítion coorrlí-nate in the mo-l-ecular potent. j-al

may be fi-xed at the equílibriun posirion correspondjng to the rninimtrm in

this potentÍal, This is the basis of the sjurpler cr:ucle adi¿rtr¿ltic

approxirnatíon in which the electronj-c wavefunctions retain only a depenclence

on the electronic coordínates and the effects of the electrolric-nnclear

interactíon are relegatecl to the rnolecula:: potential only, Tl-re crrrde

adíabatj-c appr:oxi,mati-on has provided instructive a.nd often reasonably

accu::ate treatnents of molecular behaviour despite the sÍrnpl icíty of this

rno c1e I .

From the origínal general díscussíor.t26'33 orrd theore.tj,cal formu-

latíons )26'38 the theory of vibronic interactíons in dimers has developed

through perturbatiorr"l3g'40 
"nd 

variation aL4I'1rZ .^L"uLations culmj-nating

Ín the symnetry operator tr:eatment of Fulton and Goutetrn"rl.43 These are

all crude adiabatíc models. In addition, a second quantizatíon rnethod44

and various stationary stat.f5 norrr-Oppenheimo. uaua.f6 perturbational4T

and transforniation metho,l"48 b.".d on ttre adiabat-.ic approxÍmation have

been presented. In general, none of these treatments have attainecl the

completeness and conputational elegance of the Tulton and GouteLman theory

and, although some lÌave been attempts to use rnore physically realistíc
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models, Èhey have been sinrplifiecl to such an cxtent Èo L,e of pr:aclical

ut"44-52 that they have had relaËively little to add to tlre quanti-tatíve

ínterpretation of the spectra of dimers. I{evertheless, varíous d:l-s-

crepancíes between the Full-on and Gouterinan theory and experiment have

been recogrrír.d53'54 
"od 

attemptÐ have been macle to extend Lhe theory so

as to explain these inaccuraci.n.5l'52 lilor¡re\¡er, the validity of usi.ng

the crude adiabatic approxí.matj-on as tl're basis to these formulations has
(q

remained rrncertaín, alt-hough entirely practícal , Ful ton t s'-' treatment

of the adiabatic approach to vibroníc interactíons ín moJ-ecu-7-es has

providecl a concíse matrj-x method of deal-j-ng r,rith the adíabaLic wave-

functíons, This technique has pr:esented the opportuníty of applying

the adí.abatic approximatj-orr to the dime-r problern in a way analogous to

the formulation of the lrulton and GouËerman theory, Such a tbeor:etíral

treatüent and subsequent experimental verificatíon are the subjec.t of a

sÈudy on the dimeric aggregate presented ín this worlc,

2,2 Exciton Transf er Ef f ects

56It has been recognized for some time that, for systens containi-ng

very small quantities of arr ímpur:ity, or- guest, ín a host crystal , tl-re

fluorescence emissíon induced by light absorbed by the host occurs prefer-

entially from the guest molecul-es. This ol-¡servatíon has two impoltant

implícaÈions. Firstly, since guest concentrations can be very lovr the

excítation cjnergy has apparently migrated throughthehost to the guest.

Secondly, the actual process of energy transfer from the host to the guest

suggests some form of host-guest resonance inÈeractíon. The study of

the effects of exciton transfer then p::ctvides Ínforntation about the excÍton

states of the host as well as about the prcrcesr; by which the excitou looses
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its excess energy to becorne l-oc.alized at the guest site" Such studies

have been the subject of many experímental and t-heoretical investigations

r¿hich are extensively reviewe<l Í,:r the l-iteratur e,7-L2' L4 
' 57 However,

the points of interest iu this work are ínvoh¡ecl r.¡ith the nature of the

guest-host resonance ínteractÍon and of íts use as a pr:obe of the exciton

band structure of the trost,

Two 1ímiting cases of the guest-host interaction are- clistinguishcd.

The shallo\,ü trap lirnít corresponds to the situation where the host excitor-r

banclividth is conparable with the eDerÊy difference be-tween the- host and

guest transítiolls so that the localizecl excitatjon involves l>'rLh host: anC

guest mol-ec-ul es and the host band structure must be talcen into account"

In the deep trap limif , the host ancl guest enel:gy separation is nrucir

larger than the excit<.rn bandwjdth and only nearest neighbour :LuLeractions

¡eed be co¡sidered, The nore recent theoretíca1 analyses of the spectral

properties associated rvj-th the exciton transfer process in molecular

- sB-64 -crystals-" "- have determined and quantified trn'o basic effecis expectecl

frou the guest-host intera.ction. Firstly, as the shallorv trap l.Ímit is

approached, the excitati.on energy of the guest shÍfts further to the red

as the bottom on the excíton band Ís approached and as the exciton becones

íncreasingly delocal-ized. Secondly, the guest transitíon exhibits

anomalous intensity behaviour near tlle host exciton band. This behaviour

for both shallor*' and deep traps has indicated that there is a mixing of

the excited states of the guest nolecules rvith the excited states of the

neighbouring host molecules. Such effects then not only shor^r the presence

of an e-xci-ton band structure but al-so indicate the posítion óf the band

edge and of the optical , zeL-o wave-\'ector exciton state.
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2,2,I Tlte Guest-IIost lnteraction in l,Iofecu]ar CrgstaJ.s

Direct spectroscopíc evíclence for the guest-host interactí.on 9,l-0,r2

in molecular crystals has enconìpassecl both of the expectecl effecls so l¿'.r

díscussed. Ilowever, rnany such stuclies trave proberl the nature of tire hc' E;t*

guest ínteracl-ion by observation of the spectr:al properties of the gue-st

as a function of the energy dJffer:erLce between glrest ancl host e.xcj-tation

energj-es" The effects of the orj-ent:at,ion of t-he guest have prorrÍde<l ¿ln

adcli.tional area of study, particularJy j-n cryst-al1-ine sysLcms -u¡he-r:e tbe

high sytlnetry and or:de-r of these aggr:egateíj produces guest sil-es of cl eter-

minable ali.gnmerlt. Several inst-.ances are knor"¡n rvhe-r:e a pat:tictllar guest

molecule procluces several dístinct type-s of tr:ap sítes and three such case,s

rnay be dif f erentiated. Firstly, íf the host molecrtl-es ar:e l1on-rigí<1 ,65'-67

the grrest molecules rìay lte accornnodatc-d in var:ious slightly dÍffer:ent

orientations. Second15,, a similar result occurs rvhen the guesl- nillecttl<:

is a par-ticularly bad fj-t68 an<l causes gross clistortions of tbe hos;t

lattice. Var:íations ín the excitatíon energy of the guest wjll- be

r:e1atÍvely smal1 for these t\,/o cases. Laiger differ,:nces rvould be

expected in the third case tùhere the- guest mc''lecules reltlacr: crystallo-

graphically inequivalent host mole".rlu-".69 In such a case, tlre host

molecules are all very close to beíng equivalent and dífferences l¡etr"een'

guest sítes arise from a gross change in the orientation of ttre guest with

respect to the host latti""'70-72

. 
Anthracene doped r+ith an anthracene derívative havi-ng a small

substituent at the 1- or 2- position provides a useful .*totplu' Firstly,

the distortío¡ ofthehost lattíce may be expected to be marginal. There

are then ej-ght rvays of substítuting a host molecul.e with such a guc'.st,

However, crystal symmet ryrT3 r.rhj-ch includes a sj.te symmetry Ci¡ reduces
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this to only two distirrct orientations whiclì ere not: cornec';ed by any

ctgstal sgmmetrg operation" If the grrest molecule replaces a host

molecule with absolute coincídence of molecular axes, these trn¡o distinctr

crystallographically inequivalent orientations ar:e relat-.ed by a ha1 f-turn

about thé long-axís of the mol"cufe69'71+'75 lollich is not a crystal symrnetry

operation, llowever, in practice, j-t l'rould be expectecl that dísirlace-

ments caused by the steric const-raínts on the substitue-nts in each case

r¿ould malcq tl-ri-s relationshi.p only approxíma-te. Ln rclat-j.on to the guest-

host resonance interaction, the- guest transítion energy wíll depencl on the

orientation of the guest transítioû lronì€nt rvitir respect to the cryst;el

l-attice, The systems I- and 2- amí.noanthracene in anth:--a"url.71 rppott

to be exccllent exaniples of tTris ef fect. Tn fluoresce-nce, two distinct

traps have been ídentified for each of these systems by a measrrrement of

the posítions of spectr:al I j,nes j cient j-f ied r¿ith the guest spe,cíer; " The¡

energy separations, measured at 4.2oK, were 156cm-l and 279cm-l fo:: the

1- and 2- arninoanthracene systems, respectíve1y; energy differences sub-

stantially larger than for small rnísaIígnmu,rto66 but comparable to those

assocíated with crystallographic ínequj-val.o"u-.69 The aim of thís part

of the work has been to confírm this interpretation of such crystallíne

aggregates by a measurement of the guest transition rnoment orientatj-ons

and to ínterpret the results obtaíned ín terms of the guest-host resonance

interaction,

2.2,2 The Guest.-Host fnteraction as an Exciton Probe in Pof

The theoretical application of the concepts discussed ín Section 2.2

for crystalline syste!ìs has not been rvidely iurplemented Ín the case of

analogous polymerÍc. aggregaLesr Apart from díscussions of energy tr:ansfer:
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5B,61 76-19in linear clysLals, the work by Philpott appears to be the most

extensive contributíon i.n this area, The resulÈs of these theoretical

analyses have been quite analogous to the effecLs expectecl and observed

in niolecular crystals; these Í-ncludíng energy shífts and anomalous

transition íntensity behaviour near the excíton band edge. The types of

guest-host systems possible for polymeríc aggregates are of two forrns -
copol-ymers and interstitial-ly substítutecl dye-pol.ymer complexes. Einission

spectroscopy of pure polyners and copol¡rner" lo.í" the greater part of tlie

experimental r¿orlt so far presente<l , deali-ng vrith prompt and delayed

80-84 8sfluorescence -' and e.xcitaLion spectroscopy ' of both solutíons aud

fílms at teuperatures be-tween roorn val-ue-s and 77oK, On the other hand,

absorption spectroscopy of pure pol;^ut"B6'Bt hrr not yíelded a great cle-al

of conclusive information, rvi.th the exception of stucii.es rvith associated
3Bdye aggregatesr-- due to the genei:al-ly small resonance int-erar:tiolrs invohte.J.

Iilowever, the study of dye-pollnner c-omplexes8gt90 of bíopolyme-rs has

provided an overwhelmíng volume of ínformatíon involvíug both f1.uoíescence

and absorption spectroscopy, although typicall.y of deep trap systems.

The notivation for these latter studies has been based o11 an interr:st in

the bíuding and conformatíon aspects rather than on the investigaciol of

exciton resonance phenomena. The stucly of polymeric agg::egates under-

taken in this v/ork \^ras directed at determining the existence of excj.ton

band structutes from shallorv trap effects,

2,3 Structure of the ThesÍs

The three aspects of the exciton phe-nornenon presented in Sectíons

2.L,\ 2,2.L and 2 ,2 ,2 dea1- \di.th three types of molecuLar ag¿regate - diurers ,

crystals and polymers. The tTreoretical for:rnulaËion of the- adiabatic
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approach to exciton interactions irr diureric aggregates and a subsequent

experímental verification of thís theory are presented in Chapter TII.

The more experÍrnentally-þ¿secl strrdy of the effects of guest orientation

on the guest-host' resonance inte::action ín crystalline aggregates is

described in Chapter IV, The third study aímed at investígating the

presence of an exciton band structure in polyneríc aggregates is given

in Chapter V, llowever, it mustbementíoned that thís latter exper.imenLal

investígatíon is of a prelimínary nature as ít nás not been fully deve-loped

Chapter If describes the experirnental detaíls of all the studies carried

out from the instrumental and materjal handling aspects. Standard

statistical terminology is used in this thesis v¡j-thout definítion and S I

units are used unless otherwise specÍf iecl . \rlavenurnber:s are given in

vacuo.
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t.B.

3. CRYOSTATS

Two types of cryostats r¡rere used in the experinrerttal studies

undertalcen. A 1ic1ur'-cl heliurn cryostat \,/asi available f or the specl-ro-

scopic studies of crystals clor¿n to 4,2oK and a liquid nitrogen cryostat

v/as collstruc,terl for the absorptÍ.on spectl:oscopy of pol.yner f ilms; aL

77.4ot<, Very complete clesci:iptions of the many aspects of cr:yogerrics

are to be found ín the r./orks of l,Ihitel and Meye-r2.

3.1 Liquid Heliun Cryostat

The liquid heliurn cryostat was of conventional- clesign constructe,d

wholly froni metal r+íth Lrso vier,¡i.ng poi:ts closed r¿ith silic-a rvínclor^¡s. 
^'

sche.lìtatic díagrarir of the overall structrlre of this cryostat ís presente-d

in fígure 3.1. The essential basis of its cooling operatior.t í.s so-

called open cycle refrigeraLiou : the boiling refrí.gerant cools the

sample by con.luction" Therrnal insulatj-on is a particulal:ly critical

factor rvhea clealing with liquid helium as any heat leak could act over a

temperature gradient of about 3OOof. The 1Í-quíd he1Íum chamber ís

generally insulated by radiation shíelds and a vacutlm and the Lemperature

díffereutials may be reduced to about 70oK by jacketing tl-re J-ow tempera-

ture cl-ramber r^rith a li-quid nitrogen container at 7JoK,

Referring to figure 3,1, it can be seen that the. cryostat consists

of three separate parts; an ínte-rnal sectíon (A) supported completely on

the upper flange, a" middle secl-ion (B) whÍcl-r holds the o-rÍng seals and

a lower sectíon (C). The internal section consists of an ínner liquid

helium chamber (1), of l.B dm3 in volume, jacketed by a liquid nitrogen

contaíner (2) and the evacuated space (3), The sample mounting platforn



Fíg, 3"1 SCHEI'IATIC VT.EI'I IN CROSS-SIICTION 0F THE LTQUID IIELIUM

CRYOSTAT

A. Internal Secti.on

1. Liquid helíum chamber

2, Liquíd nitrogen cÏramber

3, -. Bvacuated sPace

4. Sample nrountíng Platform
5. Sample clísc

6 , Iìad íat iorr shÍe ld s

B. I{iddle Section

Lower Secti-on

7 . Rernovable. sílica rvíndorvs

Supporting Frane

B. Supporting Bolts

9. Angle of íncidence scale

C

D
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(4), nade of solid copper, is boltecl to the liquid helium contaÍner,

Ilowever, tlle samples al:e mounted onto a copper disc (5) ¡shích ís bolted

to the nounting platfor:rn when recuired. This sample cl.lsc is a circi:lar

copper plate 3cm ín diameter and 3mn. thÍ-clc, rvith three holes e-ach lmrn. in

diameter drílled tl-rrough it, as shor,¡n irr f igure 3.1. \^.4ri1 e the sampl,e

face of this plate ís flat and the holes are flush rvith it to guarantee

a good thermal contact r¿ith the samples, these holes have been niilled out

ín approxinate conj-cal shapes to the rea:: of the sample face. This

er-ì.sures that, when the íncídent líght falls at an angle Lo the sampJe face,

the dísc does not obstruct the J ight be¿:.m" The sample ar:ea is surr-ouncled

by the lower radiatj,on shíelds (6) at both TToK a.rd 4oK. A11 internal

surfaces are silvered to recluce radíati<.¡n heaÈ transfer except those

sur-faces in the light path ruhich are blackened to reduce scal,teri.ng

effects. The removable sil-ica windc¡rvs (7) are mounted ínto a rotatabl e

sectíon moving on t\{o o-ring seals ¡.¡hich maintaín the necessar:y vacuum.

The ball-bearings pre.vent thís rotatable, sectíon from jamrrl.ng up agaírtst.

the l-ower f1ange under Vacuun which would thereby render ít imrnovable.

Once the whole cr:yostat assenbly j-s mounted onto the supporting frame. (D),

the lorver section niay be e-asily removed to replace samples as requÍrerl .

The position of any of the samples with respect to the J ight beam tnay be

fixed by means of four supporting bolts (B) whích tilt and líft or lower

the cryosÈat. A scale (9), graduated in angular degrees, ís set onto the

supportíng frame to indicate the angle of ir-rcidence of the incoming light

beam on the sample surface. A reference mark on the cryost.atr.correspond-

ing to the- position of normal incj-dence, \4/as determined from the geometry

of the cryostat. The cryostat may then be rotated to a knorvn angle of

inciclence and the lower rotatable sectiorr is turned so that the silica
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windorvs are Dormal to the light beam, Tl're temperature of the sampJ-es

is monitored in t\,¡o ranges rvith thermornet.ers inserted into the mour-rting

platform, A calj-brated copper*constantan thermo"or.rpl.3 with the refer-

ence junct-íon at 77.4oK r"" usecl in the range 300ot< to 77oK and a carbon

resístance thermomut.r4 was used in the range 20oK to 4oK. The connect-

ing rvires were attached fírmly to l-he mounting platforn Ëo counter the

heating of the thermometers by thermal lealcs dc¡wn the-se leads.

The subsequent proceclure was follor¡ed in operating this cryostat.

Three samples \^/e-re attached to the sanple dísc using glycerol as the

adhesive" This material neíther fluore-sces nor dj-ssolve,s the crystals

nor evaporates arvay under vacuun. Being Iíquid, it does not appear tcl

straíD the crystal at the time. of mountíng and on cooling sets to a glass

whích retains useful- ther¡ral conductivity at 4oK" The sample disc may

then be bolted to the nounting platform, the lower sectíon attached and

the evacuatíon of the vâcuum jacket is then couurLenced by means of a rotary

backíng pump. Tmme.dj-ately that the pressure has started dropping, the

cooling of the sampl.es must be commenced to avoid damagj-ng the crystals

by evaporatíon. To mínímize thermal shock to the samples, the inner

1íquíd heliurn chamber is pre-cooled to 770f by drípping in líquíd nitrogen

over a period of about 90 rninutes rshile pumping progresses and the temper-

ature ís monítor:ed wíth the thermocouple, hlhen the inner charnber is

thoroughly cooled to 770K and the vacuum approaches lO-storr, theliquid

nitrogen chamber is filled and any excess liquíd uítrogen in Ëhe inner

container is washed out with gaseous helium, The liquid helium is Erans-

ferred into the cryostat from a storage dewar by means of a vacuum

insulated transfer siphon. Thís siphon consists of tr¿o c-oncentric U-shaped

tubes, sealed from one another wíth an insulating vacuum between them.
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'One end of the siphon is inserted below the surface of tire liquÍd he-liurn in

the storage dewar r.rhile the oÈher end engages inEo the entrance of the

lnner chamber of the cryostat, By means of a rubber bladder, helium gas

is forced dor^m onto the liquÍd he1Íum in the storage vesseL and the

refrigerant is impel-led into the cryostat through the inner tube of the

siphon. There is no direct nethod of monitoring the quantity of liquid

heliuur transferred except to observe the teuperature drop with the carbon

resistance thermometer and the rate at whlch gaseous helium is beíng

vented from the cryostat, [,Iith the refrÍgeranË transferred, the cryostat

is isolated from the vacuum. The actual volume of liquid he1lum trans-

ferred may be measured v¡ith a thermo-acoustj-ca1 ttstickrt', This consísts

of a thín-r'alledr stainless steel tube, about 6rr¡m fn diameter, with a

sna1l funnel on one end. A thin rubber diaphragm is fastened across the

top of this funnel so that the gas víbrations whi.ch set in when the tube

reaches the 1-iquid surface are obse:r¡ed by the vibratíon of thís diaphragm.

There 1s a marked changeinvlbration frequency when the end of the rrstlckfl

Paases fron the gas to the liquid so that the voh.me of li.quid helÍum

can be measured agaÍast the length of the pre-calibrated tube. The

boil-off rate of the liquid helfi¡n was generally such that a voh¡ne of

1 to 1.5 drn3 provided between 6 and 8 hours of operaÈíng tlme.

3,2 Liquid Nltrogen Cryostat

The liquid nítrogen cryostat to be described was designed and

built as a general purpose instrr:ment for spectroscopÍc studíes. However,

certafn specífic design characterístics were ínch¡ded as the príme aim was

the study of the absorption spectra of soLid polymer fflms.. The deslgn

of thfs cryostat is quite conventíoo"ll'2 
"od 

slmflar to that of the liquid
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helíum cryostat previously described. In addition, since the cryostat

rras to be used r¡'ith a single beam Zíess PMQII absorption spectro-

ghotometer, a support asseubly was required to allotr for the measurement

of both a sample and a reference, Furthermore, the desígn of the

cryostat was supported by standard heat transfer calcul-atlonsl for such

assemblíes.

The- structure of the cryostat is presented in figure 3.2.

Constructed urainly from brass, 1t consísts of three maín parts - the

internal (A), middle (B) and lower sectíons (C). The inÈernal section

fs made up of the 700 cm3 liquid nítrogen chamber (1), supported from the

uPper flange by four staínless sÈeel tubes (2), and the sanple mounting

platforn (3). Ileat conduction in stainless steel ís much less than in
1

brass- so that this major heat leak to the liquíd nítrogen container is

somewhat reduced by the use of stainl.ess steel. The solid copper mount-

i.ng platform has a separate brass plate (4), held on by two spring clips,

tùl-ch retains the samples fir:nly over the apertures in the mounting

platforn. A platfnum resístance ther:mometer (5) is lnserted ínto the

mountfng plaÈforn beÈween the reference and sauple apertures. The

middle secÈion of the cryostat holds the o-ring seals whích maíntain the

insrrlating vacur¡m (6), as well as the vacuum outlet and tap (7) and the

glass-to-metal seal (8) whÍch allows entry of the the:mometer leads into

the cryostat. The surfaces between the middle and ínternal sectlons are

hlghly pollshed to reduce radiation heat transfer. The removable sílica

¡rl-udo¡¡s (9), wide eaough to allow a ful1 view of both the apertures in the

sanple platform, are mounted Ínto the lower section whích has been so con-

strucÈed as to allor¡ ¡¡s senple mounting platform to be off-set as shown

i-u figure 3.2. In thLs way, the sample. ls as close as possible to the



Elg. 3.2

A. Internal Section

I Liquid nitrogen chamber

Stafnless steel supPort tubes

Sanple mountfng platform

Sample retalning Plate

Platínum resistance thermometer

2

3.

4 a

5.

B. Èltdd,le Sectlon

6. Insulating vacuum

7. Vacuun outlet and taP

8. Glass-to'netal seal

C. Lower SectÍon

9. Removable silica windows

SCHEMATIC VIEI'I IN CROSS-SECTION OF THE LIQUID NITROGEN

CRYOSTAT
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-photomultiplier, thus reducing scattering errors in the neasuremenL of

the absorption spectra of polymer fi-lms,5 All exposed surfaces in the

sample area have been blackened to reduce sÈray light reflections.

Figure 3.3 provides a schematic vievr of the support assembly

deslgned for the use of thís cryostat ¡¡ith the Ziesè manual spectro-

photometer, Only the lower section of the cryostaÈ is supported insíde

this assemhly which must be kept light-tight to protect the photoxnultiplier.

The lower flange of the cryostat is clanped to the upper plate assembly

(A) which consísts of two maín parts. These are the support pJ-ate (1),

which stands on four large bolts, and the movi¡g plate (2), which rÍdes on

two linear ball-races (3) attached to the support plate. The eryostat

fits through the openings in the upper section and ínto the box assembly

(B). These openÍngs are rectangular in the stationary parts of the

overall assembly and allor¿ the cryostat Èo move back and forth across

the face of the photonultiplier (7). A double-layered rrbagrr (8),. made

from black photographerts cloth, is sealed Èo the edges of the opening in

the box assembly and is tÍed around the rrneckrr of the cryostat once it is

Íu place. Ttris arrangement ensures that the box is light-tíghË while

allowing free movenent of the cryostat. The box assembly is a rectangular

box wÍth a door hinged to the front givíng access to the whole of the

Laterlor. The photonultíplier is supported freely within a tubular

external section and by an internal plastíc support (9). This plastic

support also protects the photonultiplier by separating the cryostat and

photomultÍplieii by about ?ry. The lens assembly (10) consísts of a

uetal tube, ùhich holds the lens of 8cm focal length, sliding'w-ithin an

ouÈer sheath attached to the box assembly. The 1ens, whe¡ set at a

distance of two tímes tbe focal length from the llght source, produces an



FÍg. 3.3 SCtrBfÀTIC DESTGN OF CRYOSTAT SI'PPORT ASSEMBLY IN CROSS-SECTIoN

A. Upper PlaÈe AssenblY

1.

2.

3.

4.

5.

6.

Support'plate

Movlng plate

Ball-race

Sprlng-loaded stop

Slot plate

Microswltch

B. Box AssemblY

1 , Photo¡nultlpller

8. Llght-tlght cloth nbagrr

9. Internal photomultlpller support

10. Lens assembly
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image the same síze as the source at the po'sftiæ of the sampl-e. I'tith

the focus set, the lens can be clamped anil does aot requlre readjustment

sÍnce the photourultíplier support (9) ensures thst the cryostat is

always in the same position. At each wavelength, the 1002 transmitt-

ânce level is set wÍth the light beam through the reference aperture

i¡ the sample nountíng platforrn and, then, the sample absorbance may be

ueasured. The reference and sample positions are fixed by means of the

sprLng-loaded stop (4) whích locks j.nto either olre of the tvro grooves ln

the slot plate (5). Each of these grooves corr€sponds to the sítuation

where the light beam passes through either the reference or sample

aperture.

The procedure for the operation of the cryostat and accompanyíng

assembly ís as follows, The sample is sectrred over the sample aperture

in the mountíng platfo:m with a 1ittle apiezon Bgease to retaín thermal

contact and ís held ín place wÍth the retaining plate. The lorser sectÍon

of the cryostat Ís bolted on and the cryostat 1s evacuated on a separate

vacuum l1ne, The pressure Ís lowered to less than 10-3 torr with a

mercury diffusion prrrp backed by a rotary pump æd liqufd nitrogen Ís

poured into the cryostat. This is done reasonably slowly at fi.rst so as

not to strain the cryostat unduly but2 wheor the tenperature drops to 77oK

at the sample platforn, theliquidnitrogeDuay be added. more quíckly.

ûrce Lsolated from the vacum, the cryostat ís lowered into the support

assembly and clarnped into positíon on the support plate as shown Ín figure

3.3. Thfs is carried out r¡-ithout the phoÈomult.ipller in place so that

the dlrectlon of the lÍght beæ nay be vlesed. directly as it passes through

the sanple, The cryostat 1s raised or lowered by means of the four bolts

eupportÍng the upper sectlon of the.box assembly and the lateral movement
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of the cryostat Ís fixed by means of the stop previously described. The

sample and referenee positions are adJusted by the mechanism shown as an

inset to figure 3,3. The spring-loaded stop (4) ís ttghtened securely

into one of the grooves in the slot plate (5), The screr\rs retainíng the

slot plate to the support plate are loosened so that the cryostat can be

moued in relation to both the light beam and the positfon of the stop.

Once the cryostat is posltioned with the light beam through the appropriate

aperÈure, the slot plate ís secured and the stop ls released to a sultabl.e

pressure to allovr the cryostat Èo move freely buÈ firmly from one groove

to the next. The cryostat is moved by means of a handle (not shown)

attached to the moving plate (2) and a mfcros¡ritch (6) connects the

automatic slit control when Èhe cryostat is in the reference posítion so

that the 1002 transmittance level is set, I{hea the cryostat is moveC

to the sample posltíon, the miðroswltch is turned off and the sl1t'remains

fi:<ed at the required width. A full complement of lfquid nitrogen allows

over one hour of operating tfme.
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4 SPECTROPHOTOMETRY

Two nain spectrophot.ometers were usedi a Eí1ger D460 nono-

chromator in conjunction wíÈh the 1Íquid helium cryostat and a Ziess PMQII

nanual spectrophotometer in conjunction with the líquid nÍtrogen

cryostat and for Èhe dye solution experíments,

4.L Hilger D460

The Hí1ger D460 uonochromator sras used for absorption measure-

merits ín the visible and ultravÍo1et regÍons between 350nn and 46onur

Maximum resolution r{as for:nd to be better than 2cm{ but wíth a normal

slit wÍdth of 50nn, the resolutÍon rras of the order of 4cm-r, Flgure

4.1 illustrates the experÍmental design of the specËrophotometer assembly

for the measurement of crystal. spectra at 4,2oK. A tungsten lamp is the

soulce of light qrhich Ís focussed by a lens onto the sample ifiside the

cryostat, The light passes into a colliuating lens, through a rotatable

calcl.te polarizer and then is focussed onÈo the nanual inlet s1it, A

Rochon prísm is placed 1n front of the slit to act as a I'scrambler" which

rotates the polarized light ínto an orlentation which counters the polaríz-

ing effects of the components of the monochromator,6 ,hrr", crystals

can be mounted at any angle and polarized absorpÈion spectra can be measured

¡rithout correctlng for bias in Èhe monochromator, The slgnal from the

photomultíplier is fed i-nto a highly stabllízed ÐC ampllfier r¿hích allows

galns of 0.1, 1 and 10 times the input sfgnal. fhe output 1s recorddå ''

as a contínuous spectrum on a chart recorder,

A wavelength calfbratfon was carried out using 20 spectral lines

from a mercury arc in the range 350nn to 46Onm, The error in wavelength
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uas found Èo be random Ín thís range glving rise to a required mean

correctíon of *0.4nm to the measured va1ue. No direct check qras made

of the absorbance error sÍnce scattering effects will be an important

contribution to this for solid samples. The'procedure, to be described,

for the calculation of absorbances from measured crystal spectra does

nuch to account for these effects, Absorbance errora rrrere esÈirnated,

however, from the observed variations in the measured values and this is

sr¡mrnrized in Section 4,3.

4.2 Ziess PMQII

The Ziess PMQII manual spectrophotometer was used for absorption

measurements in the vísible and ulÈravlolet regions in the range 200nm to

700nn. The structure of thls spectrophotometer is illustrated in

flgure 4,2 for themeasurement of solutíon spectra wÍÈh the silica cell

assembly and for the measuremerit of polyner flln spectra rrith the liquíd

aftrogen cryostat, This is a conventlonal scherne lrÍth the sanple bet¡,¡een

the monochromator and detector and the sl1t is adjusted at each wave-

length by an automatic slit control unit trfggered by a microswitch on

the sanple changing assernbly. Resolution was generally maintained

between 100cur-t and 200cn]l throughout the spectral range by judicious use

of signal anplificatfån, However, naximum resolutíon of 50cm-r could

be achieved in certaln regíons of the spectrumr The sígnal output is

shown as a galvanometer deflection Ín te:ms of absorbance or transmíttance.

7
.4, wavelength calibratlon, reported elsewhere, indÍcated that no

correctlon Iras requíred in the ultraviolet regíon but, fn the visible

reglon, Èhe mean correctlon rras -20cm-l to the measured rr"l.r.". In vlew of
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the resolution l-iurit, thís correetion \ra.s not considered necessary.

The photometric accuracy of this instrument sras checked with standard

cobalt am¡uonium sulphate solutions. S Five solutlons of differing
-concentrations rarere prepared and measured aÈ 410nn, 510run and 550nm

covering a transmittance range of betureen L9% arrd 86%. The standard

devíation in Èransmittance based on 45 determinatíons over three days was

found to be 0.1-32. However, a 1-arger standard devíation fn the trans-

míttance, O.2i¿, üras taken since this is the value whích corresponds to the

manufacturers recomnendation. The standard deviation ín absorbance

was calculated from this constant error in transmÍttance. Both conven-

tional a¡rd short path length silica cells (W-01, Becluran-RCCI) were used

for the spectrophotometric measurements. Pathlengths of the ce1ls were

determined by Èhe use of standard potassium chromate solutlons.9 ïhe

relatlve standard deviation in.the pathlengths was found to be very nearly

constant, of value 0.357..

4.3 Strnmary of Experimental Errors

The experimental errors sumnarízed in this secÈfon constltute the

necessary values required for the data analyses wrdertaken in the various

Parts of this trork. Apart from those calfbratfons already descrÍbed,

the following errors rrere calculated. Estimates of the transmittance

error in the measurement of Èhe polarlzed crystal spectra wlth the Hilger

D460 asseurbly r¿ere calculated fron observed varfations in the experimental

data. The measurement of each crystal spectrum involved two separate

observatfons for each of the two polarizations taken. The dffferences

between Èhe calculated transmittances so measured provided an estinate of

the mean transmittance error which was used to conpute the absorbance
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errors. Crystal and polyner filrn thíckness errors were estimated Sy

measurÍng the respective thicknesses at fíve points over the area of each

sample and, consequently, obtaining -a mean ttrickness error for all

samples' Estimated errors indye solutÍon concentratÍons were calculated

by the usual procedures and were found to be reasonably constarit for all

solutions prepared. Table 4.1 suumarizes these experimental errors,

taken to be standard deviations,

lable 4.1 Standard Deviatíons Ín Experimental Varfables

VarÍab1e Standard
Deviation

Relative Standard
Deviation

Crystal Studíes:

Polarized Transmittance

Crystal Thfclrcress

Dlmer Studies:

Transmíttance

Pathlength

Concentratfon

Polwer Studies:

o,37"

o,2z

o,2%

LO%

o,357.

o,29%

L5"Á

,:'. lransmittance
Filn Thickness
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5. MATERIALS

5.1 Purification of Materials

The purÍfication of rnateríal-s for use in spectroscopic experiments

ís an important requirement if the integríty of the result is to be

guaranteed, Unfortunately, there 1s no absolute criterion of purity as

there Ís no unlque method of purífícation, the method used in each

case will depend on t,he propertÍes of the sample and, most importantly, on

the cost in terms of sample loss, This must be balanced against the

degrees of puríÈy required to ensure a meaningful result from the experi-

ment undertaken. In the final analysis, it ís the results of the

experiment whích ¡uill indicate the fnfluence of any' ímpurítles present.

5.1.1 Maxerials for Crgstal. Studies

The absorption spectroscopy of mixed crystal systens need not be

as demanding, frou the poÍnt of víewof sample purity, as the study of the

fluorescence of these systems,lotll Fluorescence occurs predominantly

from the guest so that the effects of inpuritfes must be systematlcally

studied, On the other hand, in the abso::ption studies of these systems,

guest concentrations need only exceed inpurity levels Èo the extent that

the spectra can be safely associated with the guest or 'host. The

purlfieation procedures described in thís sectlon were used Ln conjunctÍon

¡¡1th fluorescence experinent"l0'12 "o that this requirement is fulfilled.

Anthracene
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'Blue fluorescence grade anthracene, purchased from BDH, was

used. l5gof.anthracene were chromatographed over about 1009 of alumina

of activity r on the Bro'ckman sca1e. A continuous erutíon methodl3

¡ras utilízed whereby the elutant passes through the column and ínto a

lower vessel in which the solvent ís boí1ed leaving behind the purified

solid and passing up a lagged tube to a condenser above the column. In

thís way the solvent was recycled through the column of alumina, whích

was about 4cm ín diameter and 25cm long, over a ieriod of about 4 hours

until all the anthracene lrras elirted, Chromatography was carrj-ed out

t¡nder nitrogen with about 250cm3 of redistilled AR toluene as the solvent

and the column was maíntai¡ed at 40oc, wiËh a rdater jacket, to sustain

a reasonable elutíon rate. The only ímpurity band obsen¿ed on the

column, under both vísible and ultravlolet light, was a green area near the

top of the column. The anthracene recrystallÍzed in the lower vessel and

the crystals so obtai-ned were dried ín vacuo f.ot about 24 hours. Further

purl-fication was carried out by zone reffr,ir,g|4-16 A vertical 5-stage

zone refÍner lras used, passÍng 5mm zones through a 120urm, íngot at the

räteof 25m' /hour. The zone refining tube, of 5mn lnternal diaureter,

¡sas filled wiÈh chromatographed anthracene under helium aÈ a pressure of

100 torr. At this pressure, sublimation.of the anthracene is at a

practical minímum so that the ingot remains intact throughout the procedure.

A visible band of impurities generally appears at the bottom of. the tube.

Eowever, lmpuriÈies are also expected to nígrate to the top of the tubel4

so that, generally, only the niddle portlon r¡as used, After 100 passes,

the niddle halves of two íngots were combined in a slngle tube and refined

by. a further 100 passes. Fluorescence spectra of sublínaÈíon grown

crystals from these samples were 'comparable to those of the purest samples
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so far reportedl0'11 rnd the absorptíon spectra were clear of any

observable impurity bands in the regions of interest.

Amínoanthtacenes

NH
2

2-aminoanthracene

1-aminoanthracene

The purification of the aminoanthracenes was carried out by slight

modíflcations to the method of Bridge and Vincent.12 2-aminoanthracene

was obtained from Koch-Light and l-aminoanthracene, with a stated purity

of 9O7"r rùas purchased fron R.N. Emanuel. It has been found that amíno-

anthracenes are susceptible to atmospheric oxídaEion, partícularly in

eolution, to heating and to chromatography over strong absorbents.12

Eowever, rapid chromatography over deactivated ah:mína proved satisfactory.

0.1g of the aninoanthracene hrere dissolved i-n about 3cm3 of toluene and

applled to a líght-tight column contaíning 10g of ahnina of actívity III

on the Brockman scale, The column was 1,5cm i¡l diameter and 8cm in

height. Elutíng with toluene, about 25 to 50cn3 of clear yellow solutfon

¡sere collected. Dark bands of impurÍtÍes were absorbed to tt. top of the

coltmn and a brownísh material was eluted ahead of the yellow aminoanthracenes.

The aninoanthracenes üIeïe identÍfied by neans of their vÍsible and ultra-
17t18 From I to 2.5g of purlfied anthracener^Tereadded toviolet spectra.'

2
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the chromatographed solutions of the ¿mínoanÈhrasenes so that mixed

crystals were formed from solutÍon. In thís way, the aminoanthracenes

were stabiLized ín a solíd matrix and these mixed crystals formed a

ready-made mixture for producÍng the sublimation-gror¡rrt flakes required.

Thís sublimatÍon procedure proved to act as an addltíonal purificatíon

step since, often, darkened materíal was left behind on sublimatíon.

Neat samples of the aminoanthracenes ürere also prepared by the technfque

described, without the addition of anthracene. Chromatography was

generally carried out twice and the solids were retrieved by freeze-

drying under vacuum. These m:terÍals rnrere obtained as yellow crystals

r¿hích were found to darken quickly ín air, underlining the need for

storage in an lnert atmosphere.

Tetraeene

Only a snall quantity of thls expensfve materlal was available so

that sublimatÍon under helium was the only purifícation procedure employed.

A small ¡mount of the tetracene was sealed in a glass tube of 1.2cm

1nËernal dlameter and 10cm length under 200 torr of helium and heated to

about 24OoC. Crystals formed at the room temperature end of the tube

leavlng behÍnd a black residue whích was not observed on subsequent passes.

5.L.2 Materials for Dimer Studies

The baslc aÍm of these sti¡dies was the determination of the specles

€pectra from the association behavíour of perticular dyes in solutíon.
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This was done by the theoretÍcal analysis of the shape of the spectra as a

function of dye concentration so that any ímpuríties which affect this

proPerty must be removed. As the spectral properties asso,ciated with

dye aggregatíon are well-known, the effects of ímpurities may be determined.

Pgronine Y (G)

3
CH

3

N
+

CH
3

ct-

Pyronine Y, purchased from EastmanKodakCo., had a stated dye

content of about 497". Prevíous work with thÍs xanthene dyel9 h"" re'.realed

that samples from varfous sources contain large amounts of rrdextrin and

salt". This appeared to apply to this particular sample as it wo'uld not

dissolve conpletely in a variety of solvents. The soluble dye was

removed from the remainÍng mât,rix of ínsoluble impurities by the Soxhlet

extraction procedur.2o ,r.rdar reduced pressure, Chloroform was used as

the solvent and the extractÍon temperature rras maÍntained below 4OoC to

reduce heat danage to the dye, So1ld dye was recovered in a powdery

fotm by freeze-drying and, alÈhough the nuclear rnegnetic resonance, vislble

and ultraviolet absorption spectra were in agreement with previous infoma-

tior,|9'21 
"1"r.rrÈal 

analysis (csrRo, Melbourne) indicated a high level of

impuritÍes. Consequently, coh:mn chromatography over actÍvity I alumina

was attenpt"alg u¡ith the result that the dye was found to decompose under

this procedure. Thfs occurred for very efficient columns havíng sample

to absorbent mass ratios of 1:100 and lengthto.width ratlos of 50:1. the

o

CH

I

N

Hgc
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decompositlon may have been reduced by the use of lower activity alumina

but an alternate procedure was found to be most satísfactory.

Elemental and X-ray fluorescence analysis (Geology Department,

University of Adelaide) indicated high levels of zinc and of some iron in

the solvent extracted dye. Such impurities are expected to be present

fr¡n the manufacture,o'f these d,y""22 
^rrd, 

1n additíon, it has been reported

for the analogous dye Pyronir,e 823 that dye-.uretal complexes form with

iron. A uretal-free sample of PyronÍne Y r^ras prepared by the following

procedure. 1g of the coumercial product r,ras dissolved in 50cm3 of hot

water, together r,rith 59 of sodir-m ethylene-díamino-acetate to complex any

metal ionspresent. The solutíon was cooled to OoC and filtered to

remove much of the pulpy, insoluble material. The resultant fíltrate

was freeze-dried and the residue extracted with ethanol to leave behir^d

the bulk of the sodium-ethylene-dlamíne-aeetate complexes, This

ethanolic solutlon was reduced to between 5 and 10cm3, fíltered and the

dye precÍpitated by an excess of dry diethyl ether. The dye \ras separ-

atecl by centrifugation and the above preelpitation procedure was

repeated three tlmes, In thÍs way, the dye precipitate lost its origfnal

tackiness, which was due to the presence of water, and assumed a more

flocculent nature. This naterÍal was dissolved in a minLmum amount of

chJ-orofor:m, flltered and recovered by freeze-drying. The crystals were

hygroscopic and thus were stored under vacuunr The final yield was

about 30% and elemental analysis indfcated that sulphated ash residues at

3OOoC had been reduced from about L6% to less than 1%. In addiÈion,

tablè 5.1 shows that the molar absorptivity compares favouiably rrÍth the

highest value reportedr24
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Table 5.1 Molar Absorptivity of pyronine y at the visible Maximu¡n

Sample _Concentrêtíon
(nol dm-" )

Molar Absorpti-vity
(dmr nol '"* ' )

EÌ¡jiki et alia2''a

Porro et aiia2l

Füjiki "t ^tir25'b
Jakobí et alia24

This worke

Thís workd

1x10"
-t3x10"

1x10"
-c1x10"

L2

46

-69

-85

55

81

200

200

900

100

600

100

5x10-

5 x l-0-

6

6

a. Crude reagent,
b. RecrystalLlzed reagent.
c. Solvent extracted reagent.
d. EDTA extracted reagent.

5.1.3 Materiats for poL qmer ^Studies

These experídents lnvolvgf,ttre study of the spectra of certaln
dyes ín pol¡rm.er metrices. As the resulÈs of this lsork were of a

preliminary nature, the najor concern was r¡ith the presence of any com-

plexing metal íons. rn this way, for the concentrations at which the

dye-polprer fÍlms vtere prepared, it could be safely assumed that the dye

vas predomínantly in its monomeric form. The pol¡mers rrere used wlthout

further purification.

Phenothiazine Dges
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N

Methylene Blue

Hsc\¡r
N --CH

CH
3

NH
2

3

Thionine

Hc
+

N

+

ct-3

HN
2

cl-

Methylene Blue was obtained from May and Baker Ltd. and had a stated

purLty of 857". Thionine, of . unlnown purity, ¡¡as obtained from Gurr and

Co. Both of these dyes were purified by a modifÍcation of the method of

Pal and Schubert.26 A concentrated solution rüas prepared from 39 of dye

ln boÍling 0.lM hydrochloric acid. 59 of sodium ethylene-diamino-

acetate were díssolved into this solutlon r¡hích then r¡as filtered hot.

The resultant flltrat,e rüas ch1lled and the crystals so obtained were drled

Ín vacuo and redissolved in a rnÍnimum amount of hot ethanol. On cooling

the solution to OoC, the dye was then reprecipitated by the slow additlon

of an excess of cold diethyl ether. The resultant precípitaÈe was r^rashed

w-ith col-d ethanol and diethyl ether, dríed under vacuum and the procedure

ûas repeated one further time. The visible and ultravíolet absorption

apectra of these dyes were in agreement w'Íth those previously.reported2T-33

and, as can be seen from table 5.2, Èhe rneasured molar absorptÍ.vity for

Methylene Bluê lndícates a reasonable purity. The meâsured molar

absorptivity for Thionine was not as favourable. However, nicro-
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analytícal measurements (Perkin-ELmer 24O Elemental Analyser) of the

resídue after combustion for these samples indicated that the residue

for Methylene Blue was reduced from-just above 17"to about 0.5% whi1.e

that for Thionine was reduced from L6% to about 2%. The purificatíon

grocedure has removed almost all metal ions so that the dyes are known

to be in uncomplexed form. As was seen from the results of the dye-

polymer experinents, the inpurities present had no signíficant effect.

Table 5.2 Molar Absorptivities of Phenothíazine Dyes at the Visible
MaxÍmum.

Sanple Concentrat ion
(no1 ¿n-3)

Molar AbsorptivÍty
t ¡ 

-t(dn" mol 'cm ')

Methylene Blue:

Rabinowitch et u7ir27

víckestaf f. et a7Ía28

Braswe1l29

Míchaelis et alia3O

Lewfs et a7Ía3l

Bergmann et aria32

thls work

ThionLne:

Eaugens et aTia 33

Rabfnowitch et al,ia

This work

27

2x

2.5

6x

6.4

6.3

-1 x

5x

10-6

x 10-5

l-o- 7

x 10-6

x 10-7

1o-6

1o-6

39 000

61 000

78 000

80 000

84 000

85 000

73 300

-48 600

58 000

26 600

1.9 x 10-6

2.5 x LO-7

5 x 10-6

5.2 Preparation of Samples

5.2.I Mixd CrgstaTs
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All crystals r¿ere grown by gradient sublimatíon .rs thÍs method

is lsrown to produce fewer dislocatiorr"34 while nelt-grom crystals are

reported to give spectra with íntense continuous fluorescence, attributed

to excitons trapped at lattice defeca".35 Crystals were grornm in a

sealed glass tube of 1.2cm internal diameter and of 10cm in length.

Between 0.1g and 0.29 of material were placed into an open tube which l2as

then evacuated to a pressure of less than 10-3 torr. The tube was

flushed se-veral times with helíum and then fÍ11"á to a pressure of about

200 torr trith this gas and the tube was sealed hermetically. The sub-

limatíon heater consists of a glass tube 4cm in díameter and 25cm long

vÍth a heater wire wound around it ín an uneven hray so that the temper-

ature gradÍent from one end of the tube to the other is about 3.6oC/cm

at normal operating voltages. One end of the sample tube was placed

atthehottest end of ttreheater, which is usually at 24OoC, and crystals

form at the cooler end, usually at 15OoC, over the period of betr.reen 30

min and one hour. The first attempt usually gave poor results, wlth a

¡nwdery co'rering Ëo the walls of the tube. As a consequence, the

subllnatíon procedure rras repeated once more wlth the tube reversed,

producfng r¿ell-forned flat platelets grow-ing out from the sides of the

tube. Itre startlng material contained a mixture of guest and host

prepared either ín the purifícatíon procedure, as in the case of the

=minoanthracenes, or by nÍxing known amounts of the guest and host, as in

the case of tetracene. The startfng míxtures for the aminoanthracenes

rÍere estimated as having guesË concentrations of about 10-3 nol/mol while

üle tetracene mixtures lrere prepared at concentratlons of between 0.1 and

0.001 nol/nol. lfÍxed crystals grow under sublination w-ith a wide range

of guest concentrations, usually wíth Èhe hlgher guesÈ content being formed
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at the hottest part of the tube. This provides a conve--ríent way o-f

obÈaíning mlxed crystals of varíous concenÈrations from the one starting

mÍxture.

5.2.2 Dge SoTutions

Âqueous dye solutions for both the dímer and polyner studies ürere

prepared by the same procedure. A stock solutign r4ras prepared volumetric-

ally Ín a one dm3 vessel at the híghest concentration required. The

lonrer concentrations then were prepared by weight assumíng that the denslty

of the stock solution was 1g "r-t "o that Èhe coriceritrations could be

converted ínto molarítíes (not dml3). rt was determined, by density

measurements within an experinental error of 0.27", that the density

asstnption r{as valid for Èhe Pyronine Y stock solutíon of concentratíon

I x 10-3 mol dm-3 and rras assumed to apply to the similar phenothiazine

dyes. The method of preparíng solutions by weight results in far lorler

erroÌs Lhan would be produced by preparfng solutions by volumetric

dllution. Such errors ere kept to a ninimum by diluting stock solutions

on1y, using stock weÍghts of 0.5g or more, lnstead of employing a step-

wiee dilution procedr¡re. I,lh1le the relatfve standard devíation in the

stock concentratíons were of the order of 0.O7%, tl;re same errors in the

lower concentrations ¡'¡ere found to be a constant A.29"Á, includirrg ttre 0,2%

error ín the denslty assunption.

5.2.3 Dge-PoLgmer and Polqmer Fi-Zms

All fflns were cast, from solutions of tle polyners or dye-pol¡rner

u.lxtures, Ín perspex trays constructed from two pieces of þerspex. Four
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-evenly spaced cylindrical holes, 1.9cm in dl-ameÈer, rrere drilled th.rough

the top plate which is 1.3cn thick. Both plates, cleaned prior to use

by wiping with ethanol and rinsÍng with dÍstilled water, were held firmly

together by four corner screr¡rs which passed through the top plate and

ínto the base plate. An appropriately shaped thín rubber gasket, made

from medium gauge t'dental damrr, was placed between the plates to ensure

a water-tight seal. Solutions of the polyners or dye-polymer mixtures

were then.placed ínto Èhe holes in the perspex tí"ys which were floated

on a pool of mercury and protected from the light, In this way, homogen-

.eous polyurer films formed ín two to three days and hrere removed by dis-

mantling the perspex trays. These fifuns then were trimmed to a díameter

of about 1.5cm to remove the thick and uneven ed.ges. The startíng

sol-utlons were' prepared from 57" w/w solutíons of the pure polyurers in cold

water, for sodlum poly (styrenesulphonate), or Ín a hot 5:1 mixture of

sater and ethanol for poly (vinyl alcohol), To produce mixed films,

a weighed amount of the pol¡rner rùas dÍssolved in the relevant, solvent,

allowed to cool and then a weíghed amounË of dye solutj.on could be added

to mâke the polyner concentratlon up to 57" wlw, In this way, the dye

coucentrations could be calculated 1n terms of the nr:mber of molés of dye

to the ntrmber of moles of monomeric unÍt of the pol5rmer, One cr-3 of

these solutÍons was placed Ín each of the holes in the perspex trays to

form the required filns whlch nere generally about 0.005cn in thfckness.



REFERENCES

I

2.

3

4.

5. ê.8,

6. e.g.

G.K. trlhite, Experimental- Technigues in Iow-Tempetature phgsÍcs,
(Oxford Univ.Press. 1959).

B. Meyer, Inw Temperature Spectroscopgt (American Elsevier. 1971).

R.L. Powell, M.D. Bunch and R.J. Corruccíni, Crgogenics, 1,
L3e (1961).

C. Terry, Rer¡. Sci. Instrum., 3.9, 925 (1968).

G.R. Ke1ly and T. Kurucsev, Eur.po7g, J,; Ilr 5Bl (1975),

D. Clarke and J.F, Graínger, Pofarized f,ight and Optical
Measurement, (Pergamon, 1971). pp. a7}-I,,72,

G.R. Kelly, Ph.D. Thesis, (Uníversity of Adelaide, Ig74).

Nat. Bur. Stand. Círcular No, 484 (1949).

L522

42.

(Le72).

30

7

I

9. G.tl. Haupt, J. Opt. Soc. Amel^., !3, 44L (1952).

10. e.g. N.J. Brídge and D. Víncent, J, Chem. Sæ., Earadag fI, &,(L972) .

11. e.g. L.E. Lyons and L.J. [Iarren, Aust. J. Cheín., ?P, L4LL, L427

L2. N.J. Bridge and D, Vincent, J, Chem. Soc,, Earadag fr, !9,(Le74),

13.

L7,

18.

19.

20,

J.N. Sherwood, FractionaT CtgstaTTizatÍon, (Ed,
Dekker. 1969), Vol , 2¡ p.I57.

M Zíef; Marcel

L4, I'l.G, Pfann, Zone MeLting, (I,Iiley and Sons

15 I4I.R. I^Iil-lcox, R.Frledenberg and N, Back,
(1964).

16.

. L966).

Chem. Rev,, 64, L87

G.J, Sloan, Phgsics and Chemistrg of tIæ Organìc So7Íd State,
(Ed. D. Fox, M,M, Labes and A, Wefssberger; Interscience. 1963).
Vol I, p. 180.

M, Tichy and R. Zahradnikt J, phgs. Chen,t !2t 534 (1969).

S. Suzuki and Il. BabÍ, 8u77. Chem. Soc. Japan, 37, 519 (1964).

R.I,I. Horobi.n and L,B. Murgatroyd, SÈain Tech., 44, 297 (1969).

e.g. A, Vogel, Quantitative Inorganic Analgsís, (Longnans, Green and
Co. 1961), p, 904,



43.

T, Porro and ll,Morse, Staín Tech,, !!, tZ3 (L965) o .

J, Hewítt, Dgestuffs Derived from pgridine, euinoTÍne, Acricline
and xanthene, (Longmans, Green and Co, L922). p. 25O.

E.M. Chanberlain, B.F, Powe1l, D.E, l,lilliams and J. Conn,
J. org. Chem,, !, 2263 (1962) ,

24 H. Jakobí and H. Kuhn, Z, ETecktrochem., 99, 47 (L962).

25. Fujikl, C, Iwanaga and M.
185 (L962),

Koizumi, 8u77. Chem, Soc- Japan,

2L,

22.

23.

26,

27.

30.

31.

32,

33.

34.

35,

K.
35,

M,K. Pal and M. Schubert, J. Amer, Chem.'Soc., 84,

E, RabínowíÈch and L.F. Epstein, J. Amer, Chem. Soc
(1941).

4384 (L962).

', 92, 69

29. T. Vickerstaff and D.R, Lemin .lVature, I57, 373 (1946).

29. E. BrasweLL, J, Phgs

L. Michaelis and S,
(1945).

G.N. Lewis, O.
J. itl¡¡,er. Chem.

G.R. Haugens and E.R. Hardwíck,

. chem., 7?' 2477 (1968),

Granick, J, Amer. Chem, Soc,, 9J, tZtZ

Goldschnid, T.T. Magel and J, Blgeleisen,
Soc., 65, 1150 (1943).

K. Bergmann and C.T, OtKonskí, J. Phgs. Chem., !, 2L69

.J, Phgs. Chem,, 9, 725

J.O. I^Iilli¡ms and J,M, Thomas, Ttans. îaradag Soc.¡ 63t

Í'I. Helfrich and F,R. Lípsett, J, Chen, Phgs,, 4?, 4368

(1e63).

(le63).

t720 (L967>.

(1e6s) .



CHAPTER III

The Dimeric Aggregate



44.

6 AN ADIABATIC TREATMENT OF EXCITON INTERACTIONS IN DI}ÍERS

In deallng with exciton interactions in associated dimers, one

is presenÈed with a Èwo-fold problern. Such di¡ners have both a molecular

and a dímeric nature, each of these being distínguishable yet íntírnately

connected to one another. In the ground and excited states the moj-eties

of'the dímer are attracted to one anoÈher by the relatÍvely weak dispersion

forces and, ín both the ground and excÍted states¡ molecular orbital over-

1ap is generally accepted as beíng insignÍficant for such dÍmers.

Consequently, the Frenk"ll "tíght-bindingtr model for exciton interacÈíons

is applicable in such cases and to a predomÍnant degree the dimeríe problem

may be described Ín molecular terms. It has been this capacity to deal

rvith Èhe molecular part of the problem separately which has allowed a

successful treatment of the effects of nuclear vibrations on the exciton

interactÍon ln dÍmers. The usual crude adlabatic formulations of these

exciton Ínteractions have revealed the essential naÈure of such effects

but, in neglecting the nuclear posÍtion'dependence of the electronic hrave-

functions, thÍs forn of approximation has led to an oversírnplÍfication of

the molecular parÈ of the problem. The use of Èhe adiabatic approxímation,

as undertaken in the following work, will show that further electronic-

nuclear interactlons are present arising from purely molecular terms which

have not been prevíously considered but which play a significant rôle in a

quafititative theory of exciton fnteractions in dimerso

' In the subsequent treatment, the foll-owing notatíons and conventions

¡sfll be used:

(i) N and l{ wíll denote the ground and er<cited electronfc states,

respectively, residíng within a particular molecular moeíty

of the dfurer;
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(ii) P and Q are the nuclear momentum and position coordinates

r,¡hile n" and r are the corresponding electronic

coordinates, agaín ref,erríng to each molecular moiety of

the dírner;

.t(iii) ql, g¿ andog are the Pauli spin maËríces',

O1
0-1
10

0-i
i0l, !"

(t ol,93=Lo_rJ

urhíle I ís the identity matrix;

2(iv) the Dirac notatlon fo: the wavefunctlons will be used when

dealing r,rith integrals. That is

<rf (x) le(*) lü<"1;, = /dx ,f (*)e(*),1,(*)

where A(x) ís an operator actíng on the wavefunction rf(x).

Unl-ess otherwise stated all integrals w-ill be over the

electronic positíon coordínate ri

(v) the usual anti-commutator and conrmutator expressions will be

used for general operators A and B, namely

[A,B]l = ABtBA.

thís fornulatíon of exciton ínteractions in dfmers will be

constructed as follows. The molecular aspecÈ of the problem will be dealt

¡rith ínítlally, deriwÍng and solving the eigenvalue equation for each

noiety of the dimer. The overall díneric eígenvalue equation is then

con3tructed and solved followed by the derívatíon of the transition

intensitles. The solutions are in terms of absorptíon spectra only, these

being the ones of practícal interest in this work. However, solutions Ín

terms of fluorescence spectra may be derfved from the general formulatíon

presented.
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6.1 Treatment for Eách lvloÍety

In keeping wÍth the usual approximationsr3-6 th. mod.el of the

molecular moíety of the dímer is asÅured to be a single molecule wíth the

ground state and one excíted state being the only electronic eneïgy levels

to be consídered. Each moÍety ís further assrrmed tÒ behave as a harmonic

oscillator of effecËive mass Irf, with only one node of vibratic¡n. Trans-

lational and rotational motions and spin effects-are neglected.

Fulton6 has presented a novel application of the adiatratic approx-

imation to the problem of a single molecule with n nearly-degenerate

electroníc states using a stationary state arguuent. The major result of

this treatment has been that Èhe various nuclear rrravefunctions associated

úrith the set of n nearly-degenerate states, and hence the electronic states

thenselves, are coupled by terms arising from the nuclear kinetíc energy.

Suchan:effect has been described prevíously7t8 brra has been generally

neglected for non-degenerate 
"a"a""8-10 "1o"e the nagnÍtude of the coupling

terms is proportional to the energy separatlon beÈween the electronic

states. However, conceptually, such couplÍng is stil1 possible betr,reen

more ¡¡idely separated states so that the 1ínit at whích thís coupling becomes

negligíble is arbitrary and needs to be decided upon in vÍew of the uragni-

tude of other perturbations present. Thus this kinetically induced

coupllng, henceforth referred to as KI coupling, may be a snall perturbation

when compared to the transition energy between the ground and excíted state

withín each moiety of the dÍuer but is more signifícant when compared to

the magnitude of the excÍton interaction between the moíetíes of the dimer.

the use of one stationary state to descríbe the couplfng of a set

of degenerate or nearly-degenerate states sinply replaces mâny energÍes by
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one mean energy and many states by one state. This forrnulation leads to

the construction of a set of coupled eigenvalue equations r¡hich, when

decoupled, yield the original set of energy 1eve1s r.¡ith the coupling

interaction included as a perturbation,4 ,fr" stationary state descrip-

tíon remaÍns applicable as long as the couplíng between the stat.es in

questÍon ís taken to be significant. Fultonrs statíonary staEe formula-

tion of the KI coupling terms Ín matrix form is then applicable to the

case of a'weaker KI coupling between the ground ln¿ e*cited states within

a molecular moiety of the dimer. However, the resultant coupled molecular

Hamiltonian must be decoupled ínto separaÈe ground and excíted state forms

if the dimerÍc Harniltonian is to be constructed in the usual r"y.3'4

This argument introduces the use of a modlfied stationary state approach ín

the case of more wíde1y separated or non-degenerate states, the form of

which is now descri-bed

6.1.1 þIoTeeuTar Hamil-tonian Ín CoupTed Fortø

Î'he total Hamiltonian H is generally written as the sum of Ehe

nuclear kinetic energy T' and the electronic Haæiltonian H"

II = Trr(P) + H"(msrrrQ), (6,1)

In putting the electronÍc ground and excited státes üñ an¿ Vy, respec-

tively, into vector form

314,6

I {¡¡ (r, Q)

tl&,r(r'Q)
(6.2)

one may express the elecÈronic eigenvalue equation in the natrÍx form

tt"lfT = rfT V (6.3)
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where

I EN(Q) o

o nu(Q)
(6. +)

(6.6)

f i" the transpose of rü and E¡ and E¡1 are the respectíve electronic

energies correspondíng to the states in the vector {r. Postulating thaÈ

a qreak KI coupling exísts between the-se two widely separated states, the

wavefunctíons associated with the total HamÍltonian Il may be formulated

as the stationary states t

(6.5)

where

vv=ftu

or.¡u

0M"
9v

(a) I
(a)j '

0¡y and 0yy are the nuclear wavefunctíons associated wíth the electroníc

states Ú¡ and Úy, respectively, and both refer to the vibratÍonal state v

ín the one mode of vibratíon being considered.

Fulton6 describes the derivation of the coupled fo:m of the total

eigenvalue equation resultíng fron the operation of the total Hamíltonian

Ín eqn (6.1) on the wavefunctions Vv in eqn (6.5). Thus, in this case,

writíng the coupled Haniltonian * as

t = .Vlnlvut

then
(6. 7)

where
Z"(-rt a /aQ) = <úlrnl{t ' (6.8)

for one mode of vibration ottlY.f This treatment results in the premise

that J. may be found from T' by tiie replacement

ZoGiÈ â/aaÐ = rn(-i È a/aqr + 
^) ' 

(6 'e)

ât þu = JoEu + v{v = evgv

6
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The form of Â, ín thi-s case, is a tr¿o-dimensional maÈrí>, rrrhose elenents

are

Â = f (Q)oz

where

f (Q) = h(Eu- nn)-t.úNIan"/aqlUut. (6.10)

NoÈe that, due to the fact that E¡4 and EN are used in this example, the

elements of Â have opposite signs to the corresponding elements ín the

case described by Fulton.

It is seen from the form of V in eqn (6.4) that

v = %(Eu+E¡)l + %(Elr- En)o¡ (6.11)

In addítion, using the replacenent described by expression (6.9)rJrr tay

be wrÍtten as

Jo= (2Mn)-1IP + f(Q)ql 2t (6.L2)

so that the coupled eígenvalue equation ln expression (6.7) takes the form

(T + vo - va)Or¡v - ivp0uu = ev0Nv

(T + vo + va)Öuv + ivp0Nv = ev0uv (6.13)

where use is made of the following substitutions

1'= (2Ms)-tlp, + f2(Q)l

Vo=%(Eu+En)

V"=L(Þt-Et¡)

Vp = f(Q)p/Mn (6.14)

that is, the coupled molecular HamilÈonlar-fl has the form

t = (r + vo)l + Vpg - vag¡. (6.15)

This statÍonary state approach as applied to the case of non-degenerate

levels has resulted ín the Hamiltonian in eqn (6.15) being coupled by the

KI terms Vp. These ter:ms, however, ínpart only a weak coupling as Vp is

of the order of f(A) in eqn (6.10) and this a11ows the subsequent decouplíng
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technique to be utilized.

6.L.2 The Mofecular HamiTtonian in Decoupl,ed Form

In general, the decoupling techníque of Fulton and Gouterman

rr111 be followed. It is convenient to transform l( Ay the unitary

transformation

St = ud[us .'

where

-l-IJs = 2-a(.g_r +oJ.

In thís way, the eigenvalue equation (6.7) becoues

f+r|; = tuqu

where the transformed nuclear r,ravefunctions Qu' are gíven by

4

(6 .16)

(6 .L7 )

(6. 18)

(6.le)

gu' = urfor, 2-ä[oNv * *"]

[öne 
- ûuyJ

The transformed Hamiltoni^n A1 ís then

4r=(T+vo)t-vp%-Va9r.

As has been shor^rnr4 th" assumptlon that V¡ and rf¡1 are of different

symetry guarantees, for most groups, that a molecular symmetry operator G

exists. The properÈies of thj-s operator, adding that it reflects Èhe

momentum coordinat.6 P, are srürmarizeð, as folloss:

[c, T]_ = [c, vo]_ = [c, va]_ = [G, vnJ* = o

G2 = L. (6,20)

As a conseguence, the couunutation relation

lG9r,l*tl_ = o (6,2L)

Ls obtained indícating that two possible solutÍons of the coupled eigen-

value equatfon (6.L7) may be constructed. that is, the eigenstates of
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4
Go, as expressed in vector form

are also eígenstates of $1 . Using either of ttrese forms as possible

solutíons, Ëhe HamiltoniarLglT Ín expression (6.19) is reduced to two one-

djmensj-onal Hamiltonai-ans ** and#- where

l{* þr" = [T + vot(-va + ívp)c]Qv1 = .vtovt. (6,23>

Choosing 0ï 
".r¿ 

0p- to be normalized to unity, it follows from the eigen-

functions in eqn (6.18) thaË

(6.22)

(6.24)

or

[:i] ' I
0v ." GQv

0v- c0v

The Hamíltonians 1l* io equation (6,23) are decoupled forms of the

coupled Hamiltoni""4. Ho!,rever, íf the dimeríc part of the problem ís

to be sinply fotnulated, it rrrill be necessary to express the decoupled

eigenvalue equations in teros of the original set of eigenfunctions gv

lu eqn (6.6), That is, separate ground and excited state forns of the

decoupled Haniltonians are required wtrereas the presence of the synmetry

operator G in expression (6.23) makes such foms unclear. This staÈionary

state approach has thus resulted Ln something of an impasse whfch, in the

final- analysis, líes in the forn of the total wavefunctions Yv. However,

:rn escape presents itself if it ís rêcognized that the KI coupling between

the electronic states of the molecular moíety is snall rrrhen compared Èo the

transÍtion energy betweenthese states. Thus, trñ) linits may be ímposed on
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the stationary states Yu in eqn (6.5) to yield the separate zeroth order

forms trhile still retainíng the KI terms as perÈurbations ín the decoupled

Harniltonians. As the states Q¡u and Q¡1u are coefficients ln the

expansion of the Yy in eqn (6.5), these are the quantítÍes to be dealt-

wíth.

LIMIT 1:

If
ouu " 0"u,

then

Yv - hôxv.
That is, the molecule is ín the unperÈurbed electronic ground state in

vibratíonal state v ín thís liurlt so that, using the wavefunctions in

ecpressio¡ (6.24) ,

e0v+ * 0v+

or

. cOv- * -óv-.

This results ín reducfng the two one-dimensional EamíLtonlans in eqn

(6.23) to only. one índependent eomponent

4u0¡u = (T + vo - v" * ivn)Ony = eNvONv (6.25)

because, from (6.24),

out = o'u

and

E

where sNv is the overall energy for the electronic ground state in

vÍbratÍonal state V.

! eNv

LIMIT 2

In this case, 0¡u is taken to be much smalfer than 0¡1y so that



53.

the form of the total r,ravefunctíon approaches that for the unperturbed

excited state ín vibrational state v. The one índependenÈ component

which results from this ís

#"Ó"u = (T + vo + va - ivn)0uv = ÊMvOMv rc,26)

where E¡4u is the overall excited state energy.

' EquatÍons (6,25) and (6.26) yÍ.e1-d the separaÈe ground and excited

state energies perturbed by the weak KI coupling-whích exists between

them, whí1e the zeroth order wavefunctions are taken to be valid in thls

approximation. Making the substitutíons given in eqn (6.14) into equations

(6.25) and (6,26), one obtains the following forurs of the Hamiltonians

*y anaí(¡.

#* : (2Mn)- [p2 + 2if (q)p + zr2(Q)l + u*

l{t = (2Mn)-r Í.p' - 2Íf (Q)p + 2f 2(Q)l + h{. G.27)

As the energy gap EM-E¡ increases, f(Q), given ín expression (6.10),

decreases so that these forms o¡#U and#"will approach the fom of the

unperturbed llamiltonian derived in the crude adíabatic approximatíorr.10

It is Ímportant to note, then, that the KI coupling terrtrs have been fomu-

lated solely by the proper inclusion of the nuclear posÍtion dependence in

the electronic r'¡avefunctions - a property intrinsíc only to the adiabatic

approxJmation. l^Ihí1e the terms ín f (Q) would normally be consldered

neglÍgible, it r,¡il-l be subsequently shown that such terms are lndeed

sígníficant in the overall pÍcture of excÍton interactions in dimers.

" : Havíng

resultant pair

coupling terîms

of the dlmerÍc

decoupled the orígína1 Hamiltonian given in eqn (6.15), the

of HamÍltonians in eqns (6,25) and (6.26) retai-n the KI

only as perturbations. In the tttight-bindÍngrr formulation

problen3'4 th" dínerfc states are derived as product states
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of the monomeric wavefunctions. Consequently, the KI couplíng between

monomeric states must lead to ari indirect KI coupling between the relevant

dimeríc staËes. rn having achieved the sirnplieity of eqns (6.25) and

(6.26), this form of coupling will be lost in the treaÈment of the dimeríc

part of the problem. However, a systematic meÉhod is avaflable for

routinel-y coupling and decoupling the eigenvalue equation given in

expressíon (6.13) as follows. A comparison of the coupled eigenvalue

equation (6.13) with the decoupled foms in eqns-(6.25) and (6.26) reveals

a great similarity between them brought about by the use cf the zeroth

order wavefunctions j-n the case of the latter two. Thus, taking :he

coupled form eqn (6.13) and considerÍng only the KI coupling terms ln Vpr

one replaces Q¡1y by -ù,Iv Ín the first of equations (6.r¡) and replaces

0¡¡v by 4Ue ín the second of these equations. Ttre result ís that this

set of equatíons is effectively decoupled to yíeld the pair of equatlons

(6.25) and (6.26), Thfs straíghtforuard replacenent method provÍdes a

schematic technique for the coupling and decoupling of the KI terms as

required. The validlty of thls technÍque lies, fÍrstIy, in the fornal

connexion between the coupled and decoupled forms deseribed and, secondly,

ln the ultímate success of thÍs method

6,2 TreaÈment for the Dimer

The model dimer is assumed to be made up of two ldentlcal molecules

the properties of which have been descri.bed fn Section 6.1. It is

further assumed that these noleties are 1n a fixed spatial arrangemerit so

that the intermolecular potentÍal is constant. It 1s well=knor,¡n Èhat Èhe

degenerate excited states of the dimer are coúpled to one another vla the

fntemolecular potential - the so-called exciton coupling or exciton lnter-



55.

action. As mentíoned preøiously, the tight-bíuding model for such

exciton interactíons will be used.

As was discussed in the previous section, it ís expected. that the

KI coupling between the monomeric states w1l1 lead to an indirect coupling

between certain of the dimeric states, Such a KI coupling cannot exist

as a djrect consequence of a nucleaï momentum interactíon between degenerate

dimeric states from both a physical and a forural-.stand-point. physically,

the tight-binding model ensuïes that the electroníc states of one moíety

of the dimer are unaffected by the nuclear momeata of the other. Thus,

in physical terms, there is no vehicle for the direct KI couplíng between

dimeric states in the same !üay that the íntermolecular potenÈial acts as a

vehicle for the exciton coupling. Fornally, tbe relevant dímeric states

are constructed from orthonormal monomeríc states so that necessarÍly the

off-dÍagonal KI terms vanlsh in the dÍmeric fornulation - again a result of

the tight-binding model. The following procedure will then be adopted.

Fírstly' the exciton couplÍng terms ¡¿ill be introduced by using the decoupled

molecular HamiltonÍans in eqns (6.25) and (6.26) ro deríve the usual

coupled eigenvalue equations for the dimer, ltre KI terms arising from the

noiety states will then be introduced as coupling tetils between the relevant

dímerÍc states by means of the schematic method discussed Ín Sectioi 6.L,2.

The overall dlneric eigenvalue problem may then be solved.

6.2.L Exciton CoupTinq Between DimericsÈates

The subsequent derivation follows well-establlshed jrocedure3'4 fo.
the fomulàtion of exciton interactfons in dímers,. Ilhere necessar% syurbols

r¡ill be prfmed to indícate a dimeú term corresponding to a similar

uolecular term. Each particular moÍety of the dÍmer will be differentiated
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by A or B as a subscript oï superscript.

The dirneric Hauriltonian H- ís written as the sum

E- = Tn'(p-) + H"A{'"A, tArd) + HeB(MeB,rBrQB) + vAB(r-rQ') G.2g)

where H"A and HsB are the molecular electronic llamiltoníans corresponding

to the forn gi-ven in eqn (6.3), VAB is the inÈermolecular potential and

Tn- is the dineric nuclear kinetíc energy. Thís kinetíc energy may be

expressed as the sr:m of various intra- and l-nteruolecular t"tr"4 but, as the

moíetÍes are âssumed fixed, Tn- reduces to the sum of the nuclear kínetic

energies for each moiety, TrA and TnB. Thus, H' sÍmplifies to

H' = HA + HB + vAB G.zg)

where

HA = TnA(PA) + u"A{usA,.ord). (6.30)

HA and HB are dírectly identifiable with the molecular Hamiltonian in

expression (6.1). The electronic and nuclear r¡avefunctions for the

moieiÈes A and B r^r-ill be given by the forns presented 1n eqns (6.2) and

(6.6), wíth the relevant moÍety superscripts. The dimeric wavefurrctions

may be constructed as produet staÈes of these molecular wavefunction"4 drr"

to the separabilíty of the dimeríc llamiltorri"rrll as shown in eqn (6.29),

Thís mathematical separabíliËy is a consequence of the tight-binding model

for the physical sítr,¡ation. In thÍs way, the followfng dímeric states mây

be defÍned:
Añ¡ñA. eo = üuA ü¡¡B; ù = ü¡É ünB; 0z = ürÉ' 1&rB, (6.31)

for the dímerÍc electronic states and

ONI Or,rBy ; Xru = 0n\ 0tqBv; X
2V

qû, 0IP.,, (6.32)Xov

for the dineríc nuclear states. The degenerate excíted states of the

dlmer are convenl-ently writËen in the vector forus
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I

nAeTe

vA

t:,1
-xv

[i:l
Similar eigenvalue equations to the molecular form in eqn (6.3)

may be established for each moíety in terns of these dimeric wavefunctions;

that is,

oT vA, (6. 34)

where, for moiety A,

(6.33)

(6. 3s)

(6.40)

isa

However', for moiety B,

.YB = |,tnnt ol
t_t
[o EuBJ (6.36)

Ihe solutfons of the eigenvalue equatíon for H' in eqn (6.28) may be

for,mulated as stationary stat.es in terms of the degenerate electronic and

corresponding nuclear staËes of the dimer,

Yv- = -q}r G.37)

whfch ís analogous to eqn (6.5). Following the procedúre for derivíng

the correspondíng molecular eigvenvalue equatÍon, the eigenvalue equation

for H' and Yy- is expanded ínto the coupled form

& 'b 
= {o ¡u* 4X" *-(Æxu = ev.-Xv (6.38)

where

4o = <eluAler> illot = .glvABlgrr. (6.3e)

The elements of the thTo-dÍmensional matrix llÆ are such that the follohring

replacenents are possíble4 :

Tf =ú"

vf .uï
= wAB

= ws'

Because of the orthonormality of the monomer wavefunctiorr"rlfA
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diagonal matrix whose non-zero elements are

!+ !r: ''i'MAl"Al'hnA'

fu år= 'ünAlHAl,J,NA'.

rhus, #f, is analogous to#¡1 io "qr', 
(6.26) ana flA, is identífíed with

#u io eqn (6.25) while, irr the case "tflß,il!, ^na*f;, are analogous

ao#" 
^ndlfy1, 

respectively. By substiÈuting ínto expression (6.33) for

4^r#B "o¿?/AB 
as described above, one obtains the coupled dírneric eigen-

value equaÈÍon

(T- + Eri -- í I^Ip)Xlv

(T'+Ez,riwp)x2v

* trl" Xzy = Êv'Xrv

* I,ls X¡y = t"-Xru (6. 41 )

where

T' = TnA * ToB + (2lrn)-r [r21qa¡ + f2(QB)l

Err = r¡f + r*B + wo,

F.22=sNA+rgB+w6,

I.Ip =vpA-upt. (6.42)

This form of the coupled dimeric eigenvalue equation clearly shows

that Ëhe excíton couplíng parameter4 tr1" produces the only apparent coupling

between the states Xrv and Xru whlle the KI terns are present in decoupled

forru.

6.2.2 KíneticaTTq Induced CoupTÍng Between Ditrcric SÈates

The KI termÉ VpA and VnB for the separate moiety states are present

io the coupled equatíon (6.41) but in a decoupled. form. The schematic

method is appllcabl-e here because the nuclear wavefunctions for the dimer

are product states whose components are the separate moiety wavefunctions

as given in expression (6.32). In thÍs way, the eouplíng between the noiety
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states 0¡u and 0¡4u produces an índirect couplíng between the dimeric states

Xrv and Xzv.

Takíng the appropriate KI coupling terms in eqn (6.41), namely,

(i) (-i vpA + i vpA)xrv = (-ivpA + ivpB) orî or3

from the fírst equation, and

(ii) (í vpA - i vpB)x2v = (i vpA - i vnB¡ 0"$ 0r3

from the second, 0"$ is replaced by -0¡¡$ ""a 0¡$ ís replaced by -Q¡a$ in

(i). si*ilarry, 0*$ ís replaced by -0¡1$ ana 0¡1$ ís replaced by -Q¡$

in (ii). This results in Xru being effectively replaced by Xru in (í)

while the opposite occurç in (ii). In thís way, eqn (6.41) becomes

(T- + I^Io + I^ra)Xrv + (-í hrp + I{rs)X2v = .u'Xru

(T- + !üe - ür")X2U + (Í I,ìIp + tls)Xlv = .u-Xrv rc.ß)

where

I,Io=L(EltIEzz)

Ivs=%(Ert-Ezz). G.44)

The coupled díneric eigenvalue equation (6.43) now contains both the

excíÈon and KI couplíng terms in the requÍred fo:ms. The corresponding

eoupled llamiltonian is glven as

#' = (T- + wo) 1+ I,r¿9r + I^Ipg2 + I^Isgr (6.45)

6.2. 3 Solution of the Coupfed Eigenvalue Equation for the Dimer

the solution of the coupled eigenvalue equation for the diner given

by êxpressíon (6.43) is based on the technique of FulÈon and GouËett"r,4'5

previously used to decouple the molecular Harniltonían in Section 6.I.2.

From eqn (6.10)

r (d) = h (Ef- ENA)',lt'f las"lTaqAlhÔ'
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for rroiety A. In the so-called harmonic approxímatíon, the molecular

potential" n¡f and E¡fl are expanded as Taylor series such thaÈ the term

AU"A/AQA is the first-order coefficient. To a first approxirnationr6 ah"

integral in the expression for f(QA) is set equal to this first-order

coefficj.ent which is the dísplacement term in the classícal dísplaced

oscillator potential. This will be denoted 1. In addítion, sínce the

moietíes are identíca1,

(E!Ê - E¡A) = (EuB - ENÐ) = AEr

neglectíng the Q dependence of these quantities. Thus,

f(d) = f(QB) = ñ1/aE. (6.46)

The Hamiltonían f io eqn (6.45) is converted into a more convenient

forn by means of the unítary transformation

4¡ - u¡t #l' uD,

where

IJD=2

The resultant

_r,,
(l- - iqr). (6.47)

transformed Hamiltonian is given as

&i = (T- + I^Io)l - wpgr + wuþ + rÍ¡qr (6.48)

and the transformed wavefunctions of this Hamiltonían are

Xu'= Unl Xu. G ,4g)

In the case of dimers, ít can be shown4 that, íf a symmetry operation

exchanging moietíes A and B exists, then a dimeric syrmetry operator G'

w111 also exíst wíth the properties

lG', T'1- = [G', Iùo]_ = [G', I{s]_ = [G-, w"l+ = [G', I,Ip]* = 0,

(e')2 = | (6.50)

the last coumut.ation relation arising from the fact that G¡ interchanges

the molecular momenta PA and PB.4 G' ls analogous. to but not the same

Ín general as the molecular "rr*"at, operator G in Section 6.L.2. It



6T

follows from such properties above that

¡cgr, {r'J_ = 0,

tríth the result that the Hamiltonian in expression (6.48) uray be reduced

to t\^ro one-dimensional Hamiltoní 
"nt ** and fr' given as

frí. = { + wo - I^rp 1 (}üs - it^ra)c-,

¡^rith corresponding wavef unct ions

(6. sl)

(6,s2)Lut

The harmonic approximatíon is applied to the potentíals trfo and tl¿;

that is, quadratic fo:ns are assumed for the molecular potentials E¡ and E¡4

llíth the sane force constant k being used in both the ground and excited

states. rn addition, the replacements ín expressions (6.r+¡ , (6.42),

(6.44) and (6.46) are used to express the Haniltoníanslli ín terms of

the separate moiety coordÍnates. In usíng the transformed nomal

coordinat""4'5

p! = 2-4(pAt pB)

e! = z-4(o.AtQB),

these l-atter Hamiltonians assr¡me the forms

#+í = (2Mn)-r t(p+)' * (p-)2 + zh2L2/(Lr;l21 +

coNSTANT (t) + z-4tQ* * 2-t k (Q+)2 + z-r t (Q-)2 +

. 24 lrt p-l (AE.Ìh) t{ws-ilconsr.aur e) + z-btQ-l}c-. (6.53)

CONSTANT(I) is a constant potential and is negieeted4 as it si.urply causes

spectral shLfts and not band shape ehanges. CONSTA¡¡T(2) j-s of the order

of I,I4g which is the inte:rmolecular potentíal wheu both molecules are

excited. l,ss,ning that only one of the moietíes of the díner will be

excited at one time, trt4g na] be neglected. The ltranlltoníans resultíng from

such exclusions are converted to reduced form by dividing through by t tt
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where trl is the classical harmonic oscillator frequency of vibration.

The following dimensionless quantítie"4'5 "t. -then substituted into

these reduced Hamiltonlans:

+p-

q

(fi ar urr)

(llrrrrr/h)

t--'2 t>+
I-

4et+

À = (2Mnhr.,r t )-r" L

. = 1fiur¡-lw,

d = (zhr¡)-r¡n

r = À/d, (6.54)

the last tr^to quantities being specifíc to thís derivation. The results

of these substitutíons is that the reduced Hamiltonians may be separated

into two couunuting forms denoted h- and h! where

h' = ,¿(p*)2 + t(q+), + R2 /2 + Àq+

hl = L(p-)2 + b4g.-), -. Kp- r(e-iÀq-)G-. (6.55)

These equatíons illustrate explícitly two forms of electroníc-

nuclear interacËíon. The exciton interacEion E, havíng its basís Ín the

electronic states of the diner, is modifled by the positions of the nuclei,

replesented by the Èerms in tr. This is the well-known vibronic inter-

action urhich has been formulated in a very símílar way in the crude

adÍabatic analoguess of 
"qrr" 

(6.55). The second type of interactÍon, being

exclusfve to this adiabatic approach, is that between the momenta of the

nuclei, rePresented by the term Kp , and the e*citon interactíon. There-

fore, a more concise nomeclature may refer to exciton-nuclear position

Ínteraction and exciton-nuchear rpmentum intetaction in order ao Ur"arrrguish

between these two effects whil-e reÈaining the Èerm vibronic ínteraction to

describe all electronic-nuclear interactions 1n general. Ttte teñls Ê, À and

K may then be referred to as the exciton exchange, nuclear position and
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nuclear momentum parameters, respectively. From its definítíon ín eqns

(6.54), it follows that t< will always be signíficantly l-ess than À for

real dimers so that, in general, the exciton-nuclear position interaction

will predominate. In keeping wíth the accepted classificatíonr12 ah"

exciton-nuclear posiËíon and exciton-nuclear momentum interacËions may be

categorized as strorrg (À>te; K>>E ), intermed.iate (À-erK-e) and weak

(À<<e. K<<e) .

If Xvt are the wavefunctions of the reduced Harníltonians giving.

rise to the comrnuting forms in eqn (6.55), then thls separability of the

Hamíltonians quarantees that these wavefunctions may be constructed as

produet states of the r¿avefunctions for h- and ht. The sets of co-
r -l-

ordínate p-, g- and p-, q are assocíateil with symmetric and asymmetric

(or Ín-phase and out-of-phase) modes of vibratíonr5'13 t""pective1y.

That ís, one may refer to separate vibratlonal states for each of these

plus and minus polarizations but, wÍ-thin each polarizatíon, both moieties

of the dimer must be in the same vibraÈional state as required by the form

of the nuclear states ín eqns (6.32). Thus, the states Xyt are replaced

by the states Xrrfi for vibrational state n in the plus polarization and m

in the minus polarization. That is,

xoå (q*,q-) = xí (q+)xrt(q-) (6.56)

¡rhere

¡'Xn = en'Xn

htxmt = entxnt. (6.57)

the wavefuncÈíons { and Xå r"y be expanded in terms of the ground

state monomer r¿avefunctiorrsf denoted 0p and 0grwhere p.and o are the

vlbrational levels considered. That Ís,
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x; = 
Ëor,,ooo

.rt-5'+aç = å"r-o*o 
(6.s8)

where brrr' and .*1o "r" the coefficients of expansíon. tr{hile the

coefficíents bnrp are the overlap íntegrals gíven in Appendix IV of

reference (4), a possibly better alternative source'of these quanËíties

are the solutíons to the matrix equatíon

lp +4+'+Kzlbo,p * (p/z)h Àbr,p-, + [(p+ r)lz)'.o,',*, = eí bn,p. (6.59)

This matrix equation is obtained by using Merrifieldt"l4 varíatlonal

nethod with Èhe first of equatíons (6.55). A similar variational calcu-

lation for complex coefficients15 based on Merrífieldrs urethod yields the

m¡tríx equation

lo +'a t (-l)oel..,to * í@lÐ4 tc(-l)o(-À)l "-1, o-,

-í[(o+t) /z)41<,t(-1)oÀ] "r1o*, = .å "rîo , (6.60)

from the second of equations (6.55). Both matríx equatlons (6.59) and

(6.60) involve ínfinÍte, trídíagonal, hermítian uatríces whose eigen-

functions are the coefficients borO and. "rTo , respectively, and whose

elgenvalues are the energies ef and {, respectively, These matríx

equations may be solved nr¡¡rerically by standard Èechniques Íf truncated

to a suÍtable size. Finally, the required energies of the absorptíon

bands for transitions betrreen the pure ground state YOO and the excited

states Yfi are given in units of E by

E,,- * e.rt - r. (6. 61)

6.3 The Transition Moments for Absorption

The dimerlc transition momenÈ is usually wrÍtten as the sum of the

uolecular transftlons moments of each monomeríc uofety in'terms of the
lLdimeríc states.' In this case, however, the dineric stetes are coupled
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dírectly by the excÍton interaction and indirectly by the KI effect.

This latter effect is localized in the molecular staÈes and results in

coupled molecular transiËion moments whích may be decoupled using the

states in eqn (6.22). The former interaction gives rise to the usual

forms of dimeric transítion rnoments which may be decoupled usíng the

states in expression (6.52). By analogy to the derivatj-on of the dimer

Hamiltonians from the suítably decoupled molecular forms, Èhe dimeric

transítion moments will be constructed from the áecoupled molecular moments.

6.3.1 The l"Iol-eculat Transitìon Moments

The derivation of the transltíon moment expression in this case

presents the difficulty that the transítion occurs between two electronic

states which are coupled to one another, The usual type of problero4-6

deal-s with the transition between an unperturbed ground state and a

menífold of coupled excited states. Such an analysÍs, however, is

possible even in thís situaÈion by vírtue of the fact that the linits used

to derive the form of the schemaÈic couplÍng Èechnique described 1n Sectíon

6.L.2 reduce the coupled wavefunctÍo¡-s to tùir zeroth order forms. As

can be seen from the for-r of the coupled molecular Hamiltonían ln eqn

(6.7), the complete set of nuclear wavefunctions associated ürith the

electroníc ground state are coupled with the set of nuclear wavefunctions

for the exclted state. The transftion of interest Ís that betqreen the

overall vibratíonally-unexcited ground state YO and a vibronic level in the

excíted state Vv, this latter wavefunction being the stationary state in

expression (6.5). The zeroth order form of VO, however, 1s given by

ry'0 únouo (6.62)

the componenÈs of which are also components of the coupled states Vv."
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Thus, the transition ín absorptíon incorporatíng the KI effect between

the ground and excited electronic staÈes, occurs rnrithín a manifold of

coupled vibrational states.

The molecular transition moment Rmol for a transÍtÍon vy+vo

Ís given by

B*ol = <v,rlulvo> (6.63)

where M is the electríc dípole moment r VO and Yr-are defined by equations

(6.62) and (6.5), respectívely, and integratíon is over the coordinates r
and Q. B*ol i" further reduced by use of the quantity6

lâ"Cql =.ü.lMlüN'' G.64)
That is, integrating over the coordinate Q,

¡mol = .Av l4 (a) louo> (6.6s)

where the Qu are defined in eqn (6.6). withÍn the framework of the

adiabatic approxiur,ation, Fulton6 has shovrn that

ð{,ts/aa = -ih{Ss, (6.66)

so that, transforming to the reduced coordinate q (analogous to qt in

eqns (6.54) for the dimer) and substituting expressions (6.1-0), (6.46>

and (6.54), ít follows rhar

a$(q) làq = tz-"*gr{=v=), (6.67)

The form of eqn (6,67) irnplíes rhat

É"tnl = exp (-ir-{r)$år (6.68)

where

r' = rc/2\ (6. 6e)

.rr¿.4 L is the constant vector
-mol

4#r fsñ

þr (6. 70)
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Expression (6,68) tor $"(c) could nor,v be substituted ínro eqn (6.63) to

obtain the required molecular transítion moment. However, the set of

wavefunctions ôu have been replaced by the set 0u- by the uniËary trans-

formation described in eqns (6.16) and (6.18). Under this transformation,

$"Ctl in eqn (6.63) is found ro rake rhe form

P"fnl = exp (Írc-qo2)&rj, G.7L)
so that, making,use of eqn (6.18) for the gu-, the follorøing coupled

transition moments are derived:

molR"'-' - k<0.- I .*p (ir<-qg2)U"t lQ¡gr, ( 6,72)

Íntegration nor¡t being over the reduced coordinate q.

These transition moments may be decoupled by a well-established
- 4-6procedure'' - vÍa the wavefunctions in eqn (6.22), to yield separate

transÍtfon moments, denoted çor and R_mol, for transitíons from the

Pure monomerÍc ground state YO to the decoupled plus and minus poLaríza-

tíons of the molecule (eqns (6,22) to (6.24)). **tot are given by

omol_5t = %.(Ovt tcgrt) lexp (ia.'qoz) I tg, *qr)qNorérål (6.73)

integrating over q. rf the limiting conditions that vrere used in

arrivíng from eqn (6.23) ro rhe paÍr of equarions (6.25) and (6.26) are

applied to the transítion moments in eqn (6.73), then these adopt the

followí.ng forms:

3*tot = %.(Ovt 0ut) I exp (ir-qqz) I (q, +ø) q¡g>Srj1

fron liuriÈ I ln Section 6.1.2 and

3*tot = b<(0vt -0y1) le*p (ir'qoz) I (q, + er)pr,ro>$j1

from linÍt 2. Applyíng thesä constraínts to the wavefunctÍons in eqn

(6.24) and subsrituting for!¡, L rna4*år, ir follows rhar rhe four

transitíon moments above reduce to t$ro independent solutlons
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_mo1
8i,ñ' = .0nvlexp(irc'qo¿) lq¡rottl¡o (6.74)

and

-mo13iÑ- = <0uy I exp (ir'qoz ) louot.41ft, ( 6.7s)

these integrals beíng over q. TheSe final forms of the decoupled trans-

ition moments are an ínteresting iJ-lustratíon of the signífícance of the

liuríts díscussed ín Sectíon 6.I.2, LÏhíle the initial transiiíon moments

d"t tn eqn (6.63) describe transíÈions between the pure ground state and.

a series of excited vibronic states coupled to it, the forms ín eqns (6.74)

and (6.75) descrj.be essentially the same transitions except that the two

excited states involved have been effectively decoupled from one another.

However, the terms arísing from the KI effect have been retâined also i-n a

decoupled fomr. Thus, eqn (6.74) describes a transition between the

vibrationally-unexcited ground state to a higher vibrational level in the

same electroníc staÈe and is subsequentl;, denot.d 3fift1. On the other

hand, eqn (6.75) describes the transíÈíon from the same ground state Èo a

vibronic level in the excited electroníc state and ís thus denoted 3ffiT1.

The infl.uence of the KI effect is retained in the exponential factor ín

both those cases which brings to notice an important poínt.

The tem K' is related to the function f(Q) via eqns (6.54), (6,46)

and (6.10) and as such is strictly a function of nuclear displacement.

Thus, K' shoul-d vary for each different vibrational state v ln each of the

two electronic state N and M Ín eqns (6.74) and (6.75). If this were

taken into accounÈ, eqn (6.74) would describe the effect of KI coupling

between different vibrational leve1s in the same electronic 
"ara"8 

r.¡here

the r'terïrs could be quite large. rn the case of SÑt, however, the K'

terms are much smaller, as the coupling is'bet¡¡een more widely separated

states' so that the use of the approximation ln eqn (6.46).is expected to

be nore accurate ln thls iase. llowever, díscrepancies ín predicted
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intensj-t.ies may occur for the higher vibroníc levels in the excíted state

where nuclear displacements and energy differences have increased, whíle

the theory has accounted for only firsÈ order terms of this kind.

As the dímeric transition moments are to be constructed from the

molecular transítíon monìents in eqn (6.75), these latter forms wi-ll need

tci be expressed ín terms of the dimeric states in eqn (6.32). Thís is

achíeved 1n a straíghtforward manner because these dimeric states are

product sÈates of the separate molecular moíeÈíes of the dÍmer. Thus,

if the molecule A ís to be excíted, eqn (6,75) ís multiplied by the left

and ríght forms of the eigenstat"" 0fr. Similarly, multÍplicarion by

the eigenstates 0flu a"".ribe the excitation of molecule B, The result

of these operat.ions are tvro transítion moments

3lÀ - <Xrv I exP (irc: qAgz ) I xoot e*l o

AP" = (Xzvlexp(ir<-qtgr) lxoo, lÉil)o ( 6,76)

where Xgg' Xru and Xru are the dimeríc nuclear states in eqn (6.32) and

(s'fi10 
"rra @ü)o are specífic molecular forurs of the constant vector$$ in

eqn (6.70).

6.3.2 The DimerÍc Transition Moments

For a vibrational state v in .boËh moÍetÍes, the dimeric transition

& may be wrítt,en as the sum of the molecular moments nÍt ana R¡R trorn

expresslon (6.76). If it is posÈulated that r 
"ooràinate 

q- exists r¿hich

acts as qA fot moieËy A and as qB for moiety B then thÍs srm may'condense

Lnto the matrlx form

* = <Xvlexp(ir'q'!ùl*ooC (6.77)

where integratíon ís over this reduced coordinate q' and whete$0 is the
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éfi,0

,&f,o

rt is evident that the form of Ûr<rt> ín eqn (6,77) ís fdenrícal ro

$"Cql in reference (6) and that the unitary transformations used in both

cases are identícal. Thus, Fultonfs resultant forms of the decoupled

transitíon moments for the separate plus and minus polaxizati<rns will apply

in thís case. These dimerÍc transit.íon moments-are then

R. = z4 .xutþ-t* o'l*oo= %é9_.¡rrlc,"íR's- l*oo, (6.7e)

where

0

0&

& éfi,0 = 
i6l,lo+

(6.78)

(6. Bo)

and integratíon is over q-.

The form of the decoupled wavefunctions for dífferenË vibrational

states in each of the two polarizatíons is obtained on the basís of the

wavefunctions in eqn (6.56). Thus, the wavefunctÍons Xutín eqn (6.79)

are repJ.aced by the forms X¡*t ana, ultimately, by the state Xfi and ¡rt
from eqn (6.56) and this results ln the following dimerlc transition

moments:

I"î = %¡¡o.rr= le-it<'9'l o,or.xí | e-Ír-9'lo,o,

t LS9.xå lc-.ir'Q-lo,ot.xi lc'"rr-Q-lo,or. (6.81)

Here lOrOt corresponds to the pure, undisplaced nuclear ground state while

the lor"-tare'themomentum displaced harmonic oseillator states ín

vibrational levels o. Since6

-!K'g',e '^ Y ltrot = [tr*",

further expanslon of the transitíon moment exprèssion (6.81) may be

achieved by the technique descrÍbed in Appendix IV of reference (4).

That is,



.*rtl "-lK'q-l o,o, = ÍX*t I c.ir<-q'l o,o, = x(cmt)*(or-K-l oro,

.xrr-¡"-í" n-lor0> = (Xn-lG"ir'o-lo,ot = 
åorrrp<g, 

-r-t0,0>

7r.

(6. 82)

CONSTANT (1 t cos o) (6.84)

plus or mínus character of the spectrum and is

the angle between the monomeric moieties of the

Irrrt of the transitions between the vibrationally

Y^ and Lhe excited states Y--tare given byUnm

using the expansíons of Xo-and Xsì1 Biven Ín eqns (6.58). SubstituÈing

expressions (6,82) into eqn (6.81), the díurerÍc transíÈíon moments reduce

into the forms

3*J = 14 L(cm,å)*(o, -K'10,0>rbr.,p<pr -K-lo,o t 4.t=gt, (6.83)

where the vectotsS-0 anafuO enclose an angle o in the complex plane.

That is,

l.s.o rÉol =

where 0 determines the

consequently vierved as

dimer. The fntensity

unexcíted ground state

ro.t = l*"# l'
= ç9NSTANT I Ëb",p(p, -r<-lo,0tl'13<"r,å1o16, -K'lo,otl'

X (ltcos 0) (6.8s)

using eqns (6.83) and (6.84). The general íntegrals in'thís expression

are gíven 614 '6 'L6

<ß, -K l0,o> = (-t)ß 
"*p 

(-c'2/4) (ir'/*) (ßt)-b. (6.86)

6.4 Summarv

The computatíon of the dimeric absorptfon spect,ra for the

transition from state YO to the state" Y# is suumarized as follows.

Suftably truncated versions of the matrfx equatio,ns (6,59) and (6.60)

be solved nr:merically t yíeld the coeffícients brrp "rd cmrl6 and the

may
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eigenvalues e; and e*t. Consequently, Èhe transitÍon energies and

intensitíes are calculated via eqns (6,61) and (6.85), respectívely. Of

the required parameters g, À, K and o,, À and K may be obtaÍned from the

propertles of the monoureric : moíetíes of the dímer, while e and q,

may be obtained by a fittíng proeedure to be described. Ideally, how-

ever, even the paraneters s and À could be determined from dlrect

experimental or alternative theoretical arialyses of the dÍmer.



73,

7. EXPER]MEMAL STUDY OF THE DIMERIC SPECTRI]M

Only two experimental systems appear to be available for the study

of excfton interactions in non-chemically bonded dimers dimers fonned

in glassy matrices at low temperatur."lT'18 and dimers forued by aggrega-

tíon ín solution,19 !trhile ínterpretatíons of the spectra of associated

dímers in solution in terms of exciton ínteractíons r¡rere proposed only

relatívely. recentl;r'o'21 *otk in this area has been both rapid and

plentíful. The predominant interest has been in the phenomenon of vibroníc

coupling or, in terms of the terminology suggested in section 6.2.3, the

exciton-nuclear position interaction. The study of dimers in glassy

matrices at lou¡ temperatures has been well-suited to this particular problem

because of the experimenÈal determination of reasonably well-resolved

vibrational structure in these cases. On the other hand, the interpreta-

tlon of the associated dimer spectra of dyes ín solution ínvolve tr,ro main

dífficulties. Fírstly, because both monomeric and dimeric specíes coexist

fn solution, the separate spectra must be resolved from the total specÈrum

observed as a funcÈion of total dye concentration. Secondly, these derived

spectra do not display well-resolved vibrational structure in absorption:

llowever, the successful treatment of these two problems lays the foundatíons

for proper theoretical and experimental analyses of more complex systems of

blological ínterest which are entirely analogous to these sÍurpler dimerlc

systems.

These dÍfficultíes with the spectra of dimers. in solution have been

resolved to a major degree by the use of statistícally-based deconvolution

technique 
"24 ,o obtain separate monomer and dimer spectra and by the fitting

of single vibrational progressíons to monomeric spectra to obtain the
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necessary vibraÈíonaI paranet..",25 This latter aspect of the analysis,

while havíng a reasonable theoretical basís ,'U ,t part.icularly applicable

to present theories of excíton interactíons in dimers because these are

based on síngle progressíons in the monomeric moieties, The fittíng of

a single víbrational progression has been successfully extend,"d27 to

determine the p-ar-ameter À in the theory of Fulton and Goute*"n5 by use

of the assumptions that each vi.bronic band is described satisfactorily by

a Gaussiar, 
",rt.r.28 and that the squares of the oíerlap integrals for the

vibroníc states in the ground and excited levels are descríbed by a

Poíssor. distribut iror.,29 A símilar analysís of the monomeríc specÈrum is

applícable to the theory presented in thís work, gíving access to the

nuclear positíon parameter À and the nuclear momentum parameter K.

I,lhile various statistÍcal methods of anatrysis for multicomponent

systems have been developed, the weíghted non-linear least squares method

described in reference (27) has proven to be very successful for the de-

convolution of. the spectroscopic data into lts various components, An

addÍtíonal statistical ald 1n this respect is that of factor ar,"1y"i"30 by

means of which the minimum number of independent componerits ín a system

may be determined frorr the relationshíp betr¡een these and the rank of Èhe

matrix of measured data, However, no efforts ap'pear to have been made ço

increase Èhe experlmental accuracy of the primatE d,ata, this beíng the

variation of the overall absorpÈion spectrum of-the dye with concentration

in thís particular case. Whatever the method of analysis, the ultimate

accuracy of the derived component spectra must depend on the accuracy of the

primary data. To thís end an experimerital planning technique, referred to

as predictíon analysfsr3l r"" undertaken ín thfs work in an effort to

quantify and optímlze the t"t".r"rra experínental condltloirs.
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Systems character:istíc of strong exciton-nuclear positíon inter-
actions have been studíed32-34 r,rith particular reference to the theory of
Fulton and Goutett.rrs in the interpretation of the observed dimer spectra.

However, spectral changes on dímerízatjon for sueh systems are relatívely
sma1l and devíatíons from thís theory due to the r¿eaker exciton.nucl-ear

momentum inÈeractions described in thfs work are less likely to be observed.

More obvious díscrepancies betr¿een experimental and theoretical spectra

have been found. ín certaín dimeríc dye syster"27 
-rh.re 

exciton-nuclear

posiËion ínteractions are much weaker and spectral changes on dimerizatíon

are coliiequently more pronounced. Thus, the spect.ra of more strongly

interacting dye systems are more suitable for a proper quantÍtative study

of the effects predicted by the adiabatic theory presented here. However,

apart from the optimization of the experimental condítions to obtain

accurate spectrar one must be guarded in accepting all spectral changes as

being due to aggregation. Other effects, such as dlssociative equilibria35

of the monomer, also may need to be accounted for, r^7trÍle it must be estab-

lished that any impurities present do not result in erroneous computetl

dimer spectra, Flnally, ít should be mentioned that while alternative

interpretatÍons have been presented36 
"od 

have faíIed, Èhe aggregation view

of the spectra of dyes has been strongly supported not only by a large

group of specÈroscopíc studies but also by vapour pressure o"*or"tryr37

partition equflbriar33 rí.ro-calorimetrÍc measurenents of heats of

dll-ution39 .rrd nuclear magnetic r""orr"rr"".40

The xanthene dye PyronÍne Y(G) was chosen for the following

experímental study in víew of four necessary requírements. Firstly, a

diner species sPectrum was required and previous solution sÈudfes of thfs

ayJl'42 !od.í"a.te a monomerdíner equilibriun. secondry, as also ÍndícaÈed
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by these solutlon experi.ments for Pyronine Y, it would be preferred thaÈ

the monomer-dimer equilibrium ís sufficiently extensive to ènsure

accurate dimer spectra, Thirdly, the dírner exciÈon theoríes discussed

ín this work assume a single electronic transition. This dye has an

intense band in the visible part of the spectrun whích has been aÈtributed

to a síngle electroric transitíon by fluorescence polarízation and linear

dichroisn measuremena".43 Finally, studíes on sirnilat dy"t27'44 h".uu shor^n

that exciton interactions are generally large in such systems so that

specÈral changes on dimerizatjon are usualry quite marked. speclfíc

details of dye purification, sample preparation and apparatus useo for the

study of Pyronine Y have been presented in Chapter II. The monomeric and

dineric spectra of two further xanthene dyes, Rhodamine B and Pyronine B,

were avaílable from other sourceszT '45 as additional tesÈs for the theories

discussed in this work.

7.L Tþe Application of PredictÍon Analysís

The essential postulates and formalísn of prediction analysis

are sunmarized in Appendíx A together wÍth a discussfon of the application

of this technlque to a model monomer-dimer systen in equilfbrium. The

PurPose of prediction analysis is to make some estimate of the precision

of the unknor¿n parameters to be neasured by a partfcular experiment with

a vfew to optinÍzing the experÍmental condÍtions. As a consequence, some

estimate of the values of these parameters is required from the outset and

Èhus excludes the applicatÍon of prediction analysis to an entfrely

"ploneeringtr experiment. In applyíng this expe¡imental planning technique

to the solution measurements of Pyroníne Y, 1t lnÍtlally can be assumed

that a iloûoilêr-dÍmer equllibrium Ís involved,4l'42 Under these circum-
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stances, the absorbance of the solutíon at wavelength À ís given by44

Al =(e¡cr+zxElc,r)bi
where

cr = t (1. + BKCí)% - rl l4x. (7.1)

b, ís the cell path length, C. is the stoichiome-tric dye concentration,

K i-s the association constant, e] i" Ëhe molar absorptivity of the monomer

at ¡,ravelength À "r,a ã] is the corresponding guantíty for the dimer expressed

in terms of each monomer unit. The quantities Ol, t, and C1 are

experimentally accessible while K, e| ""a ãrÀ are the three sets of unk"nown

parameters to be determined. Such a determinatíon may be achieved by a

non-linear least squares fit of equatíon (7.1) to a serÍes of absorbances

as a function of concentraÈion for each wavelength in the spectrum of

interest. It is found, from the covariance matrix for such analyses,

that at each wavelength the quantíties K, eI and ã] "r" statistically

correlated. This ís illustrated by the application of prediction analysis

to a model monomer-dimer sysÈem as given ín Appendix A, It is seen that

the error of determination in each of these quantitíes is very dependent

on the valuès of the other parameters. As ís expected intuitively, the

association constant ís most accurately determíned at Èhose points in the

spectrum hrhere eI and ê] "." well separated. PredicËion analysís then

quantífies the usual procedure.of determiníng the association constant at

the maximum molar absorptivity of Ëhe monomer r¿here, at least for strongl-y

excíton coupled dye dlmers, erl ana ê] are usually well separated. This

value nay then be used to calculate the overall monomer and dímei speetra

from equatÍon (7,1) by fitting only the t$ro parameters e| ana E] .
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7,1,1 QptigjZetjpn pf Experimental- Conditions

It is apparenÈ that, wíthin the context of this experiment,

prediction analysis vø111 be used with the aim of reducíng the error of

deÈerminat.íon of the associatíon constant. As the unknoh¡n parameters

al'e correlated, this more acêurate value of K will result in more accurate

mo:lomer and dimer spectra. PredicÈÍon analysis r,rill indicate the seÈ of

experimental conditíons required to achíeve this 
-optimum 

degree of

precision wíth the leasË expendíture of time, material and labour. In

this case, the experimental conditions include Èhe number of data points

taken, the distribution of these data points, the accuracy of the specËro-

photometer and ceIls and the precision r^rith r^rhich the solutions are pre-

pared. Of these condÍtions, only the former two may be considered to be

sufficiently alterable to achieve a satisfacËory reduction ín the errcrs

of determination of the unknowñ parameters, The number and distribution

of data points were altered by dividing the concentration range under

consíderation Ínto five egual regions so that the number of solutions wíthÍn

each region could be changed independently of the others. In this study

three quantities, the standard deviatíons in K, e] "ra õ] , are to be

minímized simultaneously, Thís may be achi.eved by nrinÍmizing either the

determinaot46 or the sum of the diagonal elements4T of th. covariance

matrÍx; the latter suggestion was employed in thfs work as it Ís the total

of the standard deviatj-ons for all the unk¡pr¿n paraneters.

. A predictíon analysís computer prograûme (PREDAI{) was written using

the basic scheme prescribed by trüo1b."g48 and ís reproduced in Appendíx C.

This basic scheme, however, simply computes estÍmates of the standard

devlations in the unknown parameters from a statíc set of experimental

variables. To adapt this procedure to the purposes of minimizíng the
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Èotal standard deviation, a linear optimization procedure referred to as

the ilsimplex" method49 was introduced. The sínplex rnethod sirnply

maximizes or mlnimizes the value of a partícular function by a programmed

alterations of the relevant variables. It is a sequentíal- search method

partÍcu1arly suitable for large numbers of variable quantities. In this

case, the total standard deviat:l,on or the toËal relative standard deviation

is the quantíty to be minimized while the m¡nber 
_of 

data points withín

each of the five concentraÈion regions are the variables. The simplex

part of the progranmre then uses the prediction analysís procedure as a

t'black-boxil function whích generates values of the total relative standard

deviation for differenÈ data point distributions.

As the prediction analytical procedure requires some estÍmates of

the unkno!ùn parameters, a prelíurinary experinent was carried out to obt.aín

such estimates. It hras known4l'4z that Èhe dÍmer species for Pyroníne Y

occurs, without observable perÈurbatíons fron hÍgher aggregates, for

concentrations below about I x 10-3 .o1 dm-3 - A stock soluÈion at thÍs

concentratÍon was prepared volumetrically whíIe the lowest concentration

to be studied (-5 x 10-6mo1 dro-') and one of intermedÍate value (-5 x 10-s
r5

mol dm -) were prepared by weight. AssumÍng that the maximum absorptivity

of the most diluÈe soluÈion corresponded closely to the value for the'

rnonomer spectrum, estimates of x and ã] were used to r.eproduce the observed

absorbance values at a seríes of wavelengths for the spectra measured.

The resultíng estimated values of the unknown parameÈers were taken to be

e,o = 81 ,000 dn3 tol-t.t-l
I

- .o = 70 dm3 ,o1- I 

"r- 
r

¿à -t

K = 1030 dm-3mol'r,

where the superscript zexo.sderrote values taken aÈ the monomer maximum.
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Using this set of estimates, as well as the estiantes for the standard

devíations in the experimental varíables given in Appendix A, the

predicted total relative standard devíation in these parameters r^7as computed

by PREDAN for a series of. even dístributions of between 15 and 30 data

poiuts. The result of these computations ís íllustrated by the con-

tinuous line in figure 7.1 which shows that the total relative standard

deviation has 1íttle tendency Èo leve1 out with j-ncreasing number of data

poínts, The absolute value of the total relatíve sÈandard devíation has

no real significance since predicted errors are based on estimated

parameters as well as esÈÍmated standard deviations Ín the absorbances,

path lengths and concentrations, However, it serves to illustrate the

behavíour of the varíous errors as the experímental condítions are varied.

The effect of the dÍstribution of points on the precision of the

results was considered next by the followíng procedure, The símplex

search method was started with a set of 11 points in the distribution (3r3,

3r3r3), The distributÍons are described by gfvíng the number of solutions

ln successlve reglons, notíng that data points corresponding to each of the

four boundary concentrations denarking these regions are counted twice.

The sínplex procedure not only redistributed but also fncreased the number

of data points, as would be expected. However, two basic trends emerged.

Firstly, Èhe number of poínts in the second and last concentration regions

were Íncreased while those ín the other regíons renained reasonably constant

in number. Secondly, the reduction in the total relatíve error Ì/as

generally more significant in a non-even distribution of an odd number of

points compared to a similar distrÍbution of an even number oi points. As

examples, Ín figure 7.1 the total relatfve errors corresponding to a 20

pofnt distríbution (4 17 13r4r6) and the 2t poínt dÍstribution (4r8,314r6)



16

1s

o
o\

lrl

o
.¿
o
o,
É.

Þ14

3I

12

l5

FtG.7.l

zo
Number of Points

25 3

PREDICTEO TOTAL RELATIVE STANDARD DEVIAT¡ON AS FUNCTION
OF NUMBER AND DISTRIBUTION OF DATA POINTS.
cr¡ve refers to points dístributed eventy otong concentrqtion
oxís. See text for descríption of non;even distributions.

(lr 
17 ,3,It ,6) ø

(4,8,3,4,6 ) .

. (2 ,11,2,2,8)



81

are comPared. As 30 data points were reasoned to be a maximum number

to work with, redÍstributed sets of poínts with cornparable total relatíve

standard deviations were sought. Startíng wíth dístributions whích

followed the basíc trend observed, it was possible to achieve this aiur

and it was finally de.termined that the distríbution (zrLL,212rB) for 2L

points had a predicted total relative error of less than that for 30 evenly

distributed poínts (see figure 7.1) and yet represented about a 30%

reduction in work load. The prediction analytióal procedure was sub-

sequently used to calculate the concentrations and most probable path lengths

to be troed such that the peak absorbances would fall in the range O,2 to

0.5 where absorbance errors are at a minimum, This was done for the 21

point optimum distributíon and tlne 2I poínt erze¿ dÍstributíon such that a

total of 30 quasi-eventg distributed points r¡rere measured ín all. In this

vralr the predictions of this experimental planning technlque could be

corroborated experimentally.

7.L.2 Determínation of Species Spectra

Thirty dye solutions of concentratíons betneen 4.g05 x 10-5

nol dn-3 and 1.0003 x 10-3 mol dm 
t *"t" prepared in water as prescribed

by the predictlon analyËical procedure in accordance wÍth the dj-stríbutio.n

of points required. The absorbances of these solutÍons ürere measured at

intervals of either 100 cur-l or 200 "r-t b"treen 161000 cur-r and 221000 cu-r

using the Ziess PMQII manual spectrophotometer and both conventional and

short pathlength silica cells which had been suitably calibrated.

Measured molar absorptivities, concentrations and path l-engths are given

fn Appendix B. Blank cell readlngs were determiÍed before and after each

solution measurement and, typÍcally, variations of no larger than about
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0.002 absorbance units rnrere found. Absorption of the dye onto the sillca

surfaces \¡Ias consequently Ínsignif icant. The pH value. measured at the

lowest and highesÈ concentratíons were 4 and 3, respectively, so that

amounts of protolytic reaction products of the Pyroníne cation Ì^/ere

negligible.50 Figure 7.2 shows the behavíour of the specÈrum of

Pyronine Y Ín aqueorrs solution as a function of dye concentration. The

two lsosbestic poínts present remaín well-defined índlcatíng tr^ro import.ant

points. Firstly, this result supports the pr.rí". of a monomer-dimer

equílibrium. Secondly¡ any impuriËies whích may be present have not

observably distorted the shape of the measured specÈra r,¡hich woulü iead to

errors in the determined specíes spectra.

The diurerízation equilibríum model was applied separately to the

spectra belongíng to the three distributíons defined above using a weighted,

non-linear least squares procedure2T rhi"h utllÍzes a gradíenÈ search

method5l for rapid convergence. The standard deviatíons ín the relevant

experímental variables are surunarizerJ in SectÍon 4.3. The values and

relative standard devÍations of the resulting paramters ero, ã20 and K,

determíned at the wavelength of naximum molar absorptívity, are presented

ín table 7.1, together with the respective total- relatíve standard

devlatíons. It 1s seen from the table that results deríved from Ëhe

experimental spectra are in complete agreement with predicted trends

illustrated in figure 7.1.

' A least squares calculation of the complete species spectra may

be achieved in three ways; by a total maÈrix solution of the entire

specÈral data set, by a three parameter analysfs at each wavelength,

or by a thro parameter analysís at each wavelength where the parameter K is

fntroduced as a constarit in eqn (7.1). The flrsÈ of these possibilÍties
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Table 7.1

Distributlon

30 points, quasf-even

20 points, even

21 points, optimum

Parameters DerLved from Experlmental Spectra.
(Relative standard deviations in brackets for each case).

ero(dm3mo1-t "r-t )
^ -te1u(dmrmol 'cr ') ^ -tK(drn"urol ')

Total Relatíve
SÈandard
Deviation

81136 (0;0011_)

81213 (0.0012)

82249 (0.0010)

2e70 (0.s7)

3810 (0.s7)

3990 (0.33)

1151 (0.089) 0. 660

LL92 (0.108) 0.679

L243 (0.07s) 0.406

oo(,
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is computaÈionally cumbersome whíle the second is subject to large errors

in the esÈimation of K at certain values of el rrr¿ õ] , as índicated by

the predíction analyËical results in Appendix A, leading to a possible

over-estímatíon of the computed errors. In ttre last possibílj-ty, the

error in the association constant is neglected and the number of degrees

of freedorn íncreases as only two unknovm paTameters are involved. This

r.vill result in a possible under-estimatión of the computed standard

devíations. However, of these three methods, tie last rnras chosen as being

the simplest from a computational víewpoínt. In addition, by using an

accurate K value, as obtained by the predícËion analytical proced.rre, the

effect of the under-estímation of the standard deviations will be reduced.

Table 7.2 shows the relative standard deviatíons in the computed mol-ar

absorptívíties of the monomer and dimer specles at particular points over

the energy range measured, These rrere calculated with the K values gÍven

in table 7.1 in the case of each of the three data point distributíons

studied. The trends Ín the relatíve standard deviations presented ín

table 7.2 show Èhat the 21 point optimum distribution produces generally

more precise result.s particularly when the greater precisíon of the K vaLue

for this case is taken into consideratíon.

The spectra of the nonomer and dimer species of Pyronine Y in

equeous solution, as obtained from the 2l point optÍmum distributlon, are

presented in fígure 7.3. In view of the difficulty fn assessÍng how the

error Ín K is dlstributed between e¡ 
".,4 

õl , the computed standard

deviations have been accepÈed as a lower linit and of being reprèsentative

of the trends in the behaviour of the errors over the species spectra.

It is apparent, nonetheless, Èhat the predictionanalyuÍcalprocedure has

successfully opEirnízed the relevant experimental conditions so as to achieve,



Table 7'2 Computed Molar Absorpti-vLtfes at ParticuÏar l{avenumbers.
(Relative standard devfatLons as percentages given 1n brackets)

Dis Êribution

['Iavenumber
("r-I )

16000

17000

18000

18300

19000

20000

21000

22000

331

9s5

58t92

81440

477 66

24023

7 606

2605

(11,8)

( 6.r¡
( 0.e)
( 0.8)
( 0.6)
( 0,9)
( 2,9)
( 4.0)

(19.2)

( 2,5)
(13.6)

(2't ,0)
( 2.1)
( 0.7)
( 2.0)
( 3.0¡

(10. e)

( 4.8)
( 0.7)
( o.s)
( 0,5)
( o.s)
( 1.e)
( 2.s)

À
€2

430

4659

5584

2446

21058

56280

2l_111

67 86

(L7 ,9)
( 2.3)
(13,2)

(26,7)

( 2.0)
( 0.5)
( 1.6)
( 2.2)

21 Optimurn

(r3. 2)

( 6.0)
( 0.7)
( o.s)
( o.s)
( 0.7)
( 2.e)
( 4.0¡

(23 .4)
( 2.6)
(LL.2)

(16.s)

( 2.0)
( 0.6)
( z.t¡
( 3.3)

30 Quasl-Even

À
ê2

2L Even

À
I€ À À ÀE1 e1

JJ4

965

58826

823l-3

48336

24L27

7 642

267 6

384

4497

6424

3893

2L395

55204

20535

6530

€2

401

4648

6L74

2500

2TLL2

56397

2LL69

67 62

302

951

58266

8L462

47889

24073

7 627

2634

oo
(¿l
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by the measurement of 21 specially selected points, an overall precj-sion

not bettered by the measurement of 30 evenly-distlibuted points.

7,2 CoJnputatí.on of _species Spectra

The following dÍscussions deal wíth the analysis of the monomeric

anJ dimeric specÍes spectra for the three xanthane dyes, Rhodamíne B,

Pyronine B and Pyronine Y, noting that these spectra were determined for

the former t\,ro dyes from 18 randomly-dístributed and 30 evenly-dístributed

polnts, respectively. Furthermore, it has been shown ,43 Lo, Rhodamíne B

and Pyronine Y, that the visible band corresponds to a síngle electronic

transition. This uray be safely assumed to apply to Pyronine B as well since

this dye is a very close analogue of Pyronine Y.

7.2.I The Monomer Spectrum

The monomer spectra \^/ere f itted by a weighted, non-l-Ínear least

squares procedt,re to a S-parameter Gaus;ían equation which has been

described prerrío,r"Iy : 
27

r(ü¡ = (rook*å ;|,r + 9d) exp t-(ü - ioo - uraü¡'/u'l , (7.2>

lrhere I(v) is the intensity as a function of r,¡avenumber for each vÍbra-

tLonal state m, (t00)rr* ís the maximum íntensity 1n the spectrr.un at

wavenumbet vO., Av Ís the separation between successlve vÍbratíonal levels

in the monomer spectrum, b Ís the bandwidth parameter related to the band-

wfdth at half-maximal íntensiÈy bg by

bg = 2b(rnz)h (7.3)

and X is a parameter related to the equilÍbrium nuclear conformation in

the two electronic sËates considered 1n each noiety of the diurer. In the

case of the cr.úde adfabatic approximatÍon, ft can be shown thatz7
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)' = * Q.4>

where X ís the ratio of the (1r0) intensity to the (0,0)intensity within

the monomer band since there is no coupling interaction considered between

the ground and excited states. À is the nuclear positíon parameter

ínÈroduced ín the dimer theory di-scussion. Hor¿ever, ín the adíabatíc

theory, in lrrhich an írrteraction between the ground and excited states

withín each monomer moiety ís postulated, equatÍon (7.4) cannot hold

stríctly. The adiabatic À value may be obtaÍneá from the monomeríc

spectrum, on the other hand, by the followi-ng experímental procedure.

Consider, initially, the case r¿hen e = 0 in the dimer Hamiltonían

of equation (6.55) and ín its crude adiabatic analogue derived by Fulton
5

and Gouterman.- In the latter case, when ê = 0 the Hamíltonian

fortuÍtousiy reduces to the equation for a position dÍsplaced harmoníc

oscillator and yields the energies and intensiÈies for a síngle, ísolated

molecule r,¡ithín the context of the cr.ude adiabatic approxímation. However,

when e = 0 in the adiabaÈic equation (6.55), the dimeric states still

remaín coupled b'y the K term írnplying that the plus and minus series will

not converge to Èhe same form. This situation is best víewed as corres-

ponding to the spectrum of an fdealized dimer ín which the intermolecular

potential ís non-existent so that the indirect KI coupling betrtreen dímeric

states alone produces the differences between Èhe predictêd plus and minus

seríes spectra. In general, the plus series cbrresponds to parallel

molecular transÍtion moments ín the dimer so that the monomeric moieties,

in such a case, are enviroruuentally identÍcal with the overall dimeric

confÍguratíon. In the case of E = 0, then, the plus series spectrum has

ttie shape expected for an lsolaÈed monomer treated by the adÍabatlc approx-

l-mation. The adiabatÍc À value may then be obtaÍned by fftttng the
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experímental monomer sPectrum to the adíabatic plus seríes spectrum with

the excíton exchange parameÈer, e, set equal to zero. Fínally, the

nuclear momentum parameter K requíred for calculations ínvolví-ng the

adÍabatic dimer theory and def,ined in eqn (6.54) is given by

R = 2l vl, / ioo (7.5)

in terms of the monc,meric fitËing parameters.

7.2.2 The Dimeric Spectrum

Theoretícal absorptíon spectra for the adiabat.ic model r¿ere cal-

culated as sumflìârízed in Section 6,4 by means of the comput.er programme

ADFULGO given ín Appendix C. The infinite matrix equations (6.59) and

(6.60) r¡rere truncated and solved by library prograÍutres available hrith a

CDC 6400 computer. fft. size of the matríces rrras lirniÈed to a dimensÍon

of. 20 as this was found to yield at least l0 eigenvalues and eigenfunctíons

well clear of any signifícant truncation errors, The sums in eqn (6.85)

converged rapídly for the usual values of K'. The dimeríc absorption

sPectra ürere constructed by superimposíng Gaussian ban<lshapes, of the form

ín expressíon (7.2), onto the computed line spectras normalizing the over-

all spectrum to the maxlmum of the experímental spectrum. An identical

procedure was adopted in calculatíng theoretícal spectra based on the crúde

adíabatíc model of Fulton and Gouterman using an avaílable computer

27programre.-' Of the necessary parameters for these calculatfons, the

excÍton exchange parameter, e, and the angl-e betr"reen the moleties of the

dlmer, g, hrere fiËting parameters, The bandwidth parameter, b, was

assumed to be identícal for both the monomer and dimer "p."i""27 while
ftcrude adiabatictt values of À and K were obtained from eqns (7.4) and

(7.5) ,
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B COMPARISONS OI¡ THEORY AND EXPERIMENT

8.1 Theoretical Comparisons

Figures 8.1(a) and 8.1(b) compare theoreÈical spectra computed

by the adiabatíc model with those obtaiued by the ciude adiabatic approach

due to Fulton and Gouterman. The following set of parameters were used

in both cases

(roo)rr* = 5

voo = L2.5

= 1.4

bg = 0.5,

all those quantítÍes beíng in arbítrary uníts, All spectra have been

nornalízed to (a00)*"* and the plus series for both models have been

superímposed at this rnaxímum intensity, r,rhere possible, to aid comparíson.

The spectra have been ploÈted on an arbitrary energy scale with the monomer

(0r0) band at 11.8. The varLâble parameters e, À and K are shown in each

case applyíng to both the plus and minus series of each model, that is for

parallel and anti-parallel molecular transition moments ín the dimer,

respectively.

In relation to the phenomenon of the exciton-nuclear positíon

interactíon, lt is apparent that both models provide, in a simílar way, the

gross spectral trends expected for various degrees of competítion betra¡een

the exciton interaction (e) and the nuclear displacements (À).52 llowever,

in agreement with the situation discussed Èy Fultonr6 th. adiabatic and crude

adiabatíc models dÍverge as the KI effect íncreases and the influence of

nuclear momentum (r) becornes comparable with the exciton íhteraction. Both

theories predict véry símilar negative särÍes spectra which appear as normal

Av
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vÍbrational progressions throughout the whole range of couplíng strengths.

The positíve series, on the other hand, shows å more varied behaviour for

boÈh models. In the limít where the exciton-nuclear momentum ínteraction

is substantíal (figure 8.1(a)), the adiabatic theory predicts positive

series spectra which appear to be much broader than the correspondíng crude

adiabatic spectra. The only real correlation between the models in this

coupling region Ís in the positíon of the vibronic bands l¡ut not in their

intensities. However, in the regíon of much r"ák.. excíton-nuclêar

momentum ínteraction (figure 8.1(b)), predÍcted intensitíes and band

positions are almost ídentical at higher energíes. This limit aiso

corresponds to the situation of weak exciton-nuclear posítíon interaction

of which it is qualÍtat íu"Ly52 predicted that the two series are very well

separated, as is observed ín figure 8,1(b), However, both theories predíct

additíonal weak bands at low energy for the plus series and at high energy

for the minus series. These have been ascribed5 to f'vibratíonal borrowlng"

betneen the two coupled electronic states of the dimer due to the asymmetric

vibrational mode q-. In the plus series, the adíabatic model- predicts

much larger intensitíes in this region of the spectrum which supports the

vibrational borrowing interpretation, ThÍs ís seen to be so because the

KI effect operates vj-a the aslrrrneËrlc momentum coordinate p as may be seen

from eqn (6,55).

As was discussed in SectÍon 7,2,L, there is a difference between

the plus and minus adiabatic spectra when e=0 which has been attributed

to the KI coupling between diurerÍc sÈates. It is of interest Èo assess
t

the devíation betr¡een the predieted e.rude adiabatic monomer spectra and

the corresponding adiabatic spectra for various values of À and K, for

practical purposes. Adiabatic monomer spectra, correspondlng to the
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plus seríes for e = 0 as discussed earlier, r¡rere computed for a range of

pairs of À and K values and then X values for these spectra were calculated

from the ratío of the (1r0) to the (0r0) band intensíties. The ratio

À2/x is unity for the crude adiabatic mononer, as can be seen from eqn

(7.4). Hor^rever, plots of this quantity veïsus K are a dírect measure

of the <ieviation of the adj-abatic model of the monomer from eqn (7,4) and

are presented in fígure 8,2..

8.2 Experimental Comparisons

The computed nonomer spectra of the xanthene dyes considered, as

analysed by means of the Gaussían equation described in Section 7.2.I, aïe

presented in figure 8.3. The resultant fíve fitting parameters are given

in Èable 8.1 for each of these dyes. The last two entries in this table

have been calculated from equatÍons (7.4) and (7.5) so that these quantities

are stríctly valid only ín the crude adiabatic approximation. However,

comparíng these values Èo the curves in fígure 8.2, ít is seen that, for

thesethreedye systems, the ratios À2iX are close to unity r^ríthin experimental

error. Accordingly, no sÍgnÍficant error is introduced by the use of the

À and K values given in table 8,1 for both models as requíred,

The relevant dímer spectra were calculated as described ín

Section 7,2,2 for both theoretícal nodels usíng the parameters in table 8.1

and varying only the exciton exchange parameter e and the angle between

the.noieties in the dimer, o. These theoretical spectra and the. dirner

absorptíon spectra as derived experimentally are presenÈed in flgure 8.4.

It is seen that the dimer spectra of Rhodamine B, P¡rroníne B and Pyronine Y

corresPond to a series of decreasÍng excÍton-nuclear posÍtion and exciton-

nuclear momentum lnteraction, as reflected by the increase of e with respect
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Table 8.1 I{onomer Parameters for the Three Dye Spectra
(Errors shown are standard deviatíons)

Parameter Rhodamine B Pyronine B Pyroníne Y

(too)*"*

-l

o (cur -)

-t(cm -)
0

v

Av

X

bg

101 800 r 2300

18 lBB ! ZO

13481 30

0.34 I 0.02

11151 30

0. 58

0.086

51 390 t 950

18 170 + 20

L260 t 30

0.43 10.02

1140 t 20

0. 66

0.091

78 850 t 1700

7.8 392 t 10

LL94! 20

o.46 ! 0.oz

to52! 20

0. 68

O. OBB

À

K

to À and rc' Although the exciton-nuclear momentum interaction is rveak

in these cases, there are signifícant differences between the Èwo models,

predominantly in the low energy regÍon of the spectra, Thís observation

parallels the difference in behaviour for t.he two models on a theoreÈical

basis as seen in f igures ti.l(a) and 8,1(b).

Both models predict an angle of about 30o betrüeen the monomer

moieties of the Rhodamine B diurer and 09 for the Pyroníne dyes. Theoret-

ícally, the mÍnus series affects predominantly the lovr energy region of

the spectrum as can be seen from the results in figures 8.1(a) and 8.1(b).

However, no amount of contributÍon from the ninus series can explaín, as

does the adiabatic model, the discrepancy between the crude adíabatíc and

experimental speeËra for these dye systems, Ilo¡¡ever, in the. case of

RhodamÍne B, the mínus series Ís Íncluded to produce the longer lor¡ energy

tttaílt'r¿hích is not observed. in the spectra of the Pyronínes. The effect
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of the minus series on the Rhodamine spectrum, as shor¿n as an ínset to

fígure 8.4, lndícates the only change incurred on the whole of the

theoretical spectrum as the angle q, is alËered in each model.

The interpretation of the spectrum of Rhodamine B is complícated

by two factors. Firstly, a component of the minus seríes is present,

as brought about by the non-zero angle between the monomer moieties of

the dirner. Secondly, this dirner is an example ef the intermediate

exciton-nuclear posítíon interaction limit where the redistribution of

íntensíties is compli-cated. However, the àdíabatic model provídes an

obvíous improvement over the crude adíabatic result ín Ehis case. The

spectra for the P¡rronine dyes, on the other hand, have no minus series

component and are representative of weak to very weak exciton-nuclear

position interaction, Only the adiabatic nodel predicÈs quantitatíve

intensities for thgse examples in the low energy region of the spectra

which, as discussed ín Section 8.1, corresponds to vibrationally borrowed

intensÍty from the forbÍdden negatíve series, A¡art from the generally

more accurate predíctions of the adÍabatic theory, this latter result adds

great weight in favour of the premíse of a kinetically induced coupling

bethreen non-degenerate states of the monomer moieties leading to an

excÍton-nuclear momentum interactlon.

As the exciton-nuclear position ínteractÍon decreases, neither

model predicts accurate intensities in the high energy region of the

experimental spectra, although the adiabatic model provides some.improve-

ments even here. As was díscussed in Sectlon 6.3.1, such a díscrepancy

would be expected from the form of the K term used. This forrn of the

nuclear momentun parameter Ís based on the harmonic approximation to the
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Potentíal energy and thus rlepends only on the displacement in and the

energy of the zero vibrational level in the excíted state. rt is

suggested that the discrepancies observed ín the high energy region of

the pr:edicted spectra may be due to not accounting for the larger

dÍsplacementsr e-nergies and anharmonícities of the hígher vj-broníc states.

9 CONCLUSTONS

9.1 Prediction Analysis

The ímportant prediction, that by the judícíous choice of the

distríbution of points a significant improvement may be achieved in the

precision of the physical parameters to be determined, has been experi-

mentally vindicated. As a conseeuence, the use of predictíon analysis

in the optimization of experiments concerned with the concentration

dependence of the spectra of solutions, can achíeve signifícant savings

Ín labour, tíme and material. In addition, predíction analysis provides

a powerful tool for assessing the feasibility of any data collecting

experimenÈ where Èhe physícal law of the phenomenon in question and the

accuracy of the experimental variables are known,

9.2 Exciton InteractÍons in Dimers

In general, the adiabatic theory appears to provÍde a more accurate

description of exciton interactions Ín dimers than does the_ sirnpler crude

adiabatíc theory. In particular, the adÍabatic model predicts a weak

coupling between the ground and excÍted states wÍthin each moiety of the

dimer arisÍng from the nuclear kinetic energy. I{hile thís kinetically
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induced couplÍng is small, experimental evidence presented índicates

that it is nonetheless sígnificant r,¡hen introduced as a competit1on to

the excÍton interaction in dimers. Thís competiËion has subsequently

been interpreted as an exciËon-nuclear momenÈum Ínteraction.

Itrhile studies such as this for di¡rer systems have no direct
mathematicai applícation Èo the many-body problem of the polymer or crystal,
the processes involved r¿ould be expected to be quite applicable to these

more complex aggregates. The exciton migratíng through a crystar or

along a polymer chain will experience perturbations due Èo the various

inter- and intramolecular vibraÈions inherent ín each of these cases.

In general, this type of perturbation has been dealt with only in a statíc
sense. That is, only the effect of Ëhe instantaneous positÍons of the

nuclei on the exciton have been considered, giving rise to, what is termed

ín this work, the exciton-nuclêar posítion interaction. However, it must

be presumed that the excíton will be affected by tlne change in the potentíal

energy as the nuclei move. ThÍs, in fact, is the physical basís of the

exciton-nuclear momentum interactíon,
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10 THE CLASSICAL TI1EORY OF TRANSMISS]ON AND ABSORPTION OF L IGHT IN

CRYSTALS 
"

The essential aim of this rvork is to deterrnÍne the orientation of

the transitíon ntoment of a particular guest held within a host matrix.

Apart from such methods as the electron spin resonance studies of the

Èriplet sËates of the guest molecule,l th. observ¿tion of the behavíour of

light absorptíon by the guest as a functíon of crystal orientation

provides a particularly straightforward avenue for achieving this aím.

The attractíon of the method lies as much in Èhe direct nature of the

experímentatíon requíred as in the facÈ that the results may be inter-

preted by means of the well-establíshed classÍcal optics of crystals.

The theoretical discussion presented here ís a specific application

of the classical optÍcs of crysÈals, based predominantly on the work by
t

Born and Ì'Iolfr- to the problem of the transmission and absorption of

light in monoclinic crystals, such as anthracene. The requirement for

such an analysis at thís poínt arises from the need to delÍneate tne

necessary experimental condi-tions for the most facíle interpretatíon of

light absorption by a guest molecule within a hosÈ lattice. Two major

interpretÍve difficulties may be defined with partícular reference to the

class of biaxial crystals of which anthracene is one example. Firstlyr.

the incÍdent líght will undergo double refractíon wíthin a biaxÍal crystal

so that the electric field orientations within the crystal wíll not be

identical to the orÍentation of the external field. Moreover, the

specifíc orientations of the internal field are related to the rnutual-

alignment of crystal and external field, Secondly, the external fíeld

applied to the medium ís consfdered to be further altered by the electríc
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field of the mediun itselî, The ínfluence of this local fie1d3, as

distinct from the applied field, at the site of a specifíc molecule

requires consideration when dealing'"rith the prcblen of a guest mol_ecul-e

ín a host lattíce. Gaussian units will be used in the subsequent rlis-

cussion which íncludes an introductory summary cf the necessary classical-

optics followed by an applicatiou of this classíca1 theory Ëo the specific

problern on hand.

10.1 The tícs of Anisotr íc Medía

Born and WoLf2 have presented a very complete work on the theory of

classical optics and thÍs has been used as the source for the summary of

the fundarnental concepts which follows, The absorptÍon of líght by a

dopant in a host molecular crSzstal concerns the interaction of the electrÍc

field of the incident electromagnetic radiatÍon and the transÍÈion moment

of the guesÈ molecule. The direction of the electríc field in such a

crystal ís then of central imporÈance to the derívation of the transition

moment orientation. In the treatment of most insulating crystals it. may

be assumed that the medium is homogenous, non-conductÍng, magnetically

isotropic and electrícally anisotropic so that the macroscopic electric

fiel-d within the medium, as distinct from the applied external fÍeld, is

relaÈed to the electrical dísplacenent D by

I =gE. (10. 1)

diagonalized

dielectríc axes

Ín the x, y, and

that

: Ís the dÍelectrfc tensor which, beÍng symmetrfc, may be

by taking as the coordínate system the so-called principal

havíng the principal dielectric constarits exx, eyy and e""

z directions, respectívely, Theée axes are labelled such
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(10. 2)

(ro. 4)

An electromagneÈic \rave is assumed to propagate in the directíon

represented by the unit vector v¡, the so-called wavenormal, at a

velocity vp known as the r¡ravenormal or phase velocity, sucll that D is

perpendiculat to w. On the other hand, the magniÈude and direcËion of

the energy flux of the electromagnetíc field is gÍven by the Poyntí¡g

vector !r

s=h(tx!) (10.3)

where c ís the velocity of light in vacuo and H ís the magnetic vector.

For conveni-ence, the directíon of thís energy flux is represented by the

unít vector r, the so-called ray, and the velocity of energy propagaÈÍon

Ís the ray velocity vr. The vector E ís perpendicular to r_ and is not

collinear with D_, in general. The wavenormal velocities and directions

are ínterrelaËed by Fresnelrs equation of wavenormals

2
vtx

tt' - t*' =0

where wx, wy and w, are the x, y and z components of the wavenormal vector

and v¡¡, vy and vz are the prineipal veloci.tíes of propagatlon. An

analogous equation to (10.4) relates the ray directíons and velocities,

Attention is now centred on the refraetion of líght 1n the specific

case of biaxial erystals. It is found that each incident wave gives ríse

to trnto refracted I¡Iaves, each of these transmitted waves havlng a unique

velocity of propagatíon. Each transrnitted rüave- nay have only one direc-

tion of polarízation of the vector D and both waves are in the plane of

incidence. This is known as the phenomenon of double refraction or
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bitefringence. The refracted wave-s obey the general law of refrac.tion

sin 9i = -S- = nn^, (l_0.5)sin 0,o v\ü rw

r,Ihere 0i and 0, are the angles of íncídence and refraction, r:espectively,

for thevÍavenormal and ls is the refractíve index of v¡avenormals whích is

direction dependent. In general, the oríentation of Èhe vector D, and

thus of E, ís not easily determined. On the other hand, it is known ttraL

propagatíon in any coordinate plane of the princípal dielectríc axís system

gives ríse to an ordinary and aÍL extraordinarg wave such that the direc-'

tíons of vi-bration of the vector D are perpendicular and parallel ',o the

coordinate plane, respectively. Equation (10.5) applíes to the extra-

ordinary wave while the form

sin 9i = Dvrr (10.6)
sarr Uw

where n, ís the refractive indêx of wavenormals independent of the direc-

tion of propagaËíon, applies to the ordinaty v¡âve.

There exists ín the x z -plane, kno-m as the principal plane, certain

unique directíons along which there is only one allowed velocíty of

propagation but an ínfinity of allowed dírectíons of polarizatíon for the

vectors E or D. A maxímum of two such directions are possible, correspond-

ing to the case of biaxial crystals, situated syuunetrÍcally about the z-axís

for each of the wavenor:rnal and ray directions and are termed the optic axes

of wavenormals and the optl-c ray axes, respectívely. The important con-

sequence of propagatíon of a wavenormal ín the dlrection of an optic axis is

that the light is depola'rized and consequently indicates the posiÈion of the

axis in question. Thís is known as internal ænÍcaL refraction in the case

of a wavenormal propagatíng ín the directíon of an optÍc axis of hravenormals

and externaT conícal refraction ln the case of a ray propagaÈíng along a ray
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optic axis.

LO.2 Doped Crystal Absorptíon

The principles described above wÍl1 now be applied to the probJ_ern of

energy absorption by a dopant molecule in a hosf- lattice. Specifí_cal1y,

the host crystal Ís anthracene. The follor+íng facts and assumptíons will

be defined at first.

(i) The crystal structure of anËhracene is described by space group p27/a.

Thq unit ce11 is bimol-ecular and. monoclini"4 
"rrd 

thus optically

biaxial.2'5 As a result, it is known that one of the dielectric axes

ís paralle1 to the two-fold crystallographic axis while Ëhe other two

are dependent on wavelength.5 Optical data for anthracene6-9 and the

condition in eqn (10.2) then establish that the optical y-axis ís

coincident with the crystallographic b-axis and the optical x z -plane

is in the crystallographic ac-p1_ane,

(ii) Anthracene crystallizes into plates, the extended surface being the

crystallographic ab-plane. 4

(iii) The dcipant concentration is assumed to be suffíciently low as not to
incur any sígnificant effect on the crystal structure of the host.

As well, low dopanÈ concentrations will ensure that there are no guest-

guest interactions and that absorptíon by the dopant at each site occurs

. in a regÍon smaller than the wavelength of the excitÍng radiatÍon.

There are then no signífícant boundary effecÈs

(Ív) The host is'assumed not to possess any signífÍcant absorptlon in the

region of guest absorptior, "o ttrt the host uatrlx acts as a classícaI,
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non-absorbing, electrically anisotropic medium.

For non-absorbing media, the expre""íorr2

r = (rU)% (1,0.7)

relates th.e refractive índex n to the dielectríc constant e and the

magnetic permeability u. I-or üost non-magnetic materíal_s, 1t is very

close to unity and will be neglected in all consequent expressions in

this analysís, Thus

e=n2

so that, for electrically anisotropic media,

exx = c2; e,yy = 32i €zz = \2 oü< ß<y (10.8)

where o,, ß and Y are the príncipal refractíve índices and are obtainable

experímentally. Due to Èhe nature of the anthracene crystal, absorptíon

ís best carríed out ¡rrith light íncident on the crystallographic ab-plane,

that is the optical xy-plane of the prÍncípal dielectric system of axes.

It is further knovm that the evaluation of directions of polarízation f.or

the field vectors ís much sinplified r¿hen the wavenormals and rays lie ín

the coordinate planes. Thus, the incident plane is most suitably selected

as to be ín the crystallographlg ¿s-plane, that is, the principal optical

plane. Figure 10.1 presents a plan view of the ac-plane wíth a light beam

incÍdent on the ab-plane at an angle 01, Due to double refraction, t!üo

ttavenormal (and two ray) directíons result wiËhín the crystal. One wave-

normal undergoes ordinary refraction at an angle 0,o' and the other undergoes

extraordinary refraction at angle 0r". It is also known that there are

two optie axes of hravenormals within this plane equally displaced about the

z-axis at an angle o,o to the z-axís. The axís perpendÍcular to the

crystallographlc a-axis in the ac-plane will be denoted c' and the angle
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between c' and the z-axis aill be denoted E. For convenience p wÍ11

denote the angle between the extraordínary üravenolrtral direction g-- and

the z-axis and o will denote the angle between yj' and. the extraordinary

ray dírection r

From eqn (10.4)r.Fresnelts equation of navenormals in the x z-pLane

¡¡ill be

(vhr2- .rr') [ r*'(.rr'- ,y') + wzz(vr^r2- v*2) ] = 
0.

But

w" = cos0 and w* = sing

so that

(vrü2 -.ry')[ (vw2 - vr2) sin2p + (vw2 -,n*') "os2p¡ = g. (10.9)

The roots of this equatíon are
.22

vls = vy

ui" - ur' sin2p + v*2cos2g, (lo.1o)

the first of rrhich gives the wavenormal velocity for Èhe ordinary r¡/ave-

normal- w- and the second givíng Èhe extraordrnary !¡avenor al velocity. The

sinple law of refraction, èqn (10.6), r^rill apply to g- and corresponds to

a vibration direction of Èhe vector D along the optical y-axis. That is,

"¿q8i = ß (10.11)sin uw

¡shere ß is the refractive i.ndex along the y-axis as descrÍbed by eqn

(10.8).' The extraordinary wavenorma-tr obeys thè law given ln eqn (10.5),

specifically

105.

(10.12)sin0i _c
"i" oã' = lín' = tb'

and represents a vibration dírection of D

(10.8) and (10.10), ft m¡y be seert rhat

in the x z -plane. Frou eqns
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vw = c(sín2p /y' t ""t'p/s,')Þ'

where

-kvft = ce¡f

so that eqn (1-0.12) becomes

sín 0i - sin Ofi'

k=xry, z

sin2 (E-ow--) + cos2 (E-0r^r- - )

c

l
_r,,

= 0 (10.1-3)
y2 g2

since p = E - 0r". This equation may be used to calculate values of 0o¡--

from values of 0i using Newtonrs method of evaluáting the roots of a

function.

The P vector associated wíth the extraordinary wavenornal ís ín the

x z -plane and wíl1 be denoted p:-. In the same way !" is associated

wlth the extraordinary ray and is also in this plane, The vibration

directions for the vectors associated with the ordinary kravenormal and ray

are denot"d ¿' and E'and are'collinear hr-ith the y-axis. It follows from

thís argument and from eqn (10.1) that

D*" = -cos({-Or") l!" I = .** Ei' = -cos(E-oí-) exx In--l (10.14)

D;" = sin(E-O;-) I p.-'l = êzz Er" = sin(E4í').r"I E 'l

where the plus and minus signs arÍse because of the dírections of the

components D*--and Dr". thus, divÍdÍng'by Dx and D" results in the

expresslon

tan (f-0¡¿') = * tan (Ç-0r'-)

so that

oî'=f-tan-rþi.."(E-e", 
I 

(10.1s)

In thís way, values of the angle " Al' can be cornþuted from the values of

Ofi' obtalned from eqn (10.13).
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As was díscussed in Sectíon 10.1, the energy of an electromagnetic

field in an anísotropic medÍum ís propagated in the dírectíon of the ray.

By usÍng the Poyntíng vector S Ín eqn (10.3), the energy flux or intensity

in the ray dÍrectíon uay be evaluated. That Ís, if 0r is taken to be the

radiation energy density then, from eqn (10.3),

c
, grvr =ñ- (f .Exg)

trhich leads to the expression

Irwc
Tt- (10.16)PrVr = nz (or - o\J)

for the intensity of the electronagneÈic field in the direction 0r, where

the bar denotes a time average. The general refractive índex of wave-

normal-s may be r¿ritten as
2

qi'

so that the direction-dependent eravenornal refractive fndex ln the x z -plane

is gfven by

f\., (10.17)

Substítuting the relevant expressions from eqn (10.14) into eqn (10.17)

yields the expressÍon
-lt

'/8 .ql( Ð'

Lg--l
loç', + o;-zl

t* %")

nw
cos2 (E 0ír') + (10.18)

g,2

allowing the computation of the refractive indices nr,, at each extra-

ordinary qravenorrnal angle 0Ç'. Returning to egns (10.11) and (10.12),

Sf.n 01 = sin 0r"nt

"ir,'(¿ -- eín1l
\2J

and

sLn 01 = sín 0r'ß
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so that

Thus

sin 0r' = sín 0*"t1r/ ß.

cos 0on' = (1 - sin2 0r')' = sin2or--n *'I gt)-h,

$cosor'= (gz - sin2Or"n')-'".

(1 -

relatíng the extraordinary and ordínary hTavenormal angles of refracr-ion

via the equation

(10.18)

The absorption by a deep trap ic assumed to be described by the

classical model of a local field F acting on a guest mol-ecule. The

relationshíp between F and the total macroscopic electric field tr i"10

(10.20)

where Ê ls the local field tensor, the nature of which wÍll be discussed

ln Section 10.2.1, and E is the macroscopic fÍeld defined in eqn (10.1-).

The trar^sítion moment R for the guest molecule is given by

R = constant.Ë

where p ís the electric dipole moment of the transition. The absorption

ls detenrined by a projection of R onto the effective fieldll - a scalar

produeÈ of the form

R.F = constant.U.g.E.

Defining an effectiye electric dipole moment 1t' such that

!.' = .U. 
.g (10.21)

leads to a simplÍfication of thís absorption relation. the intensíty

absorbed per unít volume is proportional to

F = d.E

GTT
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where the bar denotes a tÍLte average. If the incídent light is polarízed

in the x z -plane and Ín the y-directlon, respectívely, the intensity of

absorption wí1l be proportional to

(u*-E* + ví E"),
(L0.22)

and (Urí rr) 2 
,

respectively. rf t is the crystal thickness, the path lengths, l, and

I*", for each of the above polarizations will be-

Iy=tsec0,o-

Lxz = t sec 0i- 
(10'23)

A monochromatic beam of light of incident intensltl ro fa11-ing on a

specÍmen of thickness 1 containíng m molecules of the absorbing species per

cm3, wíll have a transmitted Íntensity I given by

r = ro.-o"1

where cc is the absorption coefficient

dependence, That is,

T2 and inplicitly contains the m

dI
ãI = -I0-

so that integration over a path of unit length results in the expression

oc=-K(À)Í'/T

where I' is the a.bsorbed intensity and K(À) is the constant of Í.ntegratlon

¡rhích ls wavelength dependent (À). the inÈensities Ln the x z - and y-

polarizations are given by eqns (LO.22) while the lntensity_of the trans-

nitted light is gÍven by eqn (10.16). Consequently, the components of the

absorptfon coeffÍcient are found to b

o"y = r(À) (ur'Er')'/fi* B"o" oF eo.24)
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hrhere

er or'=o

for ordinary refraction and

o,c*, = K(À) Cuí F + yiÇ)r/frn*""s(0r' -oi.)lrt
for extraordinary refraction where the refractive índex non Ís given by

eqn (10.18). Thê components E*'- and Er-' may be expanded using eqn

(10.14) so that

c¿cxy r(À) t-uí cos ([-0i') + ví sin$-0i')l 2/nrco" @í- - 0;.) . (10. 2s)

The absorbance A ís deflned as

A = 0,c1

so that, by substituring eqns (10.23), (10,24) and (10.25), rhe y- and

x z - polatized absorbances are glven by

! = r(f) vy" t sec 0r-lß
(L0.26)

Ax, = x(I) t-uí cos([-0i-) + v; sin([-Oi-)] 2t sec OÇ-lnrcos(e;--0;-).

For conveníence, a coordinate transformation is affected by a rotation of

-f about the y-axis so that the dielectric axis system 1s brought into

coincidence with the crystall-ographic abc system. It is then appropriate

to 1abel quântities 1n terms of the crystallographic system rather than ín

terms of the optical coordÍnates. Thus Ay is labelled A6 and is

unalÈered r^rhile A*, becomes

Aac = r(À)t-uí eosOf- - U! sin 0i'72t secOfi-/n¡¡cos(0i' -e;-). (10.27)

Flgure 10.2 íllustrates the oríentation of the effective electric dipole

moment within the crystallographic axís system where 6 is the angle between



FIG.IO.2 ORIENTATION CONVENTION FOR THE EFFECTIVE
ELECTRIC DIPOLE MOMENT. (Left-honded coordinote system).
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g- and the posftive b-axis and 0 fs the angle between the ac- proje.ction

of I' and the positive a-axis. The axial components of u- may then be

writÈen

xr' = lg'l sin Ç cos 0

ub u cos 6 (10.28)

x"' u 'l sinE sín 0.

As a result,

A6 = r(À) lu'l' cos Ç r/ß cos 0,n-

from eqn (10.26) and, by substitutíng eqn (10.1.9), A5 maj be wrirren in

terms of the extraordinary qravenormal angle of refractíon as follor.rs:

A6 = ¡(À) lu-l' "o"'E r (ß2 - "io'Oí' nr2¡-4.

In the same hray

Aac = r(À) | u' | 
2 

"irr2Et 
IcosOcos0i- + sinO"ioOí']'/ttr"o" pi' -oi' )"o"0í-.

LettÍng

K = r(À) lu- I 't "o"'6,

the equations for A6 and 4"" simplÍfy to

Ab = r(ß2 - "ir'€í' 
r1r2'¡'" (10.2e)

and

Aac = K ran2 6(cosQcos}í' * stnQsin0í')'/nr"o" @í' ^ 0j')cosOi' (to.:o)

where K, as a function of wavelength, describes the shape of the absorption

band and A6 and A¿s are nohT expressed conpl-etely in terms of the effectíve

electric dipole orientation and the extraordlnary refraction angles 0f' and

er



IL2.

It is of further ínterest to defíne an ísotropic atsorbanc" Ai"o

which ís of use in estímating the dopanË concentrationras a practical

point. This is defíned as

Ai"o =å,o9 +af +e!-) (10.31)

t¡here n9, ¡9 ana a!- are the purely a-, b- and c'- polarized components

of absorbance. fhe Afl component arises when the E vector ís collinear

with the b- axís and consequently occurs when the ray Ís collinear with

the "- "*i". Thus 0r-- is zero arrd, sinplifieé eqn (10.15) to the form

(o*-')3 = E - ran I ff r"r, E1. (10.32)
[æ)

The angle (0,o'-)l corresponding to the b- poharized component of E uray then

be calculated from eqn (10.32) and Ís used to evaluaa. A3 from eqn (10.29).

From eqns (10.28)

o9 = oB tan2 6cos2q

A3' = e! tar,2q 
(10'33)

so that A! and l!- may be computed froo the Af conponent.

Surunarg

By way of a sr:umary, the following ís the procedure for the computa-

tion of the orientation of the transition moment 1n terms of the angles Q

and ç from the experimenÈal data.

Required experimental data:

(f) measured b- and ac- polarized absorbances as functions of the

angles of incidence 0i¡

(ff) the refractíve Índices or ßr yi
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(i:í) the anglq f between the optical z- axis and the crystallographíc

c'- axis Ín the ac-plane (see figure 10.1);

(iv) the optic axlal angle Ç.

Procedure for computation:

(i) compute the set of wavenormal angles 0Ç'for extraordinary refrac-

tion from the measured angles of incidence using Newtonfs method of

evaluating the roots of equatíon (10.I3);

(ii) using eqn (10.15), the set of corresponding ray angle" eí'may be

computed from the 0i' ;

(iii) the refractive indices of wavenormals ín the ac-plane, nr, may be

computed from eqn (10.18);

(iv) the absorbances 4"" couiputed from eqn (10,30) may be fítted to the

neasured ac-polarized absorbances using the method of non-l1near

least squares. The variables are. the absorbane"" 4"" and the

angles 0r" and 0r-'whíIe the fítting pa:¡ameËers are the total

entity K tan2Ç and the angle S;

(v) using a linear least squares procedure, the computed absorbances

A6 from eqn (10.29) may be fitted to the neasured values. The

variables are the absorbances A6 and Èhe angles _0Ç' whiLe the only

parameter is the constant K. In this nay, the angle 6 can be

evaluated from the non-linear least squares parameter K tan'2 6.

(vi) ffnally, the ísotropie absorbance fs calculated from eqns (10.29),

(10.31), (10.32) and (10.33).
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10.2.I Optical Data fot Anthracene

The optícal data required for these calculaÈions include the

prfncípal refractive indices o,, ß and y and the angle f between the z-

axis and the crysËal-lographic c-- axis 1n the ac-plane at 4,2oK, the

temperaÈure at which the absorption spectra \^rere measured. While there

Ís no. publÍshed data for the dÍspersÍon curves of c and y at 1o!'r tempera-

tures for anthracener there 1s data for ß and the refractive indíces of

wavenormars Îw ín the ac-plane measured aË norrral incidence at 3OOoKr6r8

140oxr7 95oKr8 
"rrd 

20.4oK.9 *r" daÈa wíll al1ow a compuration of the

other refractíve indices ct, and y as follows.

The angle of indicence I, for whlch the vavenormal is refracted along

the directíon of the optic axis of rravenounals is given by the equatíon

for ordinary refractíon (10.11). Furthernore it can be seen from fÍgure

10.1 that the wavenormal optic axis angle O, would then be given by

f¿" = E + sin-l (ß-lsin rs). (10.34)

Equation (10.8) gives the extraordinary refractíve Índex of wavenormals

for a general direction of propagation, T,lhen refractlon of the trave-

normal is along the crystallographic c't. axls, that is at normal incidence,

this equaÈion reduces to

(10.3s)

where rì Ís the extraordinary refractive index of çravenornals fer normal

incidence. Ìühen refractLon of the extraordÍnary wave lfes_in the direc-

tion of an optic axis of üravenormals, the b-- and ac-.. polarized waves are

parall-el and n, = $. In such a caser egn (10.18) reduces to

1F "o"2E sln2E=-õr*lr
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(10.36)

Solving eqns

n yields the results

(10. 37 )

ß being índependent of the directj-on of propagation.

(10.35) and (10.36) simultaneously in rerms of ß and

1_
(t

tFæ %
It
tæ02

and

1 f I r l. .,^

7 
= 

þ%*tu 
- 

':.=,,JE)l 
(tan2CI" - tan2E). (10.38)

rn thís way, using published data for ß and n at noûnal íncidence and

measured values of I'o, the quantities cr and Y may be obtained from eqns

(10,34), (10.37) and (10.33). The determínarion of rhe angles I, and

E and the extrapolatÍons necessary to estímate the required refractive

índices o,, ß and \ at 4.2oK from the data at higher temperatures will be

discussed in Section 11.

L0.2.2 ?he Local ETectric Fie7d.

In the classícal theory of dielectric media, the poLarizability of

each atom (or oscillator) is assumed to be the same 1n the crystal as in

the gas. However, the presence of an applÍed macroscopic field produces

an Índuced dipole field withín the neíghbouring reglon and ís taken to

reinforce the macroscopic field at the site of the oscillator. This is

the basls to the concept of the local electric field. such a concepÈ,

however, is unnecessary in a proper quantrm-mechanícal- approach because the

very presence of a neighbour nodifies the wavefunction, and thus the

pol-arizability, of each oscillator even fn:the absence of the macroscopic

field. In thÍs way, the calculated wavefunctions ínclude all interactions
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betr'reen oscíllators and the correct value of the fíeld would be the

macroscopic fíeld and not a 1oca1 field, This point has been íllustrated

by perturbatíonal and self-consístent field calculations of the non-

ïesonant interaction between a crystal and an incident macroscopic tieldl3

where, for at least cubic crystals, the quantum-mechanícal result reduces

to the classical l.ocal field model. rt is to be appreclated, however,

that the extension of such a theory to real, anisotropic molecular crystal-s

urould be no mean task and, as a consequence, the quantum-mechanícal theory

ís beyond the seope of this ¡.rork.

3A sínple classical approach has been to consíder a sphere, large

relatíve to atomic dimensíons and centred on the oscillator in question,

as beÍng the boundary of a continuous dielectric wíthin a specimen. If

the applíed macroseopic field is defíned as the field produced outsjde the

specímen and incident on it, then the local fÍeld at a general laÈtice

síte wíthin the crystal is the sum of Èhe depol-arízation field produced

by a surface charge on the outeï surÏace of the sample, the Loxentz field

from the induced eharges on the insíde surface of the boundary sphere and

the fÍeld of the oscíllators v¡Íthin thís cavity. It is then clear that

the macroscopic fíeld E, which ís dealt ¡¡-ith in the optÍcs of anísotropíc

media (eqn 10.1), is the sum of the applied fÍel-d and the depolarízation

field. Assuming that the applied field is unifom and índuces a uniform

polarizatíon P Ín a cu.bic sample, which uay be considered as being a

continuous ísotropic díelectric, the Local field F rnay be wrLtterr3 ."

(10.3e)4¡
3

F=E*

XE.

P

P

where

(10.40)
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X is the dielectric susceptibílity tensor being a diagonal matrix wíth

all non-zero elements equal to X for isotropic medla. The díelectric

constant e for arl ísoÈropic medir:m ís related to the Ísotropic dielectric

susceptibility X by2

e =1+41TX. (10.41)

This then a1lows an application of these equations to anisotropíc medía

since eqn (10.41)maybe used to describe each of+he prÍncípal dielectric

constants exx, êyy and err. Applyíng eqns (1-0.39), (10.40) and (10.41)

to the loca1 field equation (10.20) and replacing the isotropíc díelectric

susceptibility tensor by an anísotropic form X-rrri", results in the

foIlowíng form of the loca1 field tensor d:

S (ro,42)

where

4oid = 1+*
J

(10.43)

for the principal dielectric coor.dinate system. Since the computation of

the orientation of the transition moment given in SectÍon 10.2 was carrÍed

out r.I-Ith Tespect to the crystallographíc axis system, a coordinate trans-

formation on eqn (10.42) fs requÍred. The matrí* I'"rí" is descríbed

with respect to the crystallographic coordi.nate sysÈem by a síml-larity

transformatlon using the rotation matrix $. That is,

' {'"r,f" = qt I'"oi" .$

0

0

anasX

0

I
0

Ex*-1

0

0

Iv-1
0

0

êr"-L

-sfnEl

":" J

cos t
0

sin t

where

s
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and X anis ís the transformed tensor. Thus, makíng the further replace-

ments from eqns (10.8),

x anis =

9i"o

(crz-t¡eos2E

+ (Y2-1)sin2E

- (o'-1 ) cosEsinE
+(y2-1) cosf sinf

- (o2-t¡ cos{sín{
+ (Y2 -1 ) co sE sinE

(cl'-t ) sln2t
+ (Y2-1).o"'E

0

00 92-t

and eqn (LO.42) becomes

(10 .44)

(10.4s)

T4
l-n

(10 .46)

gnis = t *åI SanL

where É anis r^¡Í11 denote the anísotropíc Lorentz LocaL fíeld tensor

the crystallographic axis system.

15Vuks has defined the classical Lorentz field in terms of an average

refractive index

o2"rr"= (02 +92 +Y2)/g

so that T4

whích is an entirely isotropÍc local fielil tensor used to describe

anisotropic media. Local field tensors for nolecular crystals have also

been derived usÍng a self-consístent, classical poínÈ-dipole approximatiorrlo

Chen et a7ia116 crrrr-irrs et a7ia17 "od BridgelS have índependently itlus-

trated that this theory for t¡,ro molecules per unit cell has two degrees

of freedom and Èhus a continurmr of solutions. By selectÍng most probabl.l4

or constr"to"dl8'19 solutions of the point-dipole approxímation, local

fteld tensors have been derived which are at some variance wíth the forms
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given ln eqns (10.45) and (10.46). rn parricular, worL by Bridgelt n."
shown that corrected electric dipole moments for guest molecules obtained

by the application of point-dipole'!ocal field tensors ro eqn (10.21) are

hígh1y localized about a preferred axís and are not withín the plane of a

host molecule. This adds further weight to the belief that the poínt-

dÍpole approximation ís not valid for a crystal such as anthracene vrhere

the distance between nearest neighbours i-s much less than the length of

the molecule itself. rn such a situation, the átoníc nature of the

molecule would be expected to be of some signíficance. On the other hand,

a very recent point-dipole analysis ui thís probl"ror20 based on a fourier

analysís method, has been suggested as beíng more accurate than former

theoríes. However, an applícation of the theory is, as yet, unavailable.

Thus, on1-y the 1oca1 fíeld rensors of eqns (10.45) and (10.46) wÍ1l be

ínvestigated in this work and applíed to eqn (10.21) to calculare the

actual electric dipole moment U from the effective moment ¡- measured

from experiment. That ís,

d-1
(10 .47 )uu
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11 EXPERIMENTAL STI]DY

The two traps observed for each of the systems l-aminoanthracene ln

anthracene and 2-aminoanthracene in anthra""rr"2l are resolved only at

very low temperatures and appear as tlüo separate but overlappíng systems of

bands in fluorescence. In absorption, however, only the two traps of the

2-¿mínoanthracene case are observed whíle, ín the case of l-aminoanthracene,

the higher energy trap appears to be masked by lhe phonon structure of Ëhe

low energy trap. Thus, only,the oríentatíons of the three observed trap.s

can be determined by the absorption method discussed in the prevíous

sectíon. However, the complete resul-ts for 2-amlnoanthracene make Ít

possíble to also discuss the analogous 1-amínoanthracene case.

The necessary absorptíon spectra are to be determined with líght

pol-arízed in and perpendÍcular to the crystallographic ac-plane as a function

of the angle of incidence. IÈ is then necessary to identÍfy the posltion

of the b-axís for each crystal and to orient it Ín the direction of the axis

of rotation. The subsequent deterurin¿tion of the absorption spectra is

complicated by various factors such as the shape of the background to the

spectral lines of ínterest, the depolarj-zing effects of nisallgnment of

the crystal and scatterÍng effects. The nethods by which these problems

have been approached in this work wÍll be descríbed but, as a test of the

overall procedure, the system tetracene in anthracene rías also studíed

since the orientation of the tetracene molecules has been determíned by

other methods. 1, 22

11.1 Materials

The purification and sample preparation procedures for the materíals
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used Ín this study are described in detail in Chapter II. Crystal.

thíckness and dopant concentratíon are not required as part of the compu-

tation of the transition momerit oríentation. However, these quantitíes

are of interest from a practícal víewpoínt and, with respect to dopant

concentrations, ít ís necessary to know whether guest-guest ínteractions

may be signíficant.

Crys':1 thickness rÁras measured by means of a polarízing microscope in

the conoscopic rnod".23 The Bertrand method was employed whereby the

ínterference figure could be viewed against a micrometer scale in the ocular.

In this way, the nrmrber of fringes per scale division yielded the crystal

thickness directly. Estimates of dopant concentratíon may be obtained

using solution values of the molar absorptívÍtíes, room temperature crystal

thicknesses as measured above and isotropic absorbances as defined in

eqn (10,38). The molar coriceritrations of dopant thus calculated nay be

converted Èo mole/mole concentrations íf the density of the host is known.

Of the several approximations Ínvolved in this meÈhod, the estimation of the

correct molar absorptivity presents the greatest problem síncer for

example, the transitions being observed for l- arrd 2- aminoanthracene at

4.2oX2L is hidden beneath a wlde, structureless band at. room temperature

24in sorutLon. Thus an independent method of concentration determinaÈíon

was al-so attempted. Beerrs 1aw for two índependent species in solutíon

wlth overlapping absorption bands is gÍven as

Aì = (rl c¡ + eà c2)b (1-1.1)

1

where Aâ is the total absorbance at wavelength À,
"o¿ 

el a,re the molar

absorptivlties at wavelength À for each of the specieg denoted I and 2, b

À
e1

is the cell path length and C1 and C2 are the respectÍve molar conceutra-
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tions. A non-linear least squares fit of eqn (11.1) tc measured total
absorbance data will yield the concentrations c1 and c2 with e1^ and

À.e2'- being set as constanÈs. The procedure involves dissolving an

indívídual crystal in a suítable solvent and carryíng out the above analysis

to determíne the concentrations of host and guest and thus to obtain the

mole/mole concentrations. rn practice, however, the very 1ow dopant

concentratíon is a severe restrictÍon which can be countered, to some

extent, by the use of a lovr volume "trough" cel1í Such a cell was used,

havíng a calibrated path length of 1.016cm and a volume of only 0.5cm3

compared to the usual 3cm3 for a nor-^¿l l-cm ce11 . This means that con-

centratÍ-ons would be some seven tjmes hígher than could be:.usually expected.

The orientation of the crystals could be established by observation

under a polarizing microscope ín the conoscopíc mode. Síncê the extended

face of the anthracene platelets is the crystallographic ab-plane, the

optíc axis plane (ac-plane) will be normal- to the directíon of the b-axís.

Thus th: optic axes emerge from the extended face of the crystal. The

interference figure seen in the conoscopic mode appears as a black spot

surrounded by interference ftirrg"".23 This spot fs the poínt of emergence

of one of the optíc axes whíle the oÈher occurs outsíde the field of vlew,

being at a more aeute angle Èo the ab-pJ-ane, as shown ín figure 11.1.

The positíon of thís tto.bserved" optic axis, as well as the points of

maximun and. zero extinction as the crystal is rotated between crossed

polars' consequently fixes the direction of the crystallographic b-axis.

The overall procedure for sample handling was as follows. Single

sublírnation-grohtn crystals of doped anthracene were mounted, thr.. "t "
ti.me, over the small holes ín the sample dísc of the liquid helíun cryostat
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described in Chapter II. The adhesive used was glycerol which enables

the crystals to be oriented on the dÍsc as requíred and yet f.reezes to a

clear, glassy matrix aË 1ow temperatures providing a useful ther¡nal contact

between cryostat and sample. However, no glycerol was allowed to cover

the crystal over the aperture in the sample disc. Each crystal could

then be víewed under the microscope to determine the orientation of the

b-axis which was fixed along a fudicía1 mark on the sample disc. As

we1l, the posítion of the optic axis was noted "ín"", referring to figure

11.1, the crystals had Èo be oriented ín such a way that líght vras

refracted either 1n the díelectricz-axí-'s side of the crystallograpiric c--

axis or in the opposite quadrant containíng the observed optic axís.

Thís restriction rnras necessary because the cryostát could be turned only

15o one way and 43.50 the other. As a means of ídentifyíng ín which

quadrant the refracted beam lay, a sign convention was adopted as shown in

figure 11.1. In this !'ray, negative angles of incídence identify

refracted !ìraves in the x-axis quadrant while positive angles occur in the

z-axis quadrant. Once the crystals we;e oriented on the sample disc,

the crystal thÍckness ú/as deterrnined, as described, at fíve poinËs over

the aperture ín the disc. The average thickness could then be measured

wfth some índication of the variation in uniformity. The sample disc

was then bolÈed to the mounting platform of the liquid heliuur cryostat,

allgning the fudícial mark on the disc wlth the marked rotatíon axís of

the cryostat. If, after the relevant low t.emperature spectra nere

measured, crystals vlere required for dopant coneentration measurements

by the solution method described earlier, the crystals could be floated

off the sample dÍsc onto lrater.
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aL.2 Spectro.photoqetrv

Specific details of the Hilger D-460 spectrophotometer used ín

conjunction with the liquid helíun cryostat are given in Chapter II.

Before spectral measurements ürere taken, a check was made of the effects

of crystal misalignment and depolarizatÍon caused b! gross varÍations in

the uniformity of a crystal which may appear as the angle of incidence

is varied. I^lith the crystal set at normal incidence, the polarízer on

the spectrophotometer and another pol.ari-zer placed beËween light source

and crystal were adjusted to eliminate any transmítted light. This

fmplies that one of the polarízers is para11e1 to the b-axis of the crystal

while the other J-s perpendicular to it. The cryostat was then rotated

through 43,50 and any misalígnment or crystal distortion r^ras revealed by

the consequent depolarizatíon, this generally being of the order of L% or

1ess.

Transmíssion spectra r¡ras recorded for angles of incídence between

-l-5o and +43.50, using the sign convention íntroduced in Sectíon 11.1, at

i.ntervals of 50. On the fewer occasions where the position of the optic

axis was to be determined, the angle of incidence !ìras varied between 0o

and -43.50. In al-l cases, the angle was first increased then decreased

ln the range selected and at each seÈting the transmission spectrum r¡ras

recorded four Ëi.mes with the spectrophoÈometer polarizer set successively

at 0o, 9Oo, 1800 and 27Oo to the vertical. In this way, errors due to

norrunifornitÍes Ín the crystal a¡rd to possible sma1l misal-ígnments of the

cryostat are expected to be randomízed,. Figure IL.2 Íllustrates full

transmissíon spectra for tetracene¡ l-erni¡oanthracene and 2-aminoanthracene

Ln anthracene at angles of incÍdence of 0o and 30o. Thê speetral lines
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of interest have been labeiled TETA, TETB and TETC for tetracene, 1A for

l-arninoanthracene and 2A and 2B for 2-aminoanthracene. The latter three

labels correspond to the notation used by Brídge and Vínce.rt2l to

dístinguish the double traps produced by these materíals. In order to

calculate the absorbances of each of these spectral lines, one musÈ

determine th'e O7" and 100% transmi-ttance levels. The zero transmiÈËance

1eve1 is set on the spectrum, as shov¡n in fígure IL.2, by closing the

entrance slit on the specÈrophotometer. me lfiOiZ leve1 is taken to be

the background baselineonwhÍch the spectral lines stand. The form of

this baseline in each case is not íntrinsically assessable. However

íts position may be estímated and it is considered that, if a consistent

method is used to reproduce it for each spectrum measured, then absorbances

calculated at the various angles of incidence r¡ould be little affected.

In addition, the use of such a baselíne corrects somewhat for variations

caused by scattering losses beeause it would be expected that both line

intensities and the background baseline would be altered by such effects.

Figure 11.3 shows the way ín r¿hích these baselínes úrere establ-íshed for

each of the traps studied, the same method being used at each angle of

lncídence.

Referríng to figure 11.3, I 1s the i.ntensity of the spectral líne of

ínterest while IO is the incident light lntenslty obtained from the

position of the baseline, In this way, the transmittance of each line

nras obtained from the ratio t/IO, The procedure yiel-ded two b-polarized

and two ac-polarized transmittances at each angle of incidence so that an

average measurement could be obtained r¡ith some indication of the possÍble

error in transmíttance. As a result, b-polarized and ac-poLarízed

absorbances Iilere calculated from these transmíttances as a function of the
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angle of íncídence together with estjmates of the eïrors in absorbance.

This constitutes the basic data needed Ëo compute the transitÍon moment

orientat ions.

11.3 Calculation of i11a Data

11.3.7 OpticaL Data

To calculate transítion moment orientati.orr"-fro* the above abso::bance

data, optical data at 4.2oK was required. However, as noted in Section'

]-0.2.1, only values of the refractive indices ß and Io, at normal incidence

are avaílabre for temperaÈures between 20.4oK and z9gor.6-9 The compu-

tation of the refractive indíces g¿, $ and ^¡ at 4.2oK then requires a

knowledge of the angles Ç and CI,o and a method by which optical data at

the hÍgher temperatures can be extrapolated to 4.2oK.

The room temPerature results of Obreimov et a7ía6 show that the

dispersion of the angle { is negligible for wavelengths betr,treen 57gnrn

and 405nm. That is, E = 29.60 with a standard deviation of 0.7o in
this wavelength range. From room temperature crystallographi" d.t"25

for anthracene, the ac projecti.on of the long (L) axis of the anthracene

molecule lies at 2g.go to the c'- axis, whfch coincídes with the value of

Ç above to wíthin the standard deviation noted, This fact endorses the

ldea that the dielectric z-axis, beíng the direction of maxl¡uum crgstal
polarizabillty, lies very closely in the dírection of maxímum moj.ecular

polarizability, rt is assumed that thís coincidence also applie's at

lower temperatures and hence, from crystal data at 95ot<r25 E = 31.Io.

As Ëhis rePresents a change of only about 57" from the room temperature

value, it is further assumed that Èhe value of 31.10 applies at all temper-
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atures below 140ox.

By measuríng Èhe behaviour of the dopant absorption for angles of

íncídence between 0o and -43.50, the apparently anomalous effects caused

by internal conícal refraction indicate the position of the optic axis

of rnravenorrrals which lies on the x-axis side of the c--axis. The form

of thís anomalous absorption ís illustrated in figure 11.4 whích shows

plots of m-easured b- and ac- polarized absorbancés for light refracted ín

the x-axis quadrant containing the I'observed'r optic axis as given in

figure 11.1. The quiËe apparent le:alized depolarization of thís

absorbance data gives either direct or estimated vaLues of the angles of

Íncidence h "t whieh light is refracted along each of the optic axes of

e/avenormals correspondíng to the wavelengths of absorption for the traps

TETA, 1A' 2a' and 28, That ís, figure 11.4 clearly demonstrates the

dispersion of the optíc axÍs of wavenormals. The optic axial angle fl*

at each of the relevant wavelengths may be compuËed from eqn (10.34).

This r¿as d:ne usíng the values of I, measured at 4.2ot< wÍth ß values

Lnterpolated from the published data6-9 
^" various wavelengths and at

temperatures between 140oK and 20.4or. The results of these calculations

are gÍven in tabl-e 11.1 whÍch also includes the interpolated Ç values

obtaíned fron eqns (10.36)-(10.38) using the complete set of room Èempera-

ture refractíve indices of Obreimov et alia.6 *anough values of I,

measured at 4.2oK were used to calculate the Ç values below 14OoK, a

contínuous correspondence appears to exist even wíth the Índependent

room temperature data.

Havlng obtained the necessary values for the angles Ç

refractive Índíces o hrere calculated from eqns (10.37) and

and Oe¡, the

(10.38) using



0.2 0

0.1s

0.10

0.20

0.15

0.10

r

0.80

0.60

0.40

1.2

0

b
0.40

0.30

tr
o

o(,
C
o
-o
o
u¡

-o

]J 0.20
o
.!
t-
q
o

o_ 0.10
I(,
o

O

P

/

0.50

0.40

0.30

-30 -20 -10 0 10
Angte of lncidence (degrees)

EXPERIMENTAL EFFECTS OF INTERNAL CONICAL
REFRACTION. (q) Tetrocene, trop TE i-A; (þ) 1-qm ino-
on throcene, trop 1A; (c) 2- ominoqnthrqcene. t rops
2A qnd 28.

(t
I

Tg
I-|
N
o
o-

(t
(

o
.-t (t

o.Bog
cl
o

o
0.603

-40

Ftc. tl.4

Ë-+-F-+-*-t--å

o

!
e2'

tr

c

t 
-O--a _

4-

o___o

2A:oo
28: E.

0.0s



TABLE 1I.1 Opticot Constqnts for Anthrocene
(QucntlÈrêr âE lhoh ot lrch teoperáture of !.nÈerest)

Tråp 2980 K

o
t¿00 K

lfrvêlen8th of
Îråp Ab.orptto¡

(m)

fy (detrec.)
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the available g and ¡, d"t".6-9 The refractíve índices at the ü'ave-

lengths of j-nterest rÀ7ere interpolated from the resultant dispersion

curves, The behaviour of these refractive inclices with temperature i.n

the range 298or to 20.4oK is not linear. However, in the range 2}.4ox

to 140oX the behaviour Ís very close to being linear so that a linear

extrapolation r¿as used in this r:ange to obtain Èhe refractive indices at

4.2ox. The results of all the above calculations are also presented in

table 11.1. Calculations of the transition moment oríentations could

then be carried out wíth each set of data so that the effects of the

varíous extrapolations, interpolations and other approximations could be

quantified.

11.3.2 Dooed Crqstal ParameteÍs

Some results of dopant concentration determinations by the solution

method described in Section 11.1 are presented ín table 11.2 for the

systems tetracene in anthracene and 2-aminoanthracene in anthracene.

Accurate absorption spectra of these separate materials Ín toluene r'rere

measured using the purified samples prepared for the Ëransitlon moment

oríentation experiments, yielding the required eI values for the host

and guests. Absorption spectTa of partícular crystals were subsequentLy

determined, using the trough ce1l, for about 12 wavelengths between 380

and 420nm on a Unican SP 500 manual spectrophotometer. Equation (11.1)

r¡as. fítted to this data by a weighted, non-linear least squares procedure

described by Wolberg.26 Using the crystallographic data of M""orrr25

the denslty of anthracene at 290oK was found to be I.245g cm-3 wh1le, at

95oK, thís became L.29Lg.r-' - ,a change of only 3.6"/.. It would then

appear reasonable to assr¡me that this latter vatr-ue applies at 4.2oK.
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Table 11.2 Solution Determinations of Dopant Goncentrations
(Relati-ve standard deviations given in brackets).

Crystal Label Dopant Concentration _,
urole/mole mole dm -

Crystal Thickness
(cp)

Tetracene (5)

Tetracene ( 7 )

Tetracene (B)

2-arninoanthracene ( 3 )

2-aminoanthracene (6)

2-aminoanthracene (B)

0.002 (rs%)

0.001 (so"/")

0. ooos (6oi!)

0.002 (L27")

0.003 (7%)

0. 002 (57")

0.014

0.007

0. 004

0. 015

o.o24

0.013

(r57")

$a"/")

(6G"Á)

Qzz)

(77")

(57")

0.0024

0.0048

0,0022

0. 0015

0. 0038

0.0039

(10%)

(rc"/")

(Loi¿)

(Loi¿)

(ro7.)

(Lo%)

.A,s can be seen from table L7,2, the errors in the concentratÍons vary

wídely between 5 and 602 r^rith the larger errors beíng characteristically

uore conmon. I,Ihile this method was not pursued since the results did

not generally warrant the effort, the more accurate of these results did

serve a ugeful purpose. Using the tetracene(5) and the 2-aminoanthracene

(6) and (8) results ín table I1-.2, together wÍth Èhe room temperature

crystal thicknesses and calculated isotropic abso'rbances, the following

estimates for the isotropíc molar absorptivitj-es of the traps TETA, 1A

and 2A were obtained:

etrtA

Ê1A = e2A

^ -l= 5000dmr mol '
- -l= 3000dm" mol -

-tcm

-l
CItr

The 1A value was taken to be about the s¡me as Ëhe 2A result due to the

simllaríty between the spectra of 1- and 2- aminoanthracene. These molar

absorptivities were then used for the reverse proeedure of obtaining mole/

mole coricentrations from the cålculated isotropic absorbances of al-l
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crystals measured, aa originally suggested in seetlon 11.1. Ilhile
such concenträtlons can only be Èaken as approxinate estimates, it ís
apparenÈ that dopant concentrations are generally very 1ow wíth about

I dopant molecule to every 300 host molecules.

Room tenperature crystal thicknesses, estínated dopant concefitra-

tions, calculated fsotropíc dopant absorbances and measured absorbance

versus angle of incÍdence data for all the crystals studied are

presented ín Appendix B.
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L2 RESULTS AND DISCUSSION OF TRANSI TION MOMFNT ORIEMATIONS

The computational procedure for deÈermining the orientation of a guest

transitíon moment with respect to the crystallographíc axes of the hosË

has been sunrnarized at the end of section 10.2. However, ít must be

establíshed that a measured transition moment oríentatíon ís indeed

associated with a particular possÍble orÍenÈation of a guest mo1ecule.

Thís connecËs the optical and crystallographic aspects of the problem

and is the only ruay in ¡¿hich the crystallographic ínequivalence properties

of the double traps can be proved, To this end, a complete analysís

entails deriving the transition moment direction wíth respect to the guest

molecular axes as a means of allowing an independent verification of the

results. The followÍng assumptions and restrictions hrere employed ín

achieving Lhese aims,

(Í) All calculations were made for an undistorted host lattíce using the

structure determíned by Mason25 ^t 290ox and 95oK. rt was then

assumed that the 95oK data was applicable at Èemperatures betv¡een

14oox and 4,2ox with reasonable accuracy? Figure 12.1 presents

the ac and ab projections of the anthracene crystal structure, as

derived from the 95oK crystallographic data, Ín a left-handed

coordinate systen, The translationally inequívalent molecules in

this structure have been arbitrarily labelled A and B. The

numbering of the carbon atoms lndicates those atoms which are

equivalent under crystal s)¡Tmetryr As sho¡.rn in fígure L2.L, the

uolecular axes are denoted L, M and N beíng the long-and short in-

plane and out-of-plane axes, respectively.

(i1) It was assr¡med that the guest molecule replaces a host molecule in
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such a r^ray that the long and short axes are coincident. This

assumption need not be overly restrictive as any reasonably smal1

realignment of the guest molecule may be accounted for as a

final correction to the method.

The angle Ç, beJ-ng the angle between the transítion moment and

the positive b-axis is constrained to the domaín

o0..<6 ..<90o, -

while the angle Q, between the ac projection of the transitíon

moment and the positive a-axís, ís fixed such that

oo -< 0 -< 1goo.

These restrictions have the effect of símplifyÍng the analysis by

taking account of only the necessary projections of the transltÍon

moments Ín the ae-plane without loss of generalíty. ror example,

consíder a transitíon moment lyíng in the directíon through the

centre and the atoms labelled 1 of either anthracene molecule in

figure r2.r. The two such possíble directions corïesponding to

transitions ín molecules A or B are labelled A-OA and B-OB,

respectively, 1n figure 12.2. These two directions are related

to one another by a half-turn about the b-axis and, consequently,

share a conmon ac projection, labelled G-OG in fÍgure L2.2.

Applying the fírst restríctíon such thaÈ the angle between the

directÍons A'oA and B-oB and the positíve b-axis must be between

0o and 90o, results in the elinínation of the díreetions oA- and

oB so that oA and oB' alone defíne the dirêctíons A'oA arid B'oB.

Now applying the second restriction so that the angle between G'oG

and the positíve a-axis ís restricted to the range 0o to 1800,

elíminates the dírection oB'. rn thÍs way, the projectfon oG nay
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be related to the Cirection 0A which, in turn, defines all the

other possible orientations of the original transj,tion moment

consídered.

It was assr¡ned that the guest transítions observed were in, or

very close to, the molecular plane.

The results of compuÈeY simulations, carríed out by N.J" nriage]8

concerning Ëhe molecular packing of guest'molecules in a host

lattice were used, In these calculations, the potentíal energy

of the guest kras computed by summing atom-atom ínteractions,

following the method of Wi11i"r=21 and using his parameter set IV,

i-ncluding both attractive and repulsive terms. Calculations hTere

carríed out r^ríth Ëhe crystallographic data25 at 290oK and 95oK to

give some indication of hor,r the potential energy of the guest rnight

be affected by a dÍsplacement of the adjacent host molecules, The

guest-host interaction potential hras calculated for smal1 dísplace-

ments of the guesË Ín order to locate Èhe optimum orientation and

a check of the method carried out for an unsubstituted host molecule

revealed that the largest deviation predícted was a 20 rotation about

the L-axls. This procedure was used to calculate guest-host

interactíon potentials for substltuted anthracene molecules with an

arnino group at one of the positions I, 2, 6 or 7 given in figure

I2,L, It was found, írrespecÈive of teurperature or conformation

of the amino group, that

uTtur

and t2 > ü6

where Ul, U2, U6 and lJ7 afe the guest-host interactlon potentials
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for the substitutions noted abover,where posiËions I and 7

correspond to the 2-amínoanthracene case and posítions 2 and 6

correspond to l-aminoanthracene¡ Assuming an equilibríum dís-

tribution of guest molecules between available sites, the actual

energy difference in practíce can be determlned from the equation

UJ - Ui = kT.1n (xilx5) (r2.L)

deríved from the Boltzman dístribution, where k is the Boltzman

constant, T is the temperature of ínterest, xi and x3 are the mole

ratios of guests at sites i and j and Ui and U, are the correspond-

ing guest-host ÍnÈeractíon potentials. In the case of 2-

aminoanthracene, the guest site concentratÍons hrere estímated from

absorbances íntegrated over the origín lines and associated phonon

bands since the spectra of the 2A and 28 traps díffer in both

polarizatlon and phonon structur".2l In the case of l-amÍnoanthra-

cene, the absence of the 1B site in absorptfon hras considered to

be due predominantly to concentration effects. Thus, it rnras

determÍúed that

x2A '> x2B

xlA > xlB

so that
uzs > u2a

Ut¡ > UlA,

at 15OoC, the temperature at which the sublínation gro!ùn crystals

formed. Thus, an amino group substitution at the atomic positions

1, 7, 6 and 2 corresponds to the trap sites 24, 28, 1A and 18,

respectively.
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72.1 Theoretícal Calculatlons

Figure 12.3 presents theoretical absorbance curves, computed. from

eqns (10.29) and (10;30) with K=1, for selected values of the orienraríon

angles 6 and Q, wÍth angles of Íncidence between -l5o and 45o, refractive

indices o,, ß and y of 1.6, 1.8 and 2.0, respectively and | = 30o. It
is quite apparent that the expected behaviour of absorbance r,rith angle

of incidence is smooth and contínuous, unlike the obvious depolarizatior.

effects caused by internal conical refraction as illustrated in fígure l-l=.+.

No such unusual changes in absorbance vrere noted for any of the gue-sts

studied fn the angle of íncidence range -15o to 43.so, as can be seen

from the data in Appendíx B.

rn the following discussion, the morecular L, M and N axes will be

taken as being fixed ín the left-handed coordínate system as given in

figure rz.L. That is, as shor,m in figure r2.4, the positive directions

of these molecular axes are defined by the vectorial directions L6-L4,

MO'M6, Lg'Lg, Mn'M¡, O6N¡ and OgNg for the translationally inequivalent

molecules A and B. rn this way, angles in the molecular plane can be

uniquely specífied. Thus, ü 1s defined as the angle between any

theoretÍca1 transítion moment and the positíve L-axis taken Ín the

direction of the positíve M-axís on either molecule A or B. Such a Èrans-

ition moment on one of these molecules ís related to the corresponding

moment on the other molecule by a half-turn about the b-axis. Using the

equation2S fot the angle o between two unit vectors defíned by the dírec-

tion anglês a¡, bl, c¡ and a2, b2¡ c2¡ respeetively, in the crystallographic

coordinate system,

cos o = cos ê1 cos a2 * cos b¡ cos b2 * cos e¡ cos c2, (12.2)
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a set of three equations may be established relating the angle rf,r to the

directions of the posítive L, M and N directions. These may be solved

si¡rultaneously to evaluate the orientation of any particular rnolecular

transition moment with respect to the crystallographic axes. Angles

E and Q so calculated r/ith the 95oK crysÈallographic data, within the

constraínts established by assumptÍon (iÍi) above, are presented in

figure L2,5. The allowed domain for the angles 6 and Q is illustrated

schematically in figure L2,4 where only those 'angles Q in the upper region

of the ac-plane and those angles Ç associated with dírecti-ons above this

plane are allor¿ed. Relatíng the results shor¿n ín figure 12.5 wíth the

constraints íllustraÈed in figure L2.4 and the synmetry propertíes of the

transition moments, it was determined that the regions of Ç and Q values

índicated in figure 12.5 correspond to specific transition moment orien-

tatíons on either molecule A or B, That is, for angles rp between 0o and

69o, the transition moment observed in the constrained region is

associated with molecule A. Síurilarly, rf values between 690 anð. L72o

are associated with molecule B and the L72o to 1800 region ís associated

with molecule A. The allowed Q values corresponding to each molecule A

or B are índicated by the hatched areas in figure L2.4.

L2.2 Experimental Calculations and Results

A computer programme (fnOp), given ln Appendix C, r^ras formulated f or

the calculation of the orientation angles Ç and Q from the absorbance

data given Ín Appendix B. Reiterating the procedure descrÍbed in

Section L0.2, the ac polarized absorbances are analysed by a weighted,

non-línear least squares procedure26 ,o obtaín the parameters K tan26 and

0. A linear least sguares analysis of the b polarized absorbances yields
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the quantíty K so that the angle ( can be isolated. rsotropic

absorbances r^Iere also calculated for use in estímatíng dopant concentra-

tions. Figure J-2.6 presents typical fits of the theoreÈícal absorbance

curves, calculated with the optíca1 data from section 11.3.1 at 4.2oK,

to the experímental data. The correspondence between theory and experi-

ment is seen to be very good, yielding values of the orientatíon angles

with standard devíations of no more Èhan +5o. using these standard

deviations as weights, weighted means of the angÍes Ç and Q were

calculated from all available sarnples, as given ín table Lz.L. The

errors given are linear estímates of :ire standard devíations in the set

of calculated angles for each guest. Also presented Ín table I2.L are

some results for the trap sites TETB and TETC, other vibronic lines in

the tetracene spectrum given in figure 11.2(a), which appear to be in

reasonable agreement wíth the average TETA values. To establish the

effects of variatíons in the optÍcal constants, the angles Ç and Q were

also calculated with opÈical data at the hígher temperatures. Specific

samples we--e selected as being representative of their partícular group

since the índívidual Ç and Q values in these cases were thË closest to

the weighted means in table 72.L. The largest variation ín the calculated

angles from one end of the tenperature range to the other for these samples

was abouÈ 15% while variatíons of the order of 5% to L0% trere more conmon.

Such variations will be taken into account when dÍscussing the ffnal

results.

The angles Ç and Q deflne the directions of the effective transitíon

momentsras discussed in Section LO.z. However, fn an effort to account

for the possibility of a local field effect, actual transition mornent

orientatíons may be calculated from eqn (10.47), Two classical Ioca1
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Table 12.1 Calculated Orientation Angles at 4.2oX

Trap Label lfeighted Mean Angles
((degrees) Q(degrees)

TETA

rErB (1)

rErc(1)

1A

2A

2B

24.L ! I.2

22.O ! 2,7

21,.8 ! 2.4

37.5 ! 4.7

41.3 I 7.0

23.2

19.9

25.O

47 ,4

89.3

r47.O

! 0.7

! I.7

! 2.4

t 6,0

!11.2

t19

field tensors have been discussed ín section 10.2.2, g^nis from eqn (10.45)

and !i"o from eqn (10.46). The 1atÈer locaI fíeld tensoï is entírely

isotropic implyiug that the effectÍve monents are, in fact, the actual

ones. The guest molecule is consequently regarded as beíng ímmersed in

a medium of matched dielectric propertíes so that the fíeId at the guest

site ís essentially equal to the macroscopic field. -êanisr oD the other

hand, predicts an anísotropic loca1 field based on the anisotropy of the

host polarizabílity within a spheríca1 cavity. using the appropriate

optical data at 4,2oK, these models were applied to obtain actual

transitíon moment orÍentatíons. As an example, the isotropic and aniso-

tropic 1ocal field tensors in the case of the 2A trap v/ere found to be

4i"o =

1.846

0

0

L.702

0

o.270

0

1.846

0

0

0

r.846

0

1.851

0

0.270

0

r.987
I aniË

a
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Table L2.2 presents the results of applyíng these local field corrections

to the effectíve transition moment dírections, notÍ-ng the obvious point

that the isotropically corrected and effectíve ¡noments are identical.

Table 12.2 Corrected Transítion Moment Orientations at 4,Zof

Isotropíc Correction

6 (degrees) 0 (degrees)
Anísotropic Correction

..Ç (degrees) 
Q (degrees)

TETA 24,r

2L.8

37,5

4r,3

23.2

47 .4

89.3

747.0

16,1

]-9.4

36.4

47.2

23.8

43.7

81. 4

L47,6

1A

2^

2B

The j-sotropically and anísotropically corrected transition moment

oríentations will be referred to as the uncorrected and corrected moments,

respectively, in the following díscussion. The angles calculated above

defíne the transj.Èion moment orientatíons wíth respect to Èhe crystallo-

graphic axes and, as such, clearly shor¿ that the four trap sites studÍed

correspond to different transition moment direetions. However, these

transitíon moments now will be related to the molecular axes using the

eonvention adopted ín figures I2.l- and L2.4.

the plane of the guest molecule, beÍng taken as coincident \^rith that

of the host ít replacesr may be defined by the direction of the normal

to this plane; ThÍs is the molecular N-axís and its dírection cosines

are available from the crystallographic data. using the standard

equation2S fot the angle p between a prane, deff.ned by the direction
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numbers A, B and c of the.rnit normal to the plane, and a line, defíned

by the coordínates x, y and zz

sínp=Ax*By*Cz, (I2.3)

the angle betr¿een each transitíon moment and the plane of either

translationally inequivalent uolecule in the hosE laÈtice j-s calculated.

p4 and pB are these angles to th.e molecular planes of molecules A and B

in figure Lz.I, and are gÍven in table 72.3 f.or both the corrected and

uncorrecÈed sets of transítion moments. These results agree with the

assígnments predicted by figure I2.5 for the set of angles gíven in table

12.2, and show that. Ëhe transition moments are in the plane of a unique,

replaced host molecule to r¡e11 within 50. The corrected and uncorrected

moments give only rnargÍnally dífferent results and it ís apparent that the

assumption that these guests replace a host r¡íth eoíncídence of molecular

axes ís reasonable. Variations in the angles g4 and gg brought about by

the possible errors in the optÍcal data were found to be only marginally

different from those values in table L2.3, Thus, the transition moments

were found to remain close to 50 to the molecular planes indicatÍng Èhat

variations in the optical data have líttle effect, on thís result.

Table 12.3 Angles between Transition Moments and Molecular Planes at

Trap Label

4.zor

Uncorrected Moments
p6(degrees) pg(degrees)

Corrected Moments
p6(degrees) pg(degrees)

TETA 49.0

45.1

36.6

L,32

0. 93

4.32

4.23

37 ,7

48.2

43.s

31.1

L,54

0.91

3.38

4.96

38. 3

1A

2A

2B
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Flgure 1-2.5 may be used to obtain the angle rp, between transition
momenÈ and positive molecular L-axis, for each set of Ç and Q values given

ín table I2.2. However, these curves were derived for Ëransitíon

moments whích r^/ere exactly within the molecular plane of a host molecule.

Using eqn (12.2), the angle between the actual spatj-al oríentation of the

corrected and uncorlected moments and the positive host L-axis can be

computed. This ís sufficíent in the case of tetracene (point group Dr¡)

which ís syrmretric about the L-axís. Hornrever, ín the case of the

aminoanthracenes (C"), the position of substitutíon of the amino group

allows a unique defínition of the transition moment direction l.rith respect

to the molecular axes. Figures L2,7(a) and (b) schematically show the

molecular axis orientations for molecules at sites A and B ín the anthra-

cene structure when these molecules are viewed ín the positive a-axis

direcÈíon. The transitíon moment angle ry' may then be related to the

positíon of substitution of the amino group, as sholsn in figure L2.7(c),

by using the results of the computer simulation of molecular packíng

discussed earlier. These calculations have shor,m that the atomic

positíons 1, 7, 6 and 2 correspond to the trap sites 24, 28, 1A and 18,

respectively. The above procedure was applied to the available data

and the corrected and uncorrected transÍtion moment angles for tetracene,

l-aminoanthracene and 2-aminoanthracene r^rere calculated. VarÍatÍons ín

the transítion moments brought about by the errors in the optical data

did not exceed about.4%. Consequently, ít is apparent that the initial

5"/. to Lo7" variations in the angles 6 and Q, due to the optica d4ta, are

of no partÍeular significance in thése ca'lculations.

SÍnce two values of the angle r| were calculated for 2-amÍnoanthracene

from the 2A and 2B trap data, it rras only in this case that a true
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l-ndícation of the magnitude of the errors was avaílable. The av-erage

of the angles for the 2A and 28 results r¡rere 123,80 t 9.6o and l2o.0o t

5.90 for the uncorrected and corr:ected results, respectíve1y; deviations

of 5% to \0% whích may be accounted for by the possible errors ín the

optical datan Table 12.4 compares the results of this work with other

experimental and theoretical results. The errors quoted for tetracene

and l-amínoanthracene have been based on a Lo% error suggested by the

2-aminoanthracene results.

Tabre 12,4 calculated and rheoretícal Transition Moment Angles

: rl., (degrees)
Tetracene lr.aminoanthracene 2:amlnoanthracene

Experimental i
Uncorrected moment

Corrected momentâ

Others

a

Theoret';cal ;
Klevens eL afi 32a, Pariser

Sadlej et alia34

tichy35

Tichy et alia36

lJoznickí et aLia37

_30Jorgensen

3 3

100 t 10

103 t 10

90b

91110

93110

Sgrgc

39

84

9L

73

86

L24 ! LO

L20!6

r24 ! 2c

L02

116

116

135

99

90

a. . This work

b. Impl-ied from mixed crystal studies Ín ref.

Unpublíshed result quoted in ref. (30).
ref. (31).

(2e),

c Stretched f11n nethod of
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The tetracene 20246"r-r origín corriesponds to a transition polarized

along the short ín-plane "*i".28 The results of this work, for both

corrected and uncorrected nonents, thus índícate that there is a system-

atic discrepancy whích would be corrected by a 10o rotation about the

N-axis. However, this is contradicted by independent measurements of

the tetracene-anthracene syst"*1'22 rhlch show no such rotation. Thís

error magnitude corresponds to the variation between the 2A and 28 results

for 2-aminoanthracene, an error little ímproved úy tn. application of the

anísotropic 1ocal field correctíon. It can only be surmised, then, that

there are eíther experimenÈal or theoretical- considerations which have

acted to produce the overall errors which are noted. On the other hand,

the experirnental resulÈs for the aminoanthracenes are in very good accord

whí1e the calculations in best agreement rith th.=e experímental results

are those of Tichy and Zahradnikr36 rho employed the LCI-SCF method of

Pa:iiÉerrParrandPople, starting from a HMO basis. In this respect, the

applicatíon of the anisotropic loca1 fÍeld correction produces results

which are marginally closer .to these theoretical expectatíons than the

uncorrected momenÈs.

It is consequently apparent that, withÍn acceptable error linÍts,

the 2A and 28 Ëraps are indeed assocíated wÍth very dÍfferent oríentations

of the same molecular species. Each of the transÍtion moment,s for the

2A and 28 traps correspond to crystallographícally unequivalent substitutions

of the amíno group. This Ís best illustrated by figure 12.7 where

molecules A and B are presenËed Ín the configuraÈion in which they appear

ín the crystal. It Ís seen that there is no crystal symnetry operation

of the anthracene structure (space group P2r/a; site syrmetry C1), which

connects the transition moment assocÍated wíth a substituent at any atom I
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with :the moment assocíated ¡,¡ith substituent at any other atom 7. The

uncorrected transition moment angles for the 2A and 28 traps were 114.20

and 133.40, respectively which, when related to molecules A and B ín

fígure I2.7, show that the 2A and 28 transition moments are related by an

approxímate half-turn about the L-axís of the replaced host molecule.

The relationship ís approximate because each'of these oríentat.ions of the

guest molecule will correspond to differing steríc ínteractions and dís-

tortions of the neíghbouring host molecules. rí is expected, then, that

crystallographic inequivalence wi-l1 apply to the analogous l-amínoanthra:

cene case where the 18 trap, unobserved ín absorption, will be related to

the dlrection of the 1A transition nomenË by an approxímate half-turn about

the long axis of the replaced host molecule. From the results presented

in table L2.4, it ís apparent that l-aminoanthracene is short-axis

polarized so that the 1A and 18 traps are very nearly para11el. However,

a possibl-e IO% error exists in this measured orientation of the transitíon

noment. At the very extreme, the transítion moment angle rp could well be

about 80o, using the convention of figut'e I2.7(c). This would be closer

to the theoretical predictíons of Tichy32 
^nd 

l,Ioznicki and trrlasil"r"ki34

and would result in more substantial spatial misalignments between the 1A

and 18 traPs, This is well illustrated by figure L2.5. Since erystallo-

graphically inequivalent paírs are theoretícally related by a half-turn

about the L-axj-s, a transition moment angle rf of L2Oo has a corresponding

inequivalenÈ partner at ü = 600. This corresponds aoproximately to the

2-aminoanthracene case where it is seen that there fs a differenèe of about

12o Ín the angle f, and 74o in the angle Q, between û = 600 and LZOo,

If the l-aminoanthracene angles were { = 80o and 1000; the dÍfference in Ç

would be about 60 r^,ith a difference of 42o ín O. Thus, a l0o error in

the angle rf for l-amÍnoanthracene results in two crystallographícally
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lnequivalent oríentations of the transition moment nrhích are spatiaaly

misaligned by abour. 507" of the 2-amínoanthracene result.

13 CONCLUSIONS

The rnost important conclusÍon of this rnrork has'been that the double

tÏaps formed by 1- and 2- amínoanthïacene are indeed due to crystallo-
graphic inequivalence. From fluorescence and g.bsorption measurements,

the díffet"rr"" in excj-tation energy between the 2A and 28 traps was found

to be 279cm-r while the diff erence between 1A and 18 r¿as 156cur-r. It
was demonstrated that, íf expected errors are accounted for, the spatíal

mísalignment betr¿een the 1A and 18 sites is about half of that between the

2A and 28 orientations. As analogous molecular species are being dealt

with, it is reasonable to expect that such variations ín transítion moment

orientations wíth respect to the crystallographíc axes could well account

for the energy dÍfferences observed. This has been supported by a

sÍmple perturbational calculatíorrt8 ir, the case of 2-aminoanthracene where

it was shown that the difference bethreen the 2A and 2B sites arÍses in
large part from the varÍation of the coupling between the first singlet

transition of the guest and the 250nn exciton band of the host. This

would ímply that the properties of the guest are substantially affected

by variations of the orientation of the transition moment, On the other

hand, íf the error estÍmates introduced Ín Èhe l-amínoanthracene case are

too.large, épatial misalignment betr^reen the 1A ar¡d 18 traps could be far
less than could account for the difference in excitation energy observed.

The model for guest behaviour would then need to go beyond a simple analysís

of variations 1n the guest transition moment orientation but also lnclude

the effects of dispersion forces. It is to be expected that different
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positions of Èhe guest in the host lattice would induce dÍfferent

dispersion interactions but the ímportance of these forces has not

been unambiguously defined in this work, NeverÈhe1ess, there is
sígnl-ficant evidence that there is a marked effect on the propertíes of

the guest due to variations in its orientaËíon and that the host-guest

resonance interaction is ínvolved by implication.

It is sígni-ficant that the absorptíon by deep traps can be descrÍbed

satísfactorily by purely classícal optÍcs and that the application of

classical loca1 field models is uarginally favourable as well. However,

more realistíc 1ocal fíe1d calculations may well account for the errors

in the measured transition moment angles alÈhough point-dípole models do

not appear very hopeful at present.
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A Preliminary Study
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L4 THEORETICAL BACKGROUND

The results Presented here constitute a prelimínary study to probe

the existence of exciton band structures in some polymeric systems. A

summary of the expected theoreÈical effects ¡¿i1l be given ín order to

justify the basis of the approach used. The theoiies of dye-polyrner

complexes presented by Philpottl-3 and philpott and t..4 h"1ru provided

very useful guides as to the expectations and dífficulties associated.

with the sÈudy of real systems. The most practically oriented of these

theoretical formulatíons has been concerned with the excíton theory of

the electronic states of dye-polyner complexes for 1Ínea. polyr"t".1

14.1 Dye-Po1)'urer Complexes of Linear polymers

IPhílpott- has díscussed the simplest model of a dye-polymer complex

ínvolving a dye, r^rith a single excíted state, bound to an infíníte,

single-stranded, linear polymer with one excÍted state per repeating unít

(or monomer). Only prinary traps, those involving strong interactions

between dye and polymer, v/ere consÍdered and no guest-guest interactions

were included. The point-dipole approxination was used and the model

was simplified by assuming a sËríct proportional.íty between the dye-pol¡rmer

and polper resonance interacÈions, with the parameÈer o, beíng the constant

of proportionalíty. I,Iíthin thÍs mode1, $ represerits the neighbour

resonance interactíon between monomers and the excÍton bandr¿idth ís 4lß1.

The prirnary trap energy e ís defined as the excitatíon energy of a guest

molecule wíthin the dye-polyuer aggregate, and thus includes exciton inter-

action effects, while the trap depth ô is the dif,ference between the

excitation energy of the isolated dye and the centre of gravíty of the

exciton band of the polymer. The trappÍng probability a2 is defined as
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the probability of finding the excítation on the guest nolecule and thus

indÍcates the degree of delocalízaÈion of the excÍton at or in the

neighbourhood of the guest. Fínalry, r(e) is the trap transítíon

intensity. The followíng equations, derived by philpottl for trap

1evels lyíng befow the exciton band, yield the required trap parameters:

-(1 + 2cr2)e4 - 26 (1 + cr2)., + [ô, - 4ß2e + a2)2]ez

+ 4ß2ô(1 + o2). - 4ß2g2' = oi (14.1)

r (e) le/(e - 2B)12"2: (74.2)

l"l-'= (1 + 02) - 2a2(e Go) + o2(eeo) (14.3)

where

Go = -("2 - 4gz¡-'2.

Due to the possible speetral changes incurred by other solvent effects,
it is advantageous to discuss the variations in trap parameters with

respect to the ísolated dye parameter ô, rather than to the primary trap

energy.

Figure 14.1 presents the results of solving the above equatíons for
speeífic values of ô and q, r¡here the unit of energy for both e and ô is
Zlgl which is equal to the polyner resonance interactj-on, The optical

exciton stater beÍng of zero wave-vectorrs ," chosen to be either at the

bottom of or inslde the exclton band. The latter case lncludes an

optiêal state at the top of the band. rt has been suggested that the

proportíonality between the guest-host and host-host resonance .interactíons

iurplies that the guest and host transition moments are paral1e1.6 The

hosÈ-guest coupling constant cr wíll índÍcaÈe the relative.ímportance of
guest-host and host-host resonance interactions so that it would appear
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reasonable that the aËtenu:tÍng effects of differences Ín guest an¿ host

transition momànt directions aïe also included in the properties of this
parameter. The variations in the quantíties e, r(e) and a2 due to
differences in the parameter 0 are illustrated in fígure 14.1 and show

that, at any particular trap depth, the exciton l¡ecomes more localized at
the guest while changes ín trap transition intensj,ty become larger as the

hosÈ-host resonance interactíon becomes much larger than the guest-host

resonance interaction; that is, as o becomes "i"tt"r. This implíes

that, although the couplÍng of guest to host may be weak for prímary traps,

changes in trap transitíon intensitíes r,¡Í11 still be large. Unfortunately,

this result ís only truly significant at a trap tlepth of about 2lßl and is

of litË1e practical advantage for very weak polyner resonance interactions.

IPhilpott- has also discussed the spectral effects expected for a

series of víbronic levels in the guest. A strong vibronic couplíng

situation is predicted v¡hen an intense free dye transition lies very close

to the bottom of a polymer band coïrespondÍng to an intense monomer trans-

ítíon. Under these circumstances, ít is expect.ed that a trap state will
split away from the rest of the vibronic levels and most of the dye

transition intensity will be concentrated Ín this state. Other perturba-

tions expected to arise from secondary traps and guest-guest interactiorr".l-4

may be considered neglígible at 1ow guest concentrations,

L4.2 Real Dye-Polymer Complexes

Real polyners having braneh-like chromophores are charâcterízed by

medium to short-range order, most often of helical symmeÈry, and weak

excÍton exchange interactÍons. 'Dye binding to such polyurers may be

expected to be of two forms - one weak, correspondÍng to external bindÍng,
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arid one strong, corresponding to intercor^t]:or.7-9 These two forms

trould correspond to secondary and primary traps, respectively. The

magnitude of the polymer resonance interactÍon ís generally weak.

studies of puríne and pyrimidio"l0-12 sy"t.ro" suggest that degenerate

exciton ínteractions in nucleic acids could be of the order of several

hundred wavenumbers. On the other hand, calculations for isotactic

polystyrerr.l3 ,rrdícate values of less than 100cm-r for the resonance

ínteraction j.n this case. For a pollnner r."orrí.. interaction of 50cm-r ,

figure 14.1 shows that a 257" change in trap transÍtion íntensity from the

free dye value will occur at a Èrap depth of 300crn-1 when the guest-hosË

resonance interaction is only 5cm-t (o = 0.1). since this represents

a traP transítion about 200cm-l below the bottom of the exciton band, the

resolution asPect is critical. However, as a seríes of dye vibroníc

levels will be involved, Philpottrs calculations Índicate that the over-

all- guesÈ spectTum could well be affected.

Ideallyr dye-polymer complexes of the more well-ordered biopolyurers

could be studied with lrrown Íntercalating dyes. Such dyes with intense

transitlons very close to the uain polyurer transitions would be measured

at temperatuïes approaching 4oK. This r¡ould invariably mean that only

solid fil-urs could be studied and sueh problens as retaÍning the

interstitial guests wÍthín the pol¡rurer mat.rixt4 r", occur. However,

several practÍcal limitations have required that a compromise be arrived

at. FÍrstly, l1quÍd helium facÍlities lrere not available for these

studies making the absolute resolutíon of indÍvídual spectral llnes

lmpractical. Secondly, polyurer absorptions are generally in the ultra-

vfolet reglon where there appear to be no intense transitínrr"l5'16 of

suitable dyes. Thirdly, the measurements of spectral shifts is complicated
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by solvent effects.lT The compromíse- situation entails the study -of

less intense dye transítions in the ultravíolet ¡shích overlap wiÈh the

polymer absorptions. Techniques wíll be requíred to resolve as much

of the dye band as possíble from the intense pol¡rmer absorption so that

changes ín bandshape for a varíety of suítable dyes may be correlated to

a possible guest-host interactíon in terms of expected exciton effects.

llhile polymer resonance interactions may be smal1, íntensíty changes

incurred ín the dye spectrum close to the excitoi band and intensity

redistríbutíons among vibronic levels would be expected to cause changes

in overall bandshapes.
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15 EXPERIMENTAL STUDY

The study of dye-polymer complexes has been very extensive, particu-

larly in the biological sphere. However, comments on the ultraviolet

absorption of dyes in such aggregaÈes have not been as plentÍ-ful. The

absorptíon spectra of acridine dyes bound to DNA in solutíon have shovm a

decrease in the absorption in both the ultraviolet and visit¡le regíons

which was attributed to a couplÍng between dye aUd DNA b"".".18 Certain

spectral anomalíes were also observed ín the ultravíolet band of pro-

flavine bound to DNA but spectral inaccuracíes rendered these results

ínconclusíve. .Turthe-r work with various proflavine-biopolymer

- 19-complexes-- have also shornm spectral changes between free and bound dye,

particularly in the ultraviolet region for DNA. deoxyribonucleohistone and

apurinic acid. These effects were also attributable to dye-DNA inter-

actions, Some very recent work with quinacrine-nucleic acid complexes

in solution has been even more spectacular.2o'2I Difference spectra have

revealed a band splitÈíng in that part of the ultraviolet region oi the

quinacrine spectrrlr which overl-aps into the polynucleotide spectrum and

thís splÍtting has been attributed to a host-guest interacÈion of about

550cm-r.

The work described above has dealt exclusively with solutions of dye-

biopolymer complexes, The study of polper films, on the other hand, is

attractive from the point of vievr of the r'¡ider applicability to measure-

ments at low temperatures and for ease of handling. trrlith the aims of

developíng Èechniques for separating overlapping dye and polyner absorp-

tion bands in the ultraviolet, the polyurers poly(vinyl alcohol) (PVA) and

atactfc sodium poly(styrenesulpho'nate) (UafSS¡ r¿ere studÍed in conjunction
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llith the dyes Methylene Blue and Thionine (ErlÍch). the purif ica.tion

of these dyes and sarnple preparations are pre-sented in chapter rr.

PVA, purchased from J.T. Baker chemícal co. (gg-Ioo"/" hydrolysed, Baker

Grade)r T¡/as used without further purífícation. NaPSS !ùas prepared by

J.R. Zdysiewicz by the sulphonat ion22 of atactj-c porystyrene (Mean

molecular weight = 200r000) obtained from the Dow Chemical Co. Solution

spectra of the various film samples and dye sol-utíons were carried out on

the Zíess'PMQrr manual spectrophotometer using tíe líquíd nitrogen

cryosÈat described in ChapËer II. Measurements Í/ere carríed out at room

temPerature and 77or. Fíln thicknesses r{ere neasured with a micrometer

scre$r gauge,

15.1 Experímental Results

15.1.L eoTgmer Spectra

A major difficulty with the measurement of guest spectra Í-n polymer:

filns is to compensate for the absorptíon due to the polymer. Scattering

is a particularly important contribution whích becomes increasingly signifi-
cant ín the ultravíolet. Various methods have been applíed ín an effort
to compensate for polymer absorpÈío n23-25 including the use of a reference

fitn.26 rn the case of NaPSS, the absorption Ín the ultravÍolet ís

substaniial and any mismatch between the sample and reference films

introduces significant errors. To ÍnvesÈigate the degree to which filns

can be prepared identically, tüto separate batches of films were prepared

by the same technique and from similar polymer solutions. This was done

for both PVA and NaPSS and the resultant room temperature and 77oK

absorptlon spectra and room temperature film thieknesses are presented ín
Appendix B' These absorbances hrere meâsured against air as the reference
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arid t/ere not extended beyonC 45000cn-l for PVA and 36000cm-l for NaPSS

due to j-ncreased oxygen scattering and large pol3'mer absorption,

respectively.

Variations in absorbances between filrns in the same batch were

typically between 57" artd 10%, r'rhile variations of LOT" to 2Oi4 often occurred

between fíl-ms from different batches. These variations have litt1e

correlation with measured fílm thicknesses ín general since scattering

and reflection are important components of the measured absorption

although all film measurements r¡/ere carried out aÈ a constant dísÈance

from the photomultíplier of the spectrophotometer, Such variaÈions then

make the use of a reference filn questionable due to the unpredíctabí1ity.

of the overall film absorption and r,¡ould generally reguíre that a reference

fílm be prepared r^7ith each sample fi1m. An alternative method r¿hich has

been suggest.,l27 entails the use of the measured absorptíon spectrum of a

single reference film as the basis of all further corrections. The

polyrner absorptíon spectrum is divided ínto a series of línear sections

and the absorbance gradient in each of these sect.ions is calculated.

This seríes of absorbance gradients are related to one another by multi-

plicatíon factors so that the background polymer spectrum can be reproduced

for a dye-polymer filn uslng, as a guíde, a region where the dye does not

absorb. This method is successful for PVA and NaPSS. However,

eomputed standard deviatÍons for the fit of strài.ght lÍne sections to these

spectra are typically about 20% and over for PVA and about IO% for NaPSS

at both temperatures of measurementr In sÈaÈjstical terms, then, this

method does not improve the degree of confidence ín compensating for

polymer absorptÍon.
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A partícularly simple correlatíon Ín the PVA and NairSS absorption

spectra does exíst, however, which allows the reproduction of these

polymer spectra wíËh very good accuracyr Consíder a series of measured

absorbances, 41, A2,43, 44. , , , Ar, defining the polymer spectrum.

Then the ratios Az/Ãt, Ãt/Az, A,*/Ae. . . . An/An-l are calculated so

that the spectTun is reproduced by introducing the value of A¡ and

recalculating the absorbances A2 to A' from these ratios. Applyíng thís
principle -Èo the PVA and NaPSS film data in appeíaix B, ir was found thar

these ratios calculated for each of the filrns from both batches agreed to

'we1l within a standard deviation of 2"/" at each wavelength wÍthín each

temperature range. By experience, it vras found that this correlation

would hold provided the sËeps ín wavenumber were not Èaken so large as to

result in absorbance ratíos of larger than about 1.5, A series of such

ratios r^rere averaged from the data for pvA and Napss at both room

temperature and 77oK anð. these ratios appear in the relevant DATA state-

ments of the subroutínes PVA293 | PVA77, PSS293 and PSS77 in the compurer

programme (ESPECT presented in Appendíx C. Although polymer spectra

t/eïe measured from 16O00cm-1, the ratios were extended dot¡e to 13000cm-1

assuming that the spectrum was horizontal between 13000crn-1 and 16000.*-t.

Figure 15.1 illustrates the agreement between the measured and calculated

polyrner spectra using the averaged absorbance raÈios. This degree of

agreement was found to hold provided the films measured $rere reasonably

close to the film thicknesses in the basic data given in Appendix B.

Vlherr films aPProached thicknesses of twice these values, larger dlscrep-

ancies occurred making the proeedure invalid.

A most fmportant point to be noted froru the spectra in figure 15.1 ís

that there is no apparent lmprovement in resolutíon in lor"reríng the



o,z

0.18

0.1 6

0.14

0.r2

0,10

0.08

0.06

0.01

0.0 2

1.00

0.80

0.60

0.40

0.20

1.2 0

(l,
uc
(t
l)

o
u¡
-o

11 16 18 20 2? 24 26 28 30
Wovenumber (10

32 34 36 3g /r0 42 44 46
3 .r-1 )

COMPARISON OF CALCULATED AND MEASURED POLYMER SPECTRA.(o) PvA; (b) NoPSS. Room temperoture volues,experímentot,o;
cqlculoted---. 77oK votues, experimentqt o; cqlcutqtqd-.

-de-@-

-6

ð
oe

I
@

e e

G

oe
6

@

ç0

oog ó--.ob

oo

6a

ç"O- t"-

e e

OP

Io
Q",

o-:-o-:

F1G.15.1



0,30

0.2 5

0.20

0.1s

0J0

0.05

1.00

0.s0

2.00
o,u
C
o¡
l-
o
UI

.c¡

1.50

14 f6 18 20 22 21 26 28 30 '3? 34 36 3g 40 42 44 46
Wqvenum ber (lO3 cr-l )

EFFECTS OF VACUUM AND LOW TEMPERATURE ON POLYMER
SPECTRA. (q) PVA; (¡) NoPSS. Room temp. spectrum:-.
room temp. under vctcuum:---! TToK,unå"r vocuum:-.-.-.

FrG.15.2



1s9.

temperature to 77oK and th.us the procedure described above provides the

only accurate method of separating overlappíng dye and porymer spectra.

In fact, Ëhe lowering of temperature does ímprove resolution but ít is
countered by the effect of dehydratíon of the filrn. Since the fílurs

are supported in a high, insulatíng vacuum at 77oK, the fifuns dehydrate

and contract and, presumably, cause increased scattering of the incídent

light. This is illustrated in figure 15.2 whieh shor¿s the effect of
dehydratíng films of PVA and NaPSS at ïoom a"*pur"arrre under vacuum and

then cooling them to 77oK,

15.1.2 Dge Spectra

Fígure 15.3 shows the aqueous solution spectra for the dyes

Methylene Blue and Thionine for concentrations at whích the dyes are

Present eíther i-n mainly monomeríc form or with subsÈantial amounts of

dimer. The stabílity of the Ísosbestic points indicates that these

concentration limits indeed correspond to only uonomeríc and dímer¡'_c

specr-es as supported by published dara for Methylene Blue28 r.rd rnionine?9

Dye spectra \¡Iere measured in PVA f ilms to establish two maín poínts.

Firstly, the magnitude of spectral shifts íncurred by solvent effects in
a solid matrÍx r,rould be índicated by measurements in PVA which acts as a'
polar solvent, Secondly, since band shape changes are not expeeted

to be marked in the case of dyes díssolved in solid fílurs of rvAl0

spectra of dye-PVA filns provide a test of a techníque for separating dye

and polymer absorption bands. Dye-polyner filus srere prepared by the

same method use.d to prepare pure polyrner fílms except that weighed amounts

of concentrated dye solutíon were.added. In thís way, filrn Èhicknesse-s were

in the same range as for the pure polymer fílurs Ín Appendix B and dye
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concenÈrations could be calculated in terms of the dye to mo,nomeric ùnj_t

ratio (D/P). D/P ratíos for the dyes ín PVA were between 0.0002 and

0.0004, so that guest-guest interactions could be considered insignifi-

canr. Film spectra v/ere measured at room temperature and at 77oK. The

method developed for separatíng the dye and polymer spectra rùas as follor¿s.

It r¿as assumed ínitia1ly that the raÈio of the maximum absorption Ínten-

sity in the visíble to the maximum absorption intensíty in the ultravíolet

was the same in both aqueous solution and PVA filrn for the dyes studied at

very low concentratíons. The polymer background was removed from the

measured total dye-polymer spectrum by reproducing the polymer spectrum

from an initíal absorbance at 13000cro-l as described in Sectíon 15.I.1.

This íniÈial absorbance was treated as a parameter which could be varied

so as to alter the polymer background and thus a11oh7 a computation of a

dye spectrum r^¡hích üIas as close as possÍble to the low concentration

solution spectrumr This was carried out by means of the computed

progranrne RESPECT in Appendix C in r,rhich the visible band intensíty of

the computed dye spectrum hTas normaLízed to the molar absorptivity of the

solution spectrum at low concentration. The ínitíal absorbance parameter

for the polymer spectrun could then be varíed Ín order to obtain a computed

maximum ultraviolet molar absorptiviÈy for the dye whÍch was ídentical with

the low concentration soluÈion value. A comparison between solution and

solid filn band shapes then may be carried out.

An illustratíon of thís method ís given in fígure 15.4 for Methylene

Blue ln PVA. Absorbances below 14000cn-r cannot be consídered accurate

due to lack of photomultiplier resporrse. rt is apparent frorn this

result that the lowering of temperature has only a marginal effect on dye

apectrum resolution. There is, however, an increase in absorbance due
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to contraction of the film. Figure 15,5 shows typical corrected dye

spectra in PVA at Toom temperature for both dyes compared with the low

concentration solution spectra. The solution spectra have been shífted

in each of the visil¡le and ultraviolet. regions to achieve a coj-ncidence

between the positions of maximum absorptÍvity. Most transitions have

been shifted by about 400cm-r or less to the r"d in going from aqueous

solutíon to PVA fí1m, except for the far ul-traviolet transition of

Thionine which has been shifted 340Ocm-l to the ied. Takíng thís into

account, the correspondence between solution and film spectra are reason-

able ín the visible and near ultraviolet regions at least up to about

35000cru-1. Thus, at the concentrations prepared, thesedyesare present

predominantly as monomer in the PVA fílms and the correction technique

is successful in deri.ving the dye spectra in PVA. There are differences,

hor¿ever, ín the spectral shifts observed at room temperature and at 77oK

for Methylene Blue but not Thioníne. These differences have been

attributed to the contraction of the polymer structure in the films on

dehgdration, as shown in table 15.1. The transítion peaks labe11ed A,

B and C in each of the spectra in fígure 15.5 have been tabulated. It is

apparent frour this data that solvent effects may be quite substantíal and

sensítive to envÍronmenÈal changes of the solvent. This will be a

complicatíng factor Ín attempting to elucidate spectral shÍfËs caused by

resonance Ínteractions in different polyurers and at various temperatures.

The methods and procedures described above were applied to the spectra

of Methylene Blue and ThÍonine in NaPSS, DIP ratios were between 0.0003

and 0.0004 for Methylene Blue and at about 0,0006 for Thionine. Again

it was established from the visÍble spectra that the dyes were predominantly

in the monomerle form 1n the NaPSS films and that, consequently, guesÈ-guest
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Table 15.1 Spectral ShiÍts in PVA with respect to Solution Values

Transition
Label z93ox

Conditions (Shifts in cr-l )
293oK under vacuurn 77oK under vacuum

Methylene Blue:

A

B

c

Thioníne:

A

B

C

-100

-200

-400

-300

-3400

0

0

-100

-200

-300

0

-3400

0

-100

-200

-300

0

-3400

ínteractions rrere not signíficant. Figure 15,6 shor,¡s corrected dye

spectra in NaPSS compared with solution spectra and, once more, the

solution spectra have been shífÈed to affect a coíncidence. However,

due to the very substantíal absorptÍon by NaPSS in the regJ-on of 36000cm- 
l,

the resolution of the corrected spectra could not be extended very far

beyond 35000crn- 
l. The resolution ínprovement brought about by the

lowering of temperaÈure was marginal in the case of NaPSS fÍlrns as wel1r'

resulÈíng ín the usual effect of increasing <íye absorbances due to

contraction, It ís apparent from the spectra in figure 15.6 that the

correlation between solution and film spectra is not favourable. By

ensuríng that the naxímum molar absqrptivity ín the ultravíslet colncides

wíth the solutíon value, a discrepancy occurs for both dyes in the region

preceeding this maxímum in the spectrum, However, the positions of peaks

A and B in figure 15.6 may be resolved at both roou temperature and 77oK
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and compared !üith the solutíon values, The resultant spectral shifts

are given in Table L5,2. It is seen that the shifts Íncurred in the

dye spectra by the electrostatic forces in the case of NaPSS are somerr¡hat

larger than in the case of the polar PVA medium, These results are,

however, very dependenË on the validity of the correction procedure for

resolving the dye specËra, The correlations between the Methylene B1-ue

and Thíonine results, unfortunately, leave Èhe answer to Èhís questíon

ambíguous, Nevertheless it is of interest to .íptor. them,

Table 15.2 Spectral Shífts ín NaPSS with respect to Solution Values

Transition
Label 2g3or

Corrditioos (Shif ts í.r "r-r)293of under *r""rrrm 77oK under tr".r.rt

MeÈhylene Blue:

A

B

Thioníne:

A

B

-300

-100

-400

-500

-100

-200

-300

-500

-100

=200

=300

-500

The discrepancy between the corrected dye spectra in NaPSS and in

solutíon are sÍmÍ1ar for both Methylene Blue and Thlonlne. Iñ both

cases, the intensity ín the shoulder leadíng ínto the maximum ultra-

violet absorption is l-arger than for the solution spectrum, Sínce, ín

the regÍon of maximum absorptívity, the polyner absorbance is much larger

than the dye absorbance, the error may well occur in this part of the

spectrum, If each spectrum is then recorrected so thåt the low energy
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tttail" of the ultravío1et absorptíon coincides rsith the solution sp.ectrum,

the peak absorptivíty drops below tbe solution value in the case of both

dye spectra. This was done for tbe dye spectra ín NapSS at room

temperature. In addition, the shifts observed ín PVA for the ultra-

viol-et peaks labelled B are subtracted from those observed in NaPSS ín

an effort to correct for general solvenÈ effects, It is seen thaÈ the

Thj-onine transition ís closer to the NaPSS absorption, suffers a larger

specÈral shíft and undergoes a larger reduction ín intensity. trrlhether

thís indicates that some forrn of guest-host interaction ís occurríng ín the

case of these dyes ís clouded, however, by the uncertainty in the correc--

tion procedure employed which could have Ëhe very same effects. The

correlation between the Methylene Blue and Thioníne results tends to

dísmíss the premise that these effects are due to impurÍties.
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16 D]SCUSSION AND CONCLUSIONS

PVA is a reasonably símp1e, uncharged polymer r*rhich should act as

a polar solvent. This ís indeed rvhat is found, The resolved dye

spectra correspond quíte closely to the solution spectra, except for red

shifts in the varíous transitions. Varj-ous solvent effects are expectecl

to cause spectral shifts and ditferences ín structural resolution but

marlced ehanges in transition intensity do not appear to be caused by these

perturbations as they are generally ascribed to additive íntermolecular

fot..".31 NaPSS is a polyelectrolyte whích has been likened more to

biopolyners than to other analogous synthetic polyelectrolytes.32 Dye

bindíng strrdies32'33 rith Pyronine Y and Acrídine Orange suggest that

there rnay be some form of intercalatíon of the dye into the polymer

structure in the case of the acíd form of NaPSS. If thÍs were indeed

true, interactions betr"reen dye and polyrner chromophores could be sub-

stantial, Ilowever, exciton ínteractions would only be expected Ín a

hígh1y ordered stTucture such as the isotactic form, while the atactic form

tra.s used in thís study. Absorptíonand'fluoreseence measurementsl3t34t35

on the atactÍc and isotactíc forms of polystyrene have i.ndicated, in

general, that the two structures are barely distinguishable. Sirnilar

results have been observed for the atactíc and Ísotactíc forms of poly

(styrenesulphoníc acid) although dye bindíng studies do indicate greater

order in the isotactic fo*,36 Howeveï, some fo¡m of order in the atactic

structure has noÈ been ruled out and rnay conËribute to a certain degree

of resonance interaction. Calculations for neutral-exciton inÈeractions

fn ísotactic polystyt.rr"l3 have indicated Davydov splittings of the order

of tens of r¿avenumbers so that guest-host interactlons cannot be expected

to be substantial.
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The spectral changes observed for atactíc sodium poly(styrenesulphonaÈe)

are quite marked. Assumíng a polyrner resonance ínteractÍon of 50c*-r

and a guest-hosË couplíng constant of uníty, the theory díscussed in Section

1-4 predicts spectral shífts of only -150cm-t at trap depths corresponding

to trap intensity changes of 40"/" to 50%. Such ínÈensity changes are

observed for Methylene Blue and Thioníne but speeËral shifts are as hígh

as -500cm-r. Thus, while it may be unreasonable to expect slgnifícant

resonance interactíons in the case of this atactíc polymer, it has been

shown that the varíous solvent effects involving polar and elecrostatic

forces will have an overiding effect, In swilnary, the preliminary

results presented indicate the límíts faced and point to the analysis of

the study of dye-polymer systems ín solid filrns ínvolving regions of

significanÈ spectral band overlap.
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APPENDIX A PREDTCT]ON ANALYSIS

The following is a description of the basic formulation of the

statístical method of prediction analysis presenÈed by J.R. I{olberg ín
f'PredÍctj-on Analysl-str (Van Nostrand. L967). The application to a model

monomer-dimer solutíon equilibrum vras presented in part fulfí1ment of the

degree of Bachelor of Science (Honours) at the University of Adelaide in

November, L972,

The purpose of predÍction analysis ís to make some estiuate of

the precisíon of the parameters determined in an experiment for which the

physícal law may be written in the general form

îi = f(Eri' È..5Jl-t ErnÍ i 01, . '. 0¡r ap), (1)

where the dependent variable ¡i, of the Í th measurement, ís a function

of the m independent variables E¡i and of the p unknovrn parameters ok.

As a consequence, the precisíon of the results nay be studied as a

functíon of the experimental conditions including such entitíes as, for

example, the number of data points taken, the dístribution of these point.s

and the accuracy of the insÈrumentatÍon used. Prediction analysís is

essentially a non-linear least squares procedure computing the standard

deviatíons in the unknown parameters fron the experímental varíables and

from the estímates of the parameters themselves, Four condltlons must

be fu1filled ln order that predictÍon analysis nay be applÍed to the

problem on hand, Firstly, an explicít form of the physical law described

in general form by eqn (1) Ís assumed to apply to the data, Seeondly,

estimates of the experínental variables and of thefr standard devÍations
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are required. Thírdly, ít is assumed that data processing will b_e

carried out by the method of least squares, Lastly, it is necessary

that some estimate of the values of "the unlcnor^¡n parameters be made.

The nodel monomer-dímer equílibrium was of interest ín relation

to the soluÈion behaviour of the dye Pyronine Y. 'The physical 1aw for

such a system is written, as descríbed in Chapter III, in the form

h
4K

(-1 + + BKCi +
.L
7- I + BKCi)] (2)

1
where Ai, Èhe solution absorbance at r,¿avelength À, is given as the

functíon of the independent varlábles b1, the path length of the cel1,

and C1, the stoíchiometric dye concentration, and of the unknown para-

meters to be determined, namely the dÍmerization constant K, and the

molar absorptivities at wavelength À of the monomeríc species, eì, and

of the d.imer specÍes , eI. Attention was confíned to the wavelength À0

of the naximum absorption and the corresponding molar absorptivities er0

and eeo of the monomer and dimer species, respectívely. The number of

solutíons to be included in this analysís was set arbitrarily at 2O and

their concenÈratÍons hrere assumed to be evenly spaced between 1 x 10-s mol

-a -a -2dm " and 1 x 10 "mol dm I the initial set of parameters to be used

ín the calculatÍon qrere selected as follows:

K=lx103dm3mol-l

tro = 1 x los dr3 mol-lcr'l

. ¿"Q = 2 x 104 dm3 mol-l"r-I ,

The standard deviaÈions in the absorbances r¡rere calculated frorr a constant

standard deviation of 0.3% in transmittance, and the relative standard

deviations in the path lengths and concentrations both were estírnated aÈ

A1 = {e} ( +
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O.5"Á,. Figure 4.1 illuslrates the results obtaíned from applying the

procedure described by Lrlolberg to thís mode-l .system varying each of the

parameters K, eiO "rrd 
e20 independently, It is seen, for example, that

n
the value of er" is determined quite precísely under all condítions

considered sínce the monomer is present in relatively large amounts

Èhroughout Èhe concentration range. However, the errors in both ezO

and K are sensitive to the relati-ve magnítudes of e10 
"rrd 

e20 and to the

relative conóentrations of the monomer and dímer-"p""i"", The r^/orst

sítuatíon for determining K, in particular, corresponds to the case where

^0 0el- and E2- ate close ín value. Most of these results could have been

antici-pated qualitatively. However, the analysis has established the

quantitatíve limits to the parameters withín which the experiment coul-d be

consÍdered worth performlng and has íllustraÈed the statistícal correlation

between the unknown parameters.
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APPENDIX B ÐGERIMENTAT, DATA

B-l Dimer Solutíon Data

ConcentraÈíons of dye solutions,

Cell path lengths.

Measured molar absorptívities.

B-2 Mlxed Crystal Data

Crystal thicknesses at room temperature,

Guest concentratíons,

Isotropic guest absorbances,

PolarÍzed absorbanêe versus angle of Íncidence data,

B-3 Polyrrer Film Data

F1ln thicknesses at room temperaturer

Poly (vinyl alcohol) and poly (stlrenesulphonate) filrn

absorbances at 77oK and at room temperature,
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B-l Dímer Soluti-on Data

Solut ion
Label

Concentration
(rnol dn-3 )

Path Length
(c*)

Distribution*

1

2

3

4

5

6

7

B

9

10

11

T2

13

L4

15

L6

T7

18

L9

20

2I
22

23

24

25

26

27

28

29

30

4.805

5,664

1.043

1.541

2.04L

2.247

2.440

2.587

2.840

3.043

3.236

3,496

3.618

3.830

4.030

4,532

5.028

5,520

6,O24

6,520

6. 700

7 .503

I .008

8.2r2
8.536

8.859

9.O76

9.474

9,720
1.000

10-6
-t10"
-L10
-lI10
-L10
-¿r10
-L10

10- 4

Èh
10

10
-L10

10
-h10

10

10
-L10
-l¡10
-l¡10

10
-l¡10'
-h10
-l¡10

10
¡l¡

10

10

10-'
F¡¡

10
¡l¿

10
Fl¡

10

1o- 3

2.O40

0.105

0.105

0.0519

o.0522

0. 0s15

0.0409

0.0411

0.0410

0.0410

0,0306

0.0308

0.0307

0.0308

0.0308

0.0308

0.0205

0. 020s

0.0205

o.0207

0.0206

0.0205

0.0102

0.0102

0.0102

0.0102

0.0102

0.0103

0,0103
0,0103

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x
x

E'o
E

E

E

E'o
o

o

ErO
o

E'o
0

ErO
o

o

Ero
E

E

E

E'O
E

E

E

E'O
o

ErO
o

Ero
ErO
o

E'o
* E : 2I poÍnt even distribution ) total of 30 quasi-evenly distribured

O ¿ 2L point optimum distribution) polnts
On the next page, molar absorptíviti:s are presented.vertÍcally with
solution label and horizontally $/ith r¡ravenumber (cm ').
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16000.1s200.16400.16600.16900.17000. ¡?¡00. t72oo.17300. t7(00.17500. ¡7600.17700. l?rJ0o.17900.

( t,
I ¿t( 3t
I a,( 5r( 6t
( 7l( It( 9t
(l0t
lll)
(¡z)
t¡3t
(¡4t
(l5r
ll6)(l7t
il8)
ll9t
(20!
(21)
t?21
(23 )
(?4t
(25'
t?6'
1'¿7 

'(28'
(29'
(30'

400.
337.
¿75.
250.
375.
346.
30t.
176.
258.
l2l .
303.
219.
360.
340.
403.
287.
?9?.
3s3.
406.
446.
348.
456.
488.
47 6.
4ó0.
44t.
646.
4l t.
5C8.
389.

6l 2.
3f7.
3 6ó.
50ì.
375.
432 .
40t.
qt0.
515 .
401.
404.
558.
450.
594.
565.
s0 2.
584.
619 .
568.
6ó8.
626.
521.
772,
595.
5 75.
6 6¿.
ó4ó.
6t6.
797.
ó81 .

6l e.
505.
45S.
501 ,
469.
43?.
ó01 .
658.
687.
ó4t .
60ó.
651 .
63¡.
579.
726.
718.
17 S.
193.
812.
89t.
904.
847.
977.
95¿.
92t.
993.
96 9.
924.

1095,
972.

7t4.
506.
64t.
751,
81.4 .

t037.
l0 02.
a4ó.
859.
96¿.

l0¡0.
l0?3.
99t.

1019,
It30.
1220 .
I167.
1326.
¡?18.
l?63.
¡321.
¡3U3.
1465.
l4¿8.
1381.
I 324.
1508.
¡335.
149C.
1351.

7t6.
343.

1007.
1t26.
I lt 3.
I 383.
1q03.
lltó.
I 37q.
136¿.
1515.
l5Bt.
I 532.
l;28.
1514.
I 550.
1553.
I 856.
1867.
193t.
I 947.
I 955.
I t53.
1r05.
I t56.
2096.
2154.
l9st.
2t9l.
I 945.

It22.
t012,
1648.
lf5?.
t876.
1902.
?004.
¿069.
205ì.
¿003.
2¿?2.
?232.
¿¿32 .
¿¿93.
24¿1.
Z\t 0.
?529.
2563.
¿5C8.
¿600.
274?.
?131.
¿930.
¿738.
¿417.
¿979.
t0tó.
2875.
3087.
2917.

I 428.
l5lB.
¿t05.
z¿53.
¿345.
2134.
¿50i.
2633.
231 6.
256q.
2624.
2?91.
2793.
2111.
¿905.
?)4?.
f0t5.
3005.
3t6ó.
3119.
3339.
3324.
34t 8.
3452.
3337.
fó4 l.
3554,
3491.
368 i.
350¡.

I 938.
20?4.
?8 39.
28?8.
3002.
lllz.
330ó.
3197.
3t11.
32U 6.
3534.
J44?.
35t4.
3481.
3631.
1660 .
3793.
3800.
1896.
393ó.(173.
4041.
qz7?.
4166.
+143.
a303.
4308.
4107.
4382.
4ta2.

¿95t.
3035.
375q.
t005.
¿r 0I4.
(149.
rr10 3.
r?3I.
(208.
4?4?.
ç\4¿.
\?l 9.
rr4l4.
t4l 5.
4500.
459¿.
47ö5.
477?.
í?08,
t ?ø2.
q933.
q953.
57L9.
5u9.
50ó3.
t296.
i211.
infl.
5?-74.
t151.

i9(56.
52a(3.
il10l.
18I8 2.
a5ec6.
164¿? .
1¡r86.
t{.00 3.
1(o54.
1315 3 .
ai?22.
t I 85t.
11q82.
al?66.
l0s9o.
l9qóó.
19680.
l86le.
t1 a¿a.
3 7 06¿.
1 630 3,
1597ó.
35?5q.
35ca0.
3544¡.
34758.
1c788.
14 70 5.
l4'160.
3aô36.

¡ zÌq4.
I 3q?E.
l4t?5.
I 5643.
l65ll.
15771.
l7lf..
l?ots.
l¡?61.
¡t7t0.
18476.
11"7¿.
I E(ô8.
19510.
lBc83.
I t<90.
¿0tJ?.
20179.
¿0162.
2l1el.
2l el9.
2lof3.
?2_;a).
22 \1 9.
¿ttlt.
2215t.
2tr55.
2a\¿1.
?3¿05.
?3A'll.

r59!.
¡.551.
55 q5.
5506.
55 f5.
57"¿.
59 l?.
57 15.
5154.
5770.
585?.
5167.
58i6.
577ç-
5971.
59')6.
6t27.
60 09.
62;0.
6¿19.
6259.
6?57.
6410.
64"î.
63?9.
5621.
6570.
615¡.-
6474.
ó3¿t.

7;(9.
?25t.
813?.
8e60.
816¿.
8l 26.
8517.
8 086.
807¿.
8094.
828t.
818 6.
8108.
139f.
8¡S0.
8252.
8¿67.
8107.
8199.
8096.
82?6.
azrT .
€ 545.
8332.
6 ¿86.
8r96.
8401.
8009.
8¡.65.
8¡ó9.

12344.
I t461.
t28tç.
l?-264.
t2102.
t¿103.

le¿8t.
l?531.
I 913 t.
I ¿i2t¿.
I 7617.
l?¡r62.
17735.
16810 .
I 683 2.
169 0 8.
1646I.
162 7 3.
I ó39ó.
16218.
ló30t.
16002.
I 585 3.
I 5465.
ls0I7.
lstS¿.
1509¿.
14990.
15014.
14998.
l(385.
t 4895.
I 48ó3,
I 39óq.
I 4 342.
l4les.

?9687.
?bð12.
27836.
?7 157.
25798.
25s0?.
¿5450.
?4446.
¿4131.
24¡21.
?4034.
2 3 34¿r.
23?-43.
¿28¡.¡.
22A37 .
22I0t.
¿2s63,
2t474.
21167.
?072¿.
205t6.
20530.
20629.
2 0 355.
I 979c.
z00a?.
197t0.
I 8482.
t9?2?.
19060.

4??35.
37604.
38823.
f6ó68.
35 0 86.
Jq 40 6.
3q 06 7.
32908.
3263 3.
32615.
320t ¿.
31533.
30721.
30567.
3058(.
29564.
2937 I .
?8672.
27518,
2 713 3.
26't15.
¿6526.
26q 89.
251 16.
25c13.
25ò20 .
¿5418.
24026.
24A99.
24?t5.

?3?4.
t941.
1 765,
ló20.
t9tó.
tl?0.
l¿61.
1 293,
1620,
I 338.
1379.

ll3tl.
tllzt.
1t290.
I Ì267.
ll¿10.
¡ ¡ 352.
ltl89.
108I7.
1 1 255,
¡l4t?.
10473.
lìlss.
10697.

18000.19100. t8200.18100.18400.18500. l8ó00. t3700.19s00.18900. ¡9000.19100. t9200.19300.19400

( ll( ?,
I 3)( 4)(5¡
( 6t( 7)( 8'
a c,
ll0,
(llt
(¡2t
ll3)
(¡4)
il5)
il6r
(¡?t
t¡8t
lle)
t?0,
lzl I
a2?,
123 |
I24t
t?5,
(26t
127 

'(2c,
129'
t30)

56824.
499t 4.
50635.
(768 I .
45218.
..4474.
{3985.
42781.
4 I 993.
4t109.
4lz0¿.
39905.
39820.
3854 9.
308t 5.
37a57.
3óS60.
36 05 5.
3466¿.
340 I 7.
33800.
33f 0.r.
33080.
32854.
31762.
3 I 999.
t1773.
30084.
308?4.
3 0 I47.

3570ó.
3ó910.
40105.
r1048.
42f7 a.
42S78.
4308r.
4?40 5.
43 I 95.
43593.
439?6.
43626.
4405.).
43898.
14 30 ?.
44489.
64835.
43¿46.
¡505 2.
a50 I 0.
e5344.
453'51 .
oó0¡ 9.
45!t29.
45802.
q5â8 t.
4566ó.
15 l8 l.
(55 I 4.
¡55 ¡ 2.

ó3862.
60200.
60158.
55t9Ì.
536ó1.
5¿4'14 ,
51801.
5058s.
4t808.
49?03.
48776.
4 7058.
k5576.
46t91.
45512.
4rÌ31.
43570.
4¿054.
40669.
40 I 82.
39085.
3 35 83.
3 35 73.
39091.
37056.
37¡Ss.
3 58 35.
35?ì 8.
3tó55.
35106.

7 1 ??a.
67957.
66934.
62323.
59665.
s9043.
s65l l.
5575 5.
552 I 8.
5417t.
s3522.
51998,
sl80?.
50861.
50273.
48436.
4804tr.
46305.
44a90.
q3970.
42910.
4?-363.
42ltt.
4 t ó6¿,
40853.
40385.
q0173.
3 9?2 3.
3924 0 .
38704.

81t04.
7 0a?4 .
69314.
64451,
62010.
61032.
582t4,
5763?.
57t07.
56095.
5554¿.
5 37 65.
5-1134.
3?7 ¿9 .
5195ù.
49871.
49795.
4?935.
46513.
4 54 55.
4{301.
43797.
43A2?.
412 I 0.
4¿454.
4l?09.
4157c.
40968,
40435.
40260.

80t86.
70149.
68032.
63325.
6 I 259.
50254.
57112.
56 385.
56q20.
5 5 453.
55139.
53300.
;3063.
i2¿t9.
31403.
49 16 9.
49308.
.7367.
t 627 0.
q4fa7.
439t4.
43140.
¿'3334.
q z 953.
421t9.
4 I 268.qlt43.
40968.
q0135.
.0066.

76t05.
66771.
64828.
603? I .
s8257.
5?(8?.
5420ó.
54?>?.
s3930.
53049.
s24l l.
50695.
50901.
c98q¿.
4 90 63.
412AA.
( 7363.
4551 l.
44321.
43227 .
4?145.
4lrlt.
411 41 .
41424.
40623.
399.r4.
3 96 35.
3953 I .
J9t40.
38A02.

70290.
6???4.
60159.
560ó5.
54)05.
53770.
50599.
5057t.
50495.
49684.
49t80.
47 525.
47653.
4670 0 .
45996.
.rc6l8.
44640.
42944.
4172q.
40925.
39989.
f9560.
3979q.
39?A¿.
3878¿.
37 a4l .
37304.
37?8i.
31?45.
3ó 95 4.

64 3 71.
5¡¡55.
s567 I .
5 I 936.
50.r59.
s0053.
41 l9?.
41 294.
t 1317.
s5398.
430q9.
44556.
44óS5.
4t398.
43t7?.
aló91.
420 14.
q0562.
3t695.
J3771.
37903.
37540.
37841.
3t371.
3594t.
3ó082.
f5188.
35142.
-J;ó 55.
3530 I .

l;ó09.
1t200.
133t3.
¿00?4,
2t014,
21180.
21943.
¿ 1418 .
21 818 .
2¿218.
227 22 .
z".gt6.
¿34?7.
2-34J5,
2t856.
¿\it l.
2ì009.
?ir3l.
25113.
?5654.
2t3f¿.
271t2.
¿¡o t6.
217 J5 .
?_J540.
2 1o 64.
2a1;1 .
¿)'rf e.
29)¡12.
¿1¿, | .

52641.
418q0.
46973.
44552.
43900.
433t7.
4l2Bl.
41371.
4l I lr..
40869.
40697.
3t?IL
39820.
3r3t3.
33ôt5.
378tó,
31 9?9,
37t 16.
3 628 5.
358 o 0.
35250.
3(998.
35278.
31996.
3 46 39.
34016.
34ltZ.
339q6.
33653.
3 34 53,

47 946.
43575.
r.3768.
I I 924.
4t553.
4t ¿35.
39778.
39;84.
39760.
39426.
391 6 2.
lB4l?.
I 8549.
lB 0 f9.
)7446.
36955.
)7 ¿49.
36585.
t6 0 4¿.
l5ásl.
t5t9t.
tr998.
l5 ¿7 8.
34996.
14 1 54.
14\2f.
l4 l4 2.
33 98 6.
13 96 2.
lf 745.

43868.
40977.
4 166?.
40548.
40521 .
(.o?Aq .
3907?.
39020.
3S0 73.
33946.
38879.
38 I 38.
3 937 8.
38039,
J 7846.
37314.
37735.
371t6.
3ó6 I 0.
36468.
36 0 95.
3597ó.
364 tB.
35949.
f59 0 5.
355f0.
35434.
l5 t I6.
J5157.
349t2.

40 80 7.
39290.
( 0 563.
39197.
4043f.
4028rr.
396?8.
3930¿.
39503.
39661 .
39ó8 t.
39068.
39 I 89.
3897 I .
38895.
35óC¡5.,
19c96"
38t0ó,
lil23 3.
38r 0¿.
379-t2.
f7865.
3832t.
7791?.
37861.
37137.
37589.
371 6 9.
37348.
37245.

5ó¡ Ì.
6239.
6318.
6881.
71f0.
726¿.
77t5.
152?.
747t.
769 3.
117 6.
å000.
8108.
8066.
¡i¿3t.
aq6 7.
8 751.
¡1925,
e0t0.
e210.
9 f rl9.
CJ¿0.
9765t
952 J.
97ð2.
e600.
eó91.

¡006¿.
l0 0 5t.
91¿¿.

3 86 65.
38110.
40288.
40?97.
41090.
{t 062.
40880.
4033ó.
40791.
40789.
¡.ll0l.
40556.
4090t.
40587.
4C832.
606t5.
4l0¿.:.
r.091€,
(0587.
t062r.
q 0045.
4 0533.
41015.
40591.
40508.
40606.
q0497.
ft9¡rl.
4 0 2.!ó.
900óó.

4489.
¿.890.
503ó.
550ó.
5'123.
5878.
6¡12.
59¿4.
ó011.
6010.
6261.
6418.
6396.
6368.
6456.
5749,.
6905.
7070.
't05¿.
f279.
7qqt.
7?9c,
7690.
7390.
7825.
17 ¿_q .
t952.
8¡lt.
7968.
77q0.

37033.
37604.
40380.
40923.
tt2?16.
4¿t86.
c208¿.
4l 65f.
4 ¿ 165.
42391.
428t8.
42324.
42f93.
42540.
4?1 69.
¡f 291l.
,13376.
43q78.
43104.
43¿27.
43258.
c3f,40.
43A22.
4 156 7.
I 338 5.
43415,
q 340 1.
429t9.
43124.
4Z9el.

l95OO. ttóOO. tc700. ¡9800. t9900.20000.20200. ¿o4oo.20600. ¿0840.2t000.21¿00.21400. ¿1600.2t800.22000.

I It
I ?D
l3t
I 4'
l5¡
t6t( 7¡
I 8t
I 9'
(¡0r
llll
It2t
ttlt
( ¡4'
I l5l
I l6)
il7)
llAt
uc¡
t20t
t¿l )

122'
t¿31
l24t
(25)
lz4t
l¿7r
l¿1t
l¿9)
l30t

3|{074.
35086.
39281.
.r0798.
4¿59¡.
4?705.
4¿884.
4 ¿40 5.
4I195.
416t4.
4\?tt.
4 190 5.
4å4I4.
4rf2f.
44544.
4åAr8.
4;6 I l.
450q¡.
4;A64.
450C9.
45318.
453f B.
q59t6.
45731.
459-)?.
( 5?35.
4585¡.
459¿1.
45R09.
s5873.

32239.
34569.
3f725.
19296.
4t271.
4140 8 .
4 I 682.
4l?f 7.
4¿079.
424f ?.
42919.
42AA2.
4369 4.
4341 4.
43656.
439 I 5.
i4835.
45422.
4s177.
45455.
q5831.
c5817.
q6509.
L6543.
c6Í137.
4667 5.
L552q.
47025.
46609.
46Al).

?989Ì.
3 25 45.
15t44.
370q4.
390?6.
3924t,
3)47 I .
312 0 8.
{001d.
405C¿i.
4 0f ?8.
40835.
4180¿.
4 t 416.
4lti00.
42?55.
c2937.
q1655.
4t67¿.
4J315.
4¡.101.
{q333.
4t155.
qtlle.
q5f¿rl.
q5?40.
4i235,
q;9 t9 .
4;4 15.
4t70ô.

¿7 q43.
?9347.
32r I 4.
34040.
36024.
fr5308.
3657 ?.
36105.
37¡84,
37663.
3807t.
38045.
J8329.
18719.
38tló.
39 751.
e0t55.
41004.
4l¿l?.

b1367.
rlq4l.
12f46.
421 J4.
43270.
q2)?3.
430b1.
4.1146.
431¿3.
4J;6f .

2 ¡.68 8.
27149.
?9101.
30796.
lza34.
31109.
3t165.
3f096.
13835.
3s538.
34739.
3q9?5.
1576ó.
156ó2.
359t0.
-l5e5f .
J74q3.
3799e,
f!07t.
3547q.
J)224,
lJ03e.
40013.
i)òt7.
¡ù508.
e0154,
q0339.
.t2lt,.
4 (,515 .
41034.

19s87.
21584.
23149.
249O4.
2óc55.
267 t?.
2t ¿s3.
¿69Ai.
27 365 .
28047.
?858 0 .
28650.
?9¿7 9 .
?9031.
29595.
J0q97.
3t2l9.
317¿5.
f206q.
32.5 | .
ffl04.
f3103.
3e05?.
lJ58 7.
3q619.
3ca3l .
34681.
35i25,
3c85J,
3520l.

10t00.
I 1298.
t 1517.
lz6.0.
13415.
I 1572.
I 42¿8.
I 391 6.
¡3912.
l4lc4.
It 54¿.
148c3.
I 48 55.
I 191q .
l;t71.
¡i7r7.
I ó¿ 1¿.
16720.
1580(.
I 7¿il.
I 75 r5.
175 ì2.
la3l0.
I f 914.
ls7-8,
l35r¡.
l3l¡0.
I lc¡ó.
lì022.
l9l;4.

8 ?ó3.
9{43.
9 614.

t0t¡2.
I 0 9ô?.
I I t52.
I ¡??3.
tt47t.
It507.
tt700.
ll9l6.
12t65.
I ¿34?.
| ¿?¿t .
t24?7.
I 2¡rr5.
l3l2q.
I 3597.
139ú0.
Ir¡12.
I o3?7.
tb¿71.
149e2.
| 4t22 .
t5tr0.
t5005.
t5078.
I {5ö3,
t 5!37.
152õ5.

68 35.
't151 .
t475.
8635.
900ô.
9t63.
9519.
940¿.
94q6.
951ó.
9695.
9860.

10000.
t0019.
t0168.
10548.
t0893.
¡ll15,
I t2 ò1.
It4_tq.
¡l6le.
ll¡50t.
l2 0 ts.
I lå65.
l2-Jlc.
l¿0¿1.
t2170,
l¿5¿7.
I ¿644.
I ¿150 '

f673.
3878.
40?9.
4255.
4597.
4SA¿.
4 ú10 t.
4195.
c809.
cii0a.
5069.
502f,
5{.,45.
5t79.
5J26.
539¿.
5544.
5S6 7.
5682.
586d.
5C81.
5866.
àlùf.
5 8:r 3.
621(.
6179.
6f 55.

ó37c.
6321.

fó59.
380b.
1807.
l7ó¡.
t7 f9.
l7 56.
l9 18.
t 000;
r0ãq.
rt6l.
rt96.
1234.
43 t6.
6507.
t5qó.
Ir753.
tl ¿9.
al >q.
-009.
¡7ó1.
i0ó3.
¡.8 i 5.
t05¿.
'>¿ l1 .
5tt9.
5¡it.

295 9
30 l5
3205
l3 7c
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B-2 Mixed C tal Data

Crystal
Label

Totatr Guest
Concentration
(mol-/moI)

Isotropic
Absorbanee for
trap shown

Thíckness
( ctn)

1
2
3
4
5
6
7

B

9
10

Tetracene:

1-arnino-
ahthracene:

2-agino-
anthracene:

0. 0048
0.0022

0.0018
0,0020
0.0037
0,0030
0.0043
0.0014
o,oo22

0. 0023
0.0041
0.0030
0.0031
0. 0039
0, 0028
0,0027
0,0037
0,0033

0.0119
0. 0030
0.0061
0,0018
0,0044
0. 003 7

0. 0051
0.0019
0.0038
0,0032

(TETA)

o,244
0,308

0.166
0.170
o,2r4
0. 518
0.344
0.223
0,262

(1A)

0.036
o,259
o,422
0.391
0.411
0,232
0.440
o,255
0,114

(2^)

0. 335
0.408
0,199
0.181
o.240
0. 304
o,233
0.160
0 .351
0,317

0,0014
0.0039
0.0035
0. 0025
0.0025
0.00r6
0.0048
o.0022
0.004s
0. 0033

0.0007
0. 0029
0. 0064
0.0058
0.0049
0.0038
0.0075
0.0032
0. 0016

0.0013
0.0063
0 .0015
0.0046
0,0025
0. 0038
0.0021
0.0039
0.0043
0.004s

I
2

3
4
5
6
7

I
9

1
2

3
4
5
6
7

I
9

10

On the next page¡ âc- and b- polarized absorbances are presènted vertically
with crystal label and horizontally with angle of incidence (degrecs).

For each sample, ac- then 6- polarized absorbances are presented one above

the other.
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B-3 Polymer Fihn Data

Film Label Thickness (cm)

Pol v alcohol
(PVA) 1

2

3

4

5

6

7

B

0.0052

0. 004 6

0 "003 7

0.0046

0.0065

0,0057

0,Ð067

0.0076

Poly ( s tyrenesulphonate) :

(PSS) 0.0021

0.0034

0.4027

0.CI061

0.0045

0. fI040

on the next tr¡ro pages, pure polymer film absorbances are presented
vertlcally wÍth fíln label and horizontally wlth wavenumber 1c*-l¡.
For each sample, the absorbance at room 'temperature ís presented
above the 77ot< value,

I
2

3

4

5

6
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880.
¿e0.

¿c0'
¿e0.

¿t0'
€€ o'

9Ê0'
¿80'

5Ë0'
¿€ 0'

,cE0.
rc0.

880'
1fû'

¿c0 .
9E0'

9€0'
9e 0'.

9Ê 0'
¿t0'

9€0.
9e0'

5f 0'
9c0.

EEO'
980'

se0
s€0

qÊ0' e€0. ¿t0
9C0' 5E0' ZCo

¿t0'
lf0.

6¿0.
r€0'

6¿0.
IC0'

L¿O'
It0.

8C0
rt0

6C0
çe0

8f0'
9€0'

880'
r€0'

8f0.
9t0.

€f0 '
9f0'

9É0'
qt0'9e0' 9t0' 9Ê0

9c0' rc0' ç80
9f0
ce0

9t0
sc0

9e0.
9C0'

¿e0.
6¿0.

8c0 .

9e0'
óe0.
9f0.

8t0.
8C0'

8Ê0'
9e 0.

ç€ 0.
9€ 0.

9€ 0'
9E{r'

9€0'
qt0'sE0' 9f0. ç€0

çt0' ¿c0. ¿-f0
st0.
rt 0'

9e0'
¿€0'

9€0.
¿c0'

tc0
080

sr0'
tc0'

r90.
EC0.

190.
€c0'

tù0'
re0'

cì0.
¿Ê0.

¿no'
rc0.

tt0'
0f0'

rr00'
út0'

¿r0' ¿t0. r!0.
¿c0' 9f0. seo.

fì0.
çt0.

880'
rc0.

9a0.
9€0.

'000f¿'00s¿¿.000¿¿.009I¿.000I¿.0050¿.00u0¿.{0sót.oo06I.0o5Êt.0008I.00ç¿t.o0o¿l.0os9I.o009f

90t' Ë0t' l0¡' só0'
tgo. €90' ¿s0' ¿80.

I
9

¿9
¿9

99
tç

I V^d

¿ v^d

9 v^d

s v^d

t v^d

E ÞAd

¿ v^d

I Y^d

€ v^d

¿ v^d

9 V^d

s v^¿

ì v^d

€ v^d

¿ v^d

I Y^d

0 v^d

¿ v^d

9 V^d

ç v^d

E V^d

¿ v^d

I V^é

'00088'00s¿f '000¿Ê'00s9€'0009€'00sge'0009f "00sqe'000rc'009cÊ.ooofe.oo9¿€.ooo¿8.00çIe.00ot€

cs0' I ç0'
ót0' €10.

090
6rr0

lr0
.ro

Ig0' 610' 6t0'
cr0' zr0' ztï'

r0
+r0

ç¿0.
650'

¿L0'
¿s0'

0¿0'
9S0'

¿90'
tç0'

¡t0'
Is0'

850'
¿tr0'

9ç0'
9T0'

rE0'
910 .€ç0'

tio'
9.70
rç0

trr0
fs0

€rr0'
I90 '

¿b0' 0r0'
6t0' 8r0'

010.
9t0.

0tú'
rrt0'

0rr0'
ìt0'

9C0
¿n0

9€0'
¿t0'

çc0'
¿r0'

çc0' sco' 910. çc0.
010' 0r0' 6c0. 8e0.

6e0'
¿r0'

9€0.
rrrl O'

s€0'
[n0 '

sÊ0'
zto'

re0'
t t0'

cE0.
0t 0'

Ifo' 0c0' B¿0. L¿0.
8t0. 8t0. 8Ê0. ¿€0.

6€0.
gr0 '9C0' SE0.

9t0' 9t0.
eE0.
6e0.

¿s0'
Ê50 .

990.
¿s0.

6to.
9r0.

LnÐ'
tt0'

¿r0 '
er0'

9t0
lr0

190' nri' Ero. ¿r0.
680. éC0. ót0. Bco.

9r0'
0t0.

€s0'
¿t0'

¿s0' ¿s0' 610' ¿r0.
910' .rtro' tto' ¿10'

9t 0.
¿fr0'

tt0'
I r0'

ttr0'
ftr0'

Eto'
CCO'

fr0.
880.0.

0t0. 8c0. 8e0. 880.
¿€0' ¿c0' 9€0. ¿e0.

?90'
¡ t0'

0S0' 610' Ltï' 9rr0'
¿10' Ito' 0rr0' 010'

gt0.
6t0'

.tr0'
¿c0'

fr0'
úe0'

cì0'
9Ê0'

tr,0'
¿c0'

010' 0+r0' 6€0' 890'
9e0. 9e0. 980. 9€0.

c50'
6r0'

E90' ¿90' 0S0' 690.
8t0' ¿t0' 9rr0' S.r0'

9r?o'
c t0'

5t0'
1t0'

Elr0'
0+r0'

ebo' ¿Þ0. lto. 0r0. óE0. ó80.
0ì0. 8c0. 8€0. ¿c0. 8E0. 9Ê0.

8s0'
880'

8s0' 990' t90' ìs0' e90.
¿80' ¿e0' ¿80' ¿€0. 9€0.

¿ç0
580

û90'
*c0'

¿E0'
re0'

s90
¿s0

ar0

t0

çç0.
zs0'

090' Br0. 9t0. gìr0. 9ì0. SrO.
frEo' ì€0' lC0' lco' ,C0' qco.

'00908'0000e'0056¿'0006¿'00ç8¿ '0008¿'O0s¿¿ "000¿Z'00çe¿'0009¿.00çE¿.0009¿.00çr¿.o0or¿.0ûçr¿

e€
9Ê

6e0
5C0

6f
ge

8LL
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ló000. ¡ó500.17000. t?500.18000. ¡8500.19000. t9500. ¿0000. zù500. ?1000.21500.22000.22500.23000.

PsS I

PSS ?

PSS 3

PSS 4

PSS 5

PSS 6

.043

.040
.04¿ .()4¿ .042
.0( t .04? .043

.04?

.043
.0 42.
.043

.043

.043
.0r.3
.0q3

. 043 .04? .043
,043 .043 .043

043
043

.0r.3
,043

.04.l

.045

.03s

.03s
.038 .033 .040
.035 .017 .037

.040

.037
.039
.038

.039

.0311
.040
.039

.040 .o40 .040

.n39 .040 .040
.040
.040

.u42

.04t
.042
.04?

.043

.043

.044

.045
44
44

.045 .046

. 044 .0 44
.0!.7
.0r.5

.047

.04S
.0q7
.045

.o4l .047 .047

.045 .045 .0¿l5
.048
.046

.048

.04t
.049
.047

.051

.048

.043

. 04ó
.043
.047

.04? .o42

.049 .049
.043
.051

.043

.05t
.043
. rJ50

.044

.050
.0{4 .044 .045
.050 ,050 .051

.045

.o5l
.046
.0sl

.047

.052

.037

.040
036
040

.036 .03ó

.038 .038
.038
.038

.038

.040
.038
. 041

.038

.041
.040 .040 .039
.041 ,o4l o04l

.039

.04?
, 041
.043

.04t

.044
.04?
.044

.04t

.040
040
040

.040 .041

.04t .0q2
.0Gt
.o4?

.041

.0tr3
.04¿
.043

o4¿
044

.04Z .042 .04?
.0s4 .044

.o4z

.045
.043
.046

.043

.046
.o44
.047

.045 .045 .046

.047 .049 .049
.047 .0s I .0;4
.051 .054 .059

.058 .0ól

.0ó¿ .0ó6
.065
.072

.0 70

"07 7
.07 4
.081

079
087

.084 .089

.093 .099
.093
.¡04

.044 .0(4 .046

.044 .045 .049
.oq1 .050 .055
.050 .054 .059

.o6o .064

.065 .07t
.0ó8
.078

.0 73

.0 q3
.077
.088

.080

.094
.086 .090
.100 .107

.09t

.lló

.051 .052 .053
''i\ .052 .052

.055 .060 .064

.054 .055 .058
.0ó6 .012
.063 .071

.07ó

.i76
.08¡
.o7l

.085

.0et
.090
.087

.093 .099

.093 .098
. 104
. l0ó

.048 .05t .05?

.0s5 .055 . 057
.054 .t)5f .051
.059 .063 .0ó8

.063 .067

.07? .0 re
.06t
.083 "014,088

.078

.093
.083
.099

.087 .092

.103 .ttt
.098
.lt6

.042 .0q4 .044

.046 .0t7 .048
.045 .048 .052
.050 .054 .05?

.0s5 .061

. 0ó3 .06ó
.0ó5
.071

.0 58

.ol4
.073
.080

.077

.08ó
.081 .087
. 089 .096

.093

. 104

.045

.047
045
048

.045

.049
.oqg .051 .056
.051 .0s5 .060

.060 .063

.0ó5 .070
.069
.076

.0t7

.086
.094
.092

.089 .093

.ost8 . ¡ 05
.099
.llJ

04
04

46
44

046
052

.044

e3500.24000.24500.25000.25500. ?6000.26500.27000.27500.2t000.28500.29000.29500.30000.30500.

PSS I

PSS ¿

PSs 3

PSS 4

PSS 5

PSS 6

PSS ¡

PSS 2

PSS 3

PSS 4

PSS 5

PSs 6

Pss I

PSS ¿

P55 3

PSS 4

PSs 5

PSS 6

.07¿

.09 I

31000.31200.3I000.3t600.3ts00.3a000.3¿200.3e400.12600.3?800.33000.33200.33400. f3600.33800.

.t0l

.lt4
.¡04 .106 .¡09 .lt3 .l16
.120 .t?4 .t¿6 .t3l .134

.103

. l?6

.rtl

.lts
.l14 .l16 .I18
.l¡ó .lt9 .t24

20
26

.104

.I28

.099

.ll2
.100 .106 .107
.¡¡5 .l16 .I19

1..
?a

.ll9

. 139
.¡24
.144

.l 35

"t 56
. ¡45
. tó6

.156 .160 .¡82 .?00

. t76 . I88 .205 .Z¿t

.t5ó .170 .¡86

.192 .205 .?2.t
.105 .t07 .¡10 .I14
.128 .132 .136 .140

.,t08 .t09 .lt3

.l3t '.¡34 .138

. t20

.tsl
.124
. 155

. lze

.ló2 "¡ 16
.¡58

.¡{5

.¡80
.205
.245

.t?4

. 129
. l?7
. ¡34

.I3¡

. 139
.142
.15 2

. 150

. 160
.¡ó0 .172 .¡86
.168 .183 .196

20
2t

.ll5

. t4¿
.lt9
.l(5

.123

. ¡50
.l¿ó
.t55

.l3e

.l6l
.t38
.l 68

.l116

.l ?ó
.zo¿
.23t

.ll0

.124
.ll6
.132

.122

.¡36
.126
.t4¿

.l 3¡
' I48

. ¡40

.¡56
49
69

. t6¿ .176

.176 .l9l
. ¡94
.20 9

2'
s0

36
43

4
4

. 15ó . t6s .184

.186 .199 .?14

.¡0s

.125

.z?t ,?43

.?46 .¿71

.¿?-S .Zt+9

.?69 .295

.t08 .tl? .l14

. I?8 .133 .1 37
.ll7
.t4l

.lzl

.146
.lu6
. 150

.t30

. l5ó
. l3ó
.1ó3

3!43
.170

. t52

.t80
. ¡ó4
. 193

.178 .194

.¿0? .2¿6
.215
.247

34000.34?00.34400.34600.34800.35000.35e00.35400.33ó00.35?00. f5800.35900. f6000.

.?70 .291 .314

.323 .3 47 .11 2
.340
.403

.37 7

.446

.?64 .2A4 .f05

.294 .31ó .338

.?66 .296 .307

.28¡ .30I .324

.800

.8?0
.955

¡.0,r0

.58 ¡

.63?
.58 t
.755

80s
895

.975
1.080

.790

.805

.890

.940

.330

.3ó6
361
{03

.417 .509

.457 .558
.600
.6 l0

.570

.735

.f34 .s30

.5tó .637
¡608
.73 0

.7¡5

. Bó5
.855

1.040
I .040
I .250

.2?4 .245

.236 .257
.3 35
.3 53

.222 .245

.254 .276
26
¿9

.?)4 .304

.319 .341
.32ó
.366

.660

.40?
...08 .q94
.455 .55¿

.558

.ó ?å
. ó55
if30

.f75

.855
.925

t.000

.¿14

. e30
.255
.215

.?17

.?94
.?96
.31¿.

.32?

.337
. t55
.370

-5 r8
.575

. ó64

.6 13
.94 5
.970

365
389

.4I? .508

.t50 .555

,408 .u96
.4ZO .507

?35
¿54

.457 .q58

.506 . rr l0
70
40.238

.276
.?6j
.3 05

.285

.332
.310
.311

.334

.383
.3ól
.4t3

.400

.449
.6 36
,6e1,

.750

.79 ¡
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APPENDTX C COMPUTER PROGRAI"MES

All computer programtnes have been ryritten ín the

standard IORTRAN IV language,

C-l PREDAN

C_2 ADFI]LGO

C-3 TROP

C_4 RESPECT



'¡ 8'¡.

C_l PREDAN

PROGRAI''I PRLI'JA\(INPUTTOtJTPUTçTI.\f][$=[NPt.,TITI\f¡I--6;OU'f PI..IT)

C}:.ffI}+II+THI9 PROGRAq IS A Pí.ìF-DiCîION ANAL.,YSI.5 PACCIDtJIË (tJA5Ë{} ON P,OOfrS

C PREDiC'II0N,qi'Jfrl-YSIS LiY "J0r-.lN R* t;J0t-t.ltflG)
cOHt40N xx(:ts100)øx(15)çA(?-0:}.,sr''(5)ç5fitilO)ç(x(5)çcx(5)çxcilfiÊ¡(1.0)+liYr

lYyC'/gC(70e7A ) eCIll\,(e0yâ0) çRÊ"(e0) yBA(100) EL: (I0ç10) +l'lr'lARK(].C) rYSit"lF)
C0Þli40l{ ¡JP I l.l s l'1 ç K CY ç }( Y ç K[--ç KCT e l( $t.'l ç KCCüP ç \Ê.r e ttlF] s 'JC e I'lD ç NÍ: p AA e, AB p Atl s l(i( c

I NN ç 1..1. ç I q I'J tl,rT e i;,1.4C ç I \D ç J z t( ç Nr,i e ),1S1 t,lp ç \lRtJ e RULE, yLrj"V ( e )

DIl,lt'.ht5I CN DX ( 5) e F-Ê\ ( ;Ì0 )

c1!.r+*+rÈ.ltAIN C0NTiì0L pAlï 0F PR0GRÁr,t
Cn'{ir?'r+*I NI'f IA[_IZE INDi Ciri0.ìS s f-TC

LL=0
1000 LL=Lt-+l

PtÏRC::1 u

Cil#'+{rëRF¡r['i IN INPUT A\t¡ FRlNT THIS 0UT
CALt_ rtÉ_fiD

cllrlü'ri{?5ET t.IMITS
*GT

"GÏ
P"cì
cY.
05
Ti
TT
TI

STOz
ST'O)
STOP

0$
Ls
z$
3$
CT=

IP
2P
3P
4P
5K

IF(f-j
IF(M
IF(N
IF(K
GOT

.e00o0Él*\,LT"Ì$Pa']) G0 T0 I
u3) tì0 l) 7.

I,¿0) G0 T0 3
EQ*3"AND"NB.\F-"3) GO TO 4

RII'I
RII.]
RIN
RINT IO
K=0SK

STOP
0 $ \5 [l'1P=]

0
0

0

cËëË{rnIF suBR0utINE opL IS usIDr x (?] I5 INiTIALIZE)¡ T0 0"5 AT THIS P0Ir\¡
X(2)=0.5

cü'ns#fIF EITt-tER 0F il.ji ESTIMAl-pREDAN p?0cEDUeEs usiDç
C AT THIS POINT If: (NC.GF..Z) CALL. CYC

I F ( l'¡C. GE .2 ) CA tL CYC

C##É#ÞIF OpL IS USED¡ y NEED N0T BE REC0MPUTED

I F ( KCOMP. EQ.0.OQ. (COl'tp.'80. M ) I 5 r I 6

PUT THE F OUI-OW I NG

CARD

e000 K(=KK+l $ IND=l $ N\=0
CË'{åì'ü.SCLEAR LOCATIONS T CR PÍTEDICTED COEFFICIE\¡T I'44ÏìIX

6 C(JçK)=0.
crlt*+*IF 0pTlMIZI.,tGr TRANSFER C0NTR0L T0 sI!'IPLEX

IF (KCY.EQ"3.AND.KK.\E. I } 7 ;9
7 CALL SII4PLEX S IF(Kç.fQ.0) 8r9

D0 6 J=lrNP
D0 6 K=lrNP

GO TO 14

I4 CONTINUE

I G0 T0 (88rl3l¡32)cNE
88 KCY=I $ G0 T0 2000

cr¡ü'ÞnnINITIALIZE INDI CAT0aS ËÏC
9 I=I $ N$=0 S NI\1'=0

3000 c0NTiNUE
C#**srlC0MpUTE X (Jr I ) VALUES IF REQUIRED

IF(KCOMP.NE.0) l0rI2
l0 D0 ti J=I çKCC| VP
I I CALL XSPACE

L? D0 l3J= I r À'l

l3 X (J) =XX (Jr I )



'És2.

ci¡*,.t'þËc0pîf-ru'rE Y /r5 RElLJiRtil
l5 Y=.0"

Y =L"Qfrl { M Y ti t,Nt i"1Y )

t6 c{)ñ1.INrJI
c$i,.ií*r'ìi.cß¡4ptJTf; sx AND 5y vAl_u[5 A5 É.ìE:t:tuIRIl)

ÍiY:.:STG{Yr¡l(YsCY)
D0 \T J::]ef'l

l7 SX (J¡ =5IG(X (Ji E (ä (J),¡Cll (J) )

cü,áttr¡+tc0t.,îpLtTE: DEÊ{Ivr\T Ivtï 0F: R[$If)ur{1. F uf.lcï I 0hl

I D=2
D0 lB -,":J.çl"i

lB DX (..1) =0ËRlV ( IDç X, (J! )

clsr+çrrl$cûMpìJ'rE THE iìE5l.DuAL !1ÂTRIX DL
DL=SjY*+¿Z
D0 ig J=]eh1

l9 nL=[)L+ (SX (J] {'DX ("J) } rÉ;le

cänr+ri,þc0t'tÊ)tJTE DIRivAl IvË cr RESIùuAL- f:ui!f)ïIuN

H,R"T X(J¡r NÂi'1p_-LY üX(J)

[,inR.T A(K) s l{ñ,Mr:1"-Y ËA(K)
ID*l
D0 20 K=l rNP

2t FA (K) =DEtìIV ( IDcA ((i )

c*{,.+**c0þtf:uTE EAcH ELIF4t-NT 0F THI MÁTiìI X e
D0 ?I J=] eNP
D0 ZI |(=J e f,,lp

2t C ( Jç K ) =C ( Jç K) +F A ( J) #Ft\ ( i( ) /DL
ctt{.#. l1 }pRIi\iT ouT PRb.s[\T I\JF 0[.ìr{ATI0N IF APFLICAtsLE

IF(iiCY"EQ.3) GO TO ??
CALI- PRINT S Il'r)*2

cö#*+J} r,lcvË 0N r0 A NËt¡j DAT A p0INT 0R cARRy 0l.l
2? CONTINU¡ $ IF (J,E0.N) 24s73
?3 I=I+l

G0 T0 3000
24 CONTINUE

CÞ+r¡#'tC IS SYr'tf4ETRIC-FILL IN ALL Et_Er"1Eh¡IS
D0 ?5 .l=l rNP
D0 '¿5 (=J e NÍ)

?5 C(KqJ)=C(Jr()
cë'r1n.ÞöINVERT C T0 GIVE CIVV(KrJ)

CALL MTXiNV
IF(Nr'1.EQ.Il0) 26ç?B

?6 IND=3 $ CALt PRII'lT $ IF(l(CY"EQ"3) ?7ç30
a7 RE ( I ) =1.0E+30 $ G0 T0 2000

cfi'+f$ÞcoMPUTE PREDIcTED U\cERTAINTIES 5A (() A\D REL. ERRORS RE (K)
e8 D0 29 (=l ¡NP

SA (K) =SORT (CINV (KrK) )

29 RE(K)=SA(K)/A(K)
CT'*r*T'PRII\IT OIJT SA(K} VALJES fOGETHEFì l.,ITH TH' A(K} Ai\IO RE(K) VALJES
c

30
31

I3l
3?

100
l0l
l0?
t03

4000

AND,/OR CYCLI REîUIRED PARAMETERS OR 60 3ACK T].SITIPLEX
IF (KCY.E0.3) G0 TC 30 S IND=3 S CALt PRIÀlT
C0NTINUE S Go T0 (32r31 ¡2000) rKCY
CALL CYC $ IF (N!.EQ. I ) 32r2000
CALL CYC $ IF (N\.EQ. I ) 3?I5
CONTINUE S IF (LL.EQ.KSET) 4OOOç IOOO
FORMAT ( IHI 'IIÀ{O 

MORE THAN 2OO OR LESS TTIAN NP+1 POINTS
FORI',IAT(IHIItlONLY 3 INDEPEIDf¡IT VARIABLES ALLOdEN+)
FORMAT ( IHI r#ONLY ?O UNKNOI|iI..I PARAI,IETERS ALLOY/E)IT)
FCRMAT ( IHl T+I¡.ICCRRECT FOR¡,IULATIOI'I III XSPACE USED VJITH
st0P $ END

ALLO'dEDç )

S I MPLEXÞ )



iR
?.L

R

3C
(:É{-,trê*P

4P
P

I 83.

SUEROUT T NE REAf)
C+T{iÈ{f ItTI.ITS SUBROUI I\[ RIADS rN THÊ "ìELEVA"J'T I\.IüITAÌ lRSçFiriIAqETËR5 A!D
C AND PR T NT S TI+ES g CU T VAR IABLES

C0I,4M0N XX(5ç100)rX(S)rA(20)eSX(5)gSA(¿0)+(X(5)eCX(5)TXCDMP(10)sS\'ç
IYsCY sC(?0 r20 ) sÇINV (?0 s20l s RE ( 20) ç lJÁ, ( t 00 ) çË ( t0r l0 ) çN\4/tRK ( Ì.tl ) e YSIMP

C0l'1t'4ON NPsNçMçKCYcKYs(FçKejTyt(5ETçKC0þ1Pr \Åçt'iE]ç !CTNDTNL vAAc ABrACsl(l{c
lNNrLLr I ¡NII\IcptlRCr I\DrJgKçNl!.4r \SIMpçNitIJTRULËr lLf V (2)
REIID S0sNPrNptlç(CYy(Ysfrt'-r(SETçKC0þJPTNAE\fiçNCs{Del,lIECYyAAT/tBsAC
READ 5ls(KX(J)sJ=lvV)
RËAD 52ç (A (K) rt(*l çNP)
READ 52ç(CX(J)rJ=1s{)
IF(KCOþ1P.[Q"0) lç2
EAD 5?g((XX(JçI)çJ=IçM)çI*Içt',ll S G0 Ï0 3

=2 +K C0l',f P
EAD 52s (XC0MP (J) sJ=IrL-)
ONTINU[ $ IF(NIE .NEO3) GO TO 4 S RÊAD 53E (NMARK(K) çK*}9i'JD)
RINT INPUT
RI¡JT IOO
R Il'lT I 0 t ç NP ç \ ç { ç KCYç KY r KF r KSIT r KC0!'lP c NA *NB ç l\3'r ¡rlD s NËc CY r AAs ABs hC

PRINT IOz
PRIt¡t l03e (KX (J) sJ=l rM)
PRINT IO4
PF{INT I05ç (CX (-l) cJ=l çl'l)
PRINT IO6
PRII'JT 1.07ç (XCCMP (J) ¡J=I ¡L)
PRil'JT 110 S PlìI\¡T Illç (/\(() cK=lrNP)
IF(Nf, "N[4"3) G0 1'0 5
PRII'lT I0B $ PRI\T 109¡(NMARK(K)rl(*lsND)
FORttAT(t3I4e4E7.0)
F0Rr.4AT ( ?0I4)
FORþIÂT(BEIO.O)
FORMAT(5T4)
F 0 R u A T ( 1 tl I ç 5 5 X s * I \ P J T I N f' 0 R vl A T I AN'* / / / / ./ I
F 0 R f,1A T ( I H r g X r r? Nl F' = 

¡1 I 4 e ?6X ç * firl = 
r+ l.4 g ? B X I # ç1- * I 4 ç ?7 X c * K C Y =e î ¿+ / / I 0 X c * K Y

I =Ë I4 r 25X ç #KF=* I4 s ?5 X ç tsKSI T=tt I 4 ¡25X ç ëK C0 tlP=+ 14t / / 1ûX n t'¡,lA 
=r¡ I4 c?5X ø É N

I B = 
* I 4 r P 7 X ¡ + NC - tt I 4 ,y ZBX e * f'l D =* I 4 / / I 0 X o * N E = 

* I!+ y' / I 0 X ç ö C Y =oo tt n?s 2 0 X r + A A =
I rå 

E 9 . ? e ?ll, o þ AB = 
* 19 " ? g ? 3x r n A C =ri E9 " 2 / / / / |

FCRMAT(IH,IOXTÉKX(J) VALUES ARE+ 5X)
FOR*¡AT ( IH ç2X¡3 ( I3¡7X) )

F0R¡'tAT(IH ç//I0Xr*CX(J) VATUES ARE+r5X)
FORMAT (IH r IXr3(El0,3r5X) )

FORMAT (IH ç//TOXY'lXCO14P(J) VALUES AREÞI5X)
FORIqAT (IH rIXI6(EIO.3ç5X) )

FCRMAT(1H c//L0Xç*NqARK(K) VALUES AREr'5Xl
F0Rr4¡T ( lH r IXrS¡ ( I5r5X) )

FOR"lAT (IH ç//IOXC#A(K) VALUES AR6iT5X'
FORqAT ( IH r lXç3 (El0.3r5X) )

RETURN 5; END

50
5I
5Z
53

I00
t0I

t02
103
I04
t05
106
107
t 0B
t 09
tl0
llt

5









I 87,

CZ=F_t(*CI'rlCI $ F =.(ËPS1*Cl +Ê:f)52itCZ) tt X (?f;Y
E QN=F
RETURN

2 ËPS1=AtlS(A(I)) S EP52=At5(/\(2)) $ EPS3='ABS(A(3i)
B(1)=- x(I) $ B(2)=I" $ B(-ì)=ABS1A(4iitZ,) s IË{(KF *Ec.:¿17It?2

ciá{+s4f{!MONOt4ER*Dli.lER-Tr{Il,,TIR þlODELç 4 P¡\RAt4ËTËRS (t(J=(¿*'rt3¡
zl B(4)=ABs(A(4-)r+A(¿r)+3.) s 0oroe3

Cr¡{*t}{i,tþfONOMEFì*D It"lËR-Til ï r'lER M0LlELv 5 PARAHETEIì5
?-? U(4)=ABS(A(5)*3")
?3 Cl= X(I){åPEI?C $ CALt- h¡ellJRAp(tiç4yCl} S PEF{C=Cl/ X(1)

F=Ëp S I It L I + B ( 3 ) n EP 521+C I "âC I + i3 ( 4 ) +f EP 53 t+ C I rl C I ltC I
F=Fs'X(e)- Y

E0N=F
RETL'IìN

3 EPStäAErS(A(t)) 9; [P32=ABS(A(2)) $ EPS4.=AB5(A(3))
un)=- x(t) s B(2)=ln $ tl(3)=Aßs(A(¿r)*2") $ B(4")==0"
IF(KF "[Qo4]-]1c32

Ç*.råÞfer.MOt{0MER*DIMËR*TITRAqER S0DI-:-Ls + PARAI'tITIRS (K!+æ'K?.år+3]

3t Fl (5) =4t35 (A (4) *'A (r¡) *r\ (4) rT4. ) S G0-f 033
C*{f I,t¡ÉtFMONOMËR-DIMTR.T iTIIAYIÉ:R þ1OD[[ O 5 PARf\F4[TEÍi$

3? B(5)=ABS(¡tr(5)f4o)
33 Ct= X(1)rlPERC $ CALL i{fFJRAfi(Bs5¡Cl) S PeRC=Cll X(l}

F=ËPS I rr C I +iJ ( 3 ) + EP 5? t+C I 11 C I + B ( 5 ) #ËPS4{'C } +¡ C I ì¡C } r? 3'1

F=Fr'' X(e)-Y
E0N=F'
RETURN $ IND

Ptt o\¡LY. IT EV¿11"t,ÂIES ¡1N

VARI r\3LË S0 Tl-lAï THÊ o-PTI*
oSsrr3_f cAL
si(X(5) çCX(5) çXCCt"rfp(10) çSYç
ç E ( 10 r lC ) sN¡4ARK ( t 0 ) ç Y5IþfP
A ENLI o ¡lç * t'JD t l',1Ë ç AA ç A[i e AC ç KK r
RULEçYLTV(2)

DIMtiNSIOt't cL ( eo )

D AT A ( Ct- ( L ) p [- = I ¡ I 5 I / 4 " 
00 0 ¡ Z , 0 0 0 ¡ ]. o 0 0 0 ç 0 ' 5 r 0 " ? I t o I o 0 * 0 9 ç 0 . 0 I ç 0 n 0 7 r 0 '

C06¡ 0 "05ç0'04r0 o 03r0 " 0?r 0 "0L /
KND= I

I Y=0. $ Y=EQN ( MYDUI''1\4Y )

IF (Y"LE.0.7"AND'Y'GEn 0'5) RETURN

G0 T0 (ZrII)rKND
2 CONST=Y/X(2) $ Y=0.6 $ X(2)=Y/-C0NSl

D0 3 L=I¡14
IF (X (2) .GE.CL (L) ) GO TO 4

3 CONTINUE
IF(X(2).1.

4 C0NT I NtJr
5 X(2)=CL(L
6 TESTl=X (2

IF(TE5TI"
7 X (2) =CL (L
8 CONTINUE

c
c
c

SIJBROUT I I'IE OPt
trñSì}tTTI.IIS SUiSROUTI\E IS RELEVANT TO T.HIS EXi\

OPT I MUM VALUI OF THE O[iT I CAI- FATH LEI'JGT

DENSITY IS WITHIN TfË RANGE: OO3*O'7 IË
COMi'4ON XX(5¡I00) rX(5) vA(20) çSX(5) sSA(e0

IYçCY¡C(20c20) çCINV (20*20) ¡Rt (20) ctlA(100
C0MM0N NP I I'J ç M ç l( CY ç l( Y r (F ç KCT ç K SE T + KCCMP e

INNTLL ç I çl'JINT r PErIC ç I,'{Dç J ¡ K ç N{ s f',lSIt"4P r'\RËJ

q

¡t
p

)

)

'.{

I

T.C
$I)s
)-c
EQ.
)$
$I

L (L) I x (2) =cL (L) 5 KND=Z $ G0 T0 I
F(L"EQ"l) 5ró

(ND=Z S G0 Ï0 I
L (L) $ TEST2=CL (L-I ) -X (2)
TEsT?) 7

KND=Z $
¡ 1f ISTL

rB
GO

LT"
GO
s

f0 I
ESTZ) 9r I0
T0 I
OTOI
RETURI{

g X(2)=CL(L) S (ND=Z $
I0 X (2) =CL (L-1) $ (l'l¡¡=2
II NI4=N1.4+I S BA(NM)=X(?) S

END

T

G



SUBR0UT INE NINRAP ([JrNçX)
cq.*'l!r+#RrauIRID F'Oiì TltIS PAI'ìî'ICULAÍì

D I f4EN5I
XL I !'{=Xç
DO?. J=2

? F=l- +13 (J
I. CONT I NU

3 RËTtJRN

f,0Rr..t oF FU\CTI0N EQN 0NLY

Ëlç10 I Xt-.X $ Xl=I* $ F'=3r(l) $ FD=0.
J){r(J*t)r.XI $ X}ËXlì!Ã
tjD s IF (A'3s (X*XLl "Lfl"xLI14) 3ç I

18 8.

oN t3(5)
tE-I0 s )0t I
çN S, FD=FD+B(
) nXI 9 X=X^F I
Ë

.6 ËNt)

ËUNCTi0N DÊ:RIV (10çZ)
cJ.c+r.rfrf *,THIS FUNCTI0ht f vALUAIIS THË DIRIVATIVb Cr TiJE Rr:SILitlÂL ËtJNICTI0N V/.RI

c PË\RAMETERS 0íi VARIASL[5 AS 5P[(_:IFIED SY THË: Ití].JÏ VALrjfi Z

COt.1f40N XX (Sç t00) rX(5) çA( 2tl ESrX {5! rS/riâ0¡ r{X(5} rCX {5) çXCOI4P( l0) çSYr
lYçCYrC(?0c20) qCINV(e0ç20) viìr. (ãl()) gBfr(t00) vËil0sIi)) rí"¡VARK(Ltl) sYSiþiP
col'tM0N NP ç t'J I M g i( cy ç Ky ç Kr eKc',r ç KsË.1'ç KC0MP ç .lAef,'lgc \cr N,lE ttlI I Aa ç Ai3 c Âcç KK s

I NN r L-L r I çNIf\l-ç PÈ;ìC q I ND ç J ç t( ç N!ts \S IMP s,\¡RE.J e RLJLI c lLgV ( ä ]

F0= ËGN ( MYDUM^4Y )

Z7:'7
Z=27{!J..005
D7='Z*Z 2

LË(ID"ti0'l) Is?.
1. Á,(l(¡=¿ $ GO T0 3
2 X (.1) =Z
3 FI= EQN(I,lYDUMVlY)

DE:RIV= (F I-[:0 ) /D7.
IF(ID"t:Q"l) ¿*¡5

4 A(K)=ZZ $ G0 T0 6

5 l,(Jl=ZZ
6 RETURN $ Ei'{L)

SUBi?OUIINE CYC
c'l'1 #rtrfTHis sutsRouTINE CycLfS THE RË0tlIRÊ0 PAR/\r'ltTER(S¡-ulfìiTTIN A5 REçurREr]

CO¡4MON XX(5cI00) sX(5) çA(20)¡5X(5) çSA(?0) ç(X(5) çCX(5) pXC0¡îij(10) ¡SY¡

Iyçcyçc(z0qz0) rclt*lv(?0 s?al qRË(20) ç8,{(t00) rË(I0sl0) çNþ14'{K(l'0) çYsIt'lrr

Ct)MlvloN NP e N c l'l r KCY I KY; KF t i<Cfir<Sf-T c KCcl'lP t N'A.s NB ç \lC 
' þlD'r i'i[ ç ÀÂ I r\Ù ç AC E KK e

l Nt.l y Lt. l I l l'j I N T c Pf Qc g I \D y J r K y l'l M ç \S I t.,t P e NR EJ 9 RUL E l Yl*E V ( ¡? l

DIr'4ENSI0N S0R'rJM ( 6) ç S0RtsD ( 6)
DATA(SORBM(t.)çL*l¡61/"383ço5511,474¡*29sço?531.186/g

c (S0RBD (L) rL= Iç61 / .?7Br o 3B5s .350 ç .284r "2?Bs n?2?/e CTf"',lrcTD /I 'O 
'r0?Ôe-o

C5lI"000t7E-03/gpLVrPLD/I.00686g0'0107¿48/
G0 TO (Iç.2r3) NC

CÉ{å+.¡rnCASF (I) i{ VARIED
1 N=N+I $ IF(¡'l'GT'NA) 4ç5

Corån,{f*CASF_ t?t ËSTI.\4AI-pÍìEDAN PR0CIDUREc K VAqIED AT 0NE P0tNT

? A(l)=SORBt-:(¿l /(CT\4¡tPLr"t) $ A(3)=A(3)+20" $ IF(A(3) 'GT'N'\! G0 T0 (¡

Cl.rÌ"#8.#A(3)ttcTD $ Cl=SQRT(CI) S CI*(CI-I'l/ (4''r+A(3) )

sL=soRBD \?l /PLD $ A (2) = (sL-A ( I ) ¿f CII / ( (crD-cl ) n2. )

GOTO5
ç++**+ÇASf (3) ËsTIÍAT-PREDAN PROCEDURE¡ CALÇULATION OVER sPF-CTRUrl

3 L=KK + l'
IF(L.GT.6i GO.TC 4
A ( I ) =soRB14 (t-) / ( cTMItPLM)
cl=1,+8.ont¡)r¡cTD $ CI=sQRT(Cl) I cl=(cl-l "l/14.l}A(3) )

sL=soRBD(L) /PLD S A(21=(sL-A(I)*cll / I(cT0*cI) Þ2')

GOTO5
4 NN=l
5 R¿TI.JRN S EI'JD



clrlf
SUISI?OUTINE MTXI,'IV 4rlî¡

É*{.t4ATilIX It"tVE¡ìSIti\,¡ SUSROUTII{E iluü'

C0l'1f'10N XX (5e I 00 ) r I. (5) rA (20 ) çSX ( 5) çSA ( a0 ) '* t(f (5) rCX (!;) s )l{l'Ji4l) ( i i:¡ ) ¡ Ji'fy
lYçCYçC(20ç20) sCINV (?0ç?0) çRE(e0)çtlrâ(100) EH(10c10) ¡¡'¡q¿iìi((Lt)) çYSIrrìt''

C0Mi,4ON NP çi'l ç MçKCY ¡K'l çKF çl(CT çl(SF-l-ç r((l0Mi! I \Aç f''lBe !ççf'iDç Nfç /ritç ltu r l{ü y t'{i{ ç

t NN s L-1" ç I *N Il'l t c PE "ìC r I ND ç rt ç F. s i'lI,i y \S I MÊ ¡ Nlì[.J r íliJL-E, YL*-V ( 2 ]
DIMINSI0N JC(e0) oIR(20) çI0RD(e0) vYY(20)
EFS= I " E*ó0

I DÉT=I " ìì D02 ('l rNF'$ Ilì (K) =0 5 JC (K) =0
Z CONI'lNL,Ë $ DO19 K=lçNP$ T=0o ii D09 .,1=1r\P$ 003'I=1el'jP

KLF:S=K-1 it If-' (K,-Ê,S) 5E6ç 3

3 Cgl1tTIl'luI s D05 L=1ç(t[5 $ D05 I'il4=tçi(Lrs $ Ir(J-JC(L] )489't4
4 IF ( I*IR (MM) ) 5çB*5
5 CIINTIi$Uã
6 C0N1'It'JUr.- $ IF-(T-ABS(C(IEJ) ) )7Et3vB
7'l"sA$S 1ç1¡eJ)) $ IR(()=I $ JC(()*'J
8 CONT I NI][
9 C0NTIIlU[ $ IK=Iq(() $ Jt(=J¿16¡ $ D=C(IKsJ()

IF (^BS (0) -AtsS (EpS) ) 3os 36e 10
t0 DIT=[f]*¡ $ DCI3 ,J=IçNP $ IF(.J-JKll].¡I?pll

C( Il(çJ) =C( IKç..i).rD F G0IOt3
C(IKpJK)l;l.'/D
C0NTlhiuE $ LlOI,3 l=l el"lP$ iF (i-IK) l4s ltìçl¿+
f:=c(IçJK) $ D0t7 J*IçNF $ IF('J*'Jl()!.5r1óç15
C(IçJ)=C(IçJ)*FrrC(I(çJ) $ G0l'0I7
C(IçJ)=-F*C(IKçJK)
cONT 1i{uI
COI'JT I NU T

C0llïIf'luE S D0?0 Krlrl'JP$ I=IR(() $ J=,.J0(() $ ilRn(I)=.J
cONT INUE S ICT=0 5 LIr..''t*f,lÌ-r
t-ND=t $ IF (L.IyI*?l?5y?7E??
CONTiNi.Jr 5 DO?4(=2suI!1 $ IF (ICRD(i(*l)"i9Rr)(r() )7\¡'à4s?.3
T=IOttD(K-I) $ IDRD((*l)=ICRD(() gj 10iìD(()=T $j L\rD=K-l $i lCT=lÇl'+1
CONT I NUE
CONT INUE S IF (L\D-l ) e7 s?.7 g?6
L i M=t-Ì'JD $ G0T0e Ì
IF ( ( 1 CT /?) r+e-ICl- ) 2B ç?9 s?B
DET = -DE ï
0032 J=lçnlP $ DJ30 I=ÌçNP$ Jt=:JC(I) $ tt=tf'ì(I) si YY(JI)=C(IlvJ)
CONTINUt j DO3I I=Ì¡NP$ C(IsJ)=YY(I)
C ONT I I.IU E

COtlt INUESD035 I=l ç NP$DO33J=l ? Np$Jl =JC ( J ) SI I=IR ( J ) $YY ( I I ) =C ( L ç Jl )

CQNTIt'lUE $ 003¿r J=!eNP$ C(IrJ)sYY(J.)
CINV(IçJ)=C(1.çJ)
CONT I NUE
CONTINUE $ RT.TUIN
NM=Il0 $ It (l(CY"N[.3) Fi?lNT 100 I' RETLIR\j

100 FoRt"tAT(IH e //ç5Xr*þlATRIX NON-SINGULARç \0 s0LJ'TI0NS P0SSIBLT+å/)
END

FUNCTlON SIG(KXIKKYCC)
CË+É+r¡THIS FUNCTI0N EVALUATES LJNCERTAIT.tTiES I\¡ EITH:R X(J) 0R Y AS R[0U-

Go ro (Ir2s3s4) K( _ IRED

cfi'fsnrlcASE I-coNSTA\T U\TCERTAINTY
I SIG=CC $ RETUiìN

Cf IIÞ{,+CAq[ 2-CONSTAI,JT FRACT IONT\L UNCERTAI NT Y

Z SIG=CC+XX S R[TJR¡l
c##snncAsE 3-c0uNI I \lG STAT I5T I CS

3 SIG=CC#SART (XX) S RiTUFìN
C*nÞü+rCASf 4 - L0cARIIHqIC RELATI0NSHIP TC DETERMINiT UNCI-lRTAI,\TY It'¡
c ABSOiìBANCE FRO¡1 CONSTANT UNCCHTT\INTY IN TRANSMiTTA\CC

4 TRAlriS=2.-XX $ T?A\S=I0otlrn (TRA¡{S)
TRANS=TRANS + CC
sIG = XX- (?. ALogt0(TRANS)) S RITURN $ END

tt
Lî:
I3
I/+
Ìs-
l6
t7
irl
Ì9
?0
?.7

??
e3
¿4
?5
¿6
?7
?B
?9
30
3I
3?
33

34
35
3ó



I gû.

SUßROUTlI!E PRIf!T
CIIli*iÌTII]'i..{TS SUAROUTT¡{E PRI\TS OUT RÊ-SI.II..T5 Ah¿D I"JËADIr{35

C0f,1M0N XX(5eI00) çX(5) p/.r(20) çS)({5} ySA{e0}';KX(5}çCX t5) qXCrJl4P(10) ç5Yç
lY r CY s C ( ?0 ç?0 ) s CI NV (70 ç20 ) ç RE ( e0 ) ç BA ( I 00 ) ç t ( l 0 s I 0 ) e l'.1r"1¡1ÍlK ( i 0 ) s YSI l4P

C0M140l"¡ Np e N y M c KCY c K y 6 KF c KCT c KSfT ç KC014P r \li çf,ìA s !C a ltlD e N[: ç AA ç /+LJ p AC y Kt\ p

I NN r l.,L ç I r N I N I r PË RC y I llD p J E t( y NH ç \S i þfP ç NRtJ e RULg c l'Lf-V ( 2 )

Iril(cY"Ë0"3) G0 T0 e3
G0 T0 (lç19ç20)cIr'¡D
C0l'lTl"NUf $ If (K(.ECl.l ) ?ç I7
CO|{TINl..lg $ Il"-(1,-["8Q. I) 32e33
PRINT 100 $j GC T0 34
PRTNT iI3
CONTINtJt'$ ir(KcY"E0.t) G0 To 6

I+SF.I.ËCT CYC V/rRÏAT1.ON S.iATE14ËNf
G0 T0 (3c4s5) çNC
PrìItiï t0I $ (rc T

FRIhIT Ì02 $ 0o r
PRIi'tT i03 S 0c I

r.5[Li:CT XSPACI V A

C0NTINU[ $ If':(liC
PRIi,lT e03 $ 0O T

G0 T0 ('i'çBç 9) eNB
Pil I NT 10¡+ $ GC T

PPlHll 105çAA $ 3
P'ìTNT ICI6 $ GC T

rSELICT OUTPUT FC
G0 T0 (lÌcI?cl3¡
FRlr\lT t 07 $ G0 T

PRTNT Tr)8 $ GO T

PRINT IO9 $ GC T

PRINT lTO $ GC T

PRIt,lÏ ltl $ Gc r

I
?

32
33
34

C; rr+*#

3
4
5

c ft+s.#

6
35
36

7
B

9
c lÊr+ t.lë

t0
II
L?
l3
lt4'
I5
I6

L7
IB
i9

06
06
06
\4P.I[ì"0) 35çjió
t0

R T A T.T- Of'J ST /I Tf J"IINT

1'0 t0
t0
R[LiVANT

r+çI5)eKF"

0

0

0
0
0
R

I
0
0
0
o
0

t0

MODILS A$ STATËO

T5
16
I6
I6
I6

RINT It3 $ pRI\T LLZ¡LLçKK
RINT lIlr¡N

RII',lT ll2çLUç(K
O TO iB

RINT li5r (X(J) rJ=IsM) c (SX(J) ç,J=1ri,l) rYç$Y
0 r0 1000

P

G

P

P
P

G.

?0 C0l'¡T INUE S IF ( Nq. EQ ' I I0 ì 71s27
?l PRINT ll6¡(A(KlsK=Irl"iP) $ G0 T0 I000
?7 PRIt¡T lI7¡ (A(K) çSA(() rRË(K) rK=LçNP)

IF(ttM"€0"0) G0 TO 3I
PRINT tlB S PAI\¡T l19r (84(K) rK=lçNl'l) $ G0 T0 3I

73 C0Nlihlu[ $ G0 '1O(74ç?7ç?Bç30ç?9) çIND
74 CONTITtlUE $ IF(K('EQ"2) ?-5ç26
?5 PR I t'lt 120 I AB
?6 PRII{T l2l¡Jr (\IMARK(() ¡K;=lrND) rYSI¡4PrN $ tìETUI'¡,1
?7 PRJr'lT t22rJç (f'IMARK (() rK=l rND) ¡YSIMPTNRE¡vilULErll $ RETUR\
e8 J=KK-l $ PRIr',¡T I23rJ $ iìrTUnru
29 PRINT L?4t (YLEV(L)rL=Ip2)
30 PRINT l?5¡ (Nl'tAF{( (K) çK=l rND)
3l ftlþf=N-M S IF'(NDF',LE.l5) PRINT LZ6+NDF

100 F0RMAT (lHl I 52X¡TfpREDICTI0N ANALySIS 0U1;rg1*7 / / çSXo*SUANTITIiS ARE

lSET 0UT IN GR0UPS I{ THE FOUt0r,iIl'¡G,{ANNER-iå/5Xç*Nr BEt0,/ i{llICrl ARE

I X(J)CSX(J)T Y AND SYç BELOlc TH[SE ARE A(il A!D CORRESPONDI\G SA{K
l) AND Re tx) VAL.JEST IF APPLI"CABLE#///l

IOI FOR14AT(IH rIOXçÞN VARIED$)



1S1.

ORMA'f {iLt eI0Xç+tËSTIMAT-PREOn,\.1 PR0CED.JRIüflLX¡À'K VAfìIED AT 0NE P0I
Td')
OIIi4AT(II.I giOXI#ESTII"IA'i-PREDA|\¡ PROCIDL'RES'/IIXrSCALCULA'TTONS OVË*R S

Ê:c T tl LJt'1 ä )

102 r
Ìhl

t 03 f;
IP

?03 F

104 F'

105 l--

I O6 F

107 [r
t 0r! F
IO9 F

ll0 F

lll F

IlE F

0tìl4AT(lH rl0XvsX(J) VAL.tJË5 RIAD ll'l+t'///l
tt///l

ç*-TUPLIiD CIiNS[!U]'T Vf:tY*,/ / / 1

0tìl'1AI ( 1f.r ç I0xe*E.QUnL SPAcIl{G
0t{þlAt ( thì s l0Xe*S$AüING{rr['1,L¡
0Rl'lAT ( L14 ç l0Xç ÞSIMi:[.¡;X VARLÀ
0Rt'4/j,T ( tl-l c47Xç Ï'M0NJi.1[R*DlfinR

//t
ç3
Þì çi

R :-i

i4EÊI

Þ,1 Ë i(

C0t'iPU IA I I0N5 F'O A SäT{ê I3 ç I x s {¡CASt'--} I3l

0Rt4AT ( it'J ç 4/+X E +M0NCt,1[R"Dii."4ËR

cR14AT ( l H E 4/+K ç r¡t10t.l.JtfIR*D I t4[li
0flMr\ T ( t l_t s 43 X r À'M01.,!0|,f fÉì_D I t"rIR
0Rh{A.t ( lH ç 4.lXs *MOí.lt)Í.1[R-D].t,iÈ.t{

0ftMA-f ( IH I ¿+3Xe rrRESULTS 0t

T I o iJ'á,/
i'4 00 ËL

-TRI14f
*TR I tvf E

-TETRA
* fETfìfÀ

ÞA,Q/-tMË f ËA5i!/' ,'/ ,/,/ I
ODff-p 4'tr,f\RA14ËT IR:ì*'/ / / / / I
()l[{-y 5 PARAI''ltTHRsü'I / f I /)

çi0ûfLp r+ PAR/\þi[:TËt{5+t / / / / / I
vlLríl[t s 5 l.,l\R^.þtF-TËítSÌß / / / / / I

It3
I l¿r
lls
t 16
I17
l tB

T

lIe
I ?0

Ì
I

tel
t

I ee
I

T?:I
I

t?4
I

tz5
I

l?6
I
I
I
I
I

Lt/l
MÂT ( lltl )

MAT ( ll''f s / / s(>6XçI3/ /l
M/¡T ( if.{ ç ??F,s i1 0, 3 ç 2X ç T 7 u 4ç }. 0X ç Z ( E l 0 * 3 ç *íA ) ç +,X r l' 7 u 4 ç 4X ç f: I 0' 3 }

i.lAT ( Ill s / /(>0 Kr 810.3 )

l.lAT(Il-l E//50Xç?( Ê:I0"3çZX ) çF6'3)
14AT(Ìll E//!AXs#TÞlI F0Ltùi,JI\lG Ar"t[: VAt."JIS 0f TÌ-lE PATI{ LËNlGTlì þJHIC

t) N0T FIT BEIþjL:f:\ l\850iìEAhiCF:5 0"5 ÂND fluT AslD Mtj$T ts[ T/.L(E.r¿+?)

MAT ( iH r Zl. Xç l0 (F 'T 
"4*?Xl I

pQRt,,iAT(It11g5t:Xr*5IMrLIX OUTPUT',*y'//ESXy{lQUt¡NTItIIS sPf\N TilL- þAli[: Tt,!

THI F0Lt0u/It,iG r,tANNIfl-+ /5)ls #POI¡'lTeNqfiitK(K) VALtJgSeYSIqf:]sP0Il'i
T REJECTIDçRULE t- 0tì RËJECTI0i! AND Nlt///53F"ç#SIE1'' SIZE=#ç[-].0,3//l
F glìt.lAT ( 1H ç I 0Xç I3c I 0Xs5 ( I5r Fj X) ¡f:B* 3ç l0 Xp{'STAqf Il'JG 5I ¡lPUEX¿l ç I 0Ãç I 3
l
FORI.4AT(lll ç).0xaI3el0xr 5(I5ç 5x) r FB,3el0xrI3çÌ0KçF'3'Grl-0)i
¡ I3)
t--0Rt4AT(lH çt0XçI3pI0Xc.rtIF1i5 PCIr{'f REJttjl'Eü DUir T0 I14p0SSiBIuIiY Oi:

S0t-UT I 0N-l''lATRI X N0'-¡*S I NGULARtl )

FOtìt{AT(tH s//?tx,qF?.0çlxg*ITIR/\TI0Ns IxC[ÊtrED cR YLEv(Z) t"l/\s '3EtN
SURPASSTD ¡\T A VALUË 0FlIXn[6'3çlXosI\ SiilÍ]LEK*z']
f:0tìMAT(lH r35XrÞTHE 0PTINrrJil SET 0F VArU[Ii h¡iV,àì<t!() ARU RESP[:CTIVEI
Y*./37Xr 5 ( I5 tSXl / /l
F0RN¡\T(IH ç //blxçËt,J,3, 0F DEGRe[:S 0F F.i(EEOUT't I5rÈtX s13/37Xc+?CSNJiiIDË¡J
CE INTERVAL M.J5T TJE USED AS DEFTNED 8Y TH[ T'O.LO\{INGS*?/ /49N,Til4(K)'-
sA(K'' "l (l) <rl(() <A(K¡ +sA(K) *F (Zl++//401,çrêdHÈ:RE 3(K) ARE T'48 TIUE VAL

THE pARA\4ETH?.Stt/40XeùFlZ) ARE VALUTS 0;r Tr-18 T-DISTRISUIi0N
Z*L1VF-L+r /40y,c#AND THË RF-ST 0F THi ËNTITIIS HAVE BtEt'l DEFINË

IOOO RETURN $ END

r Ott
FOR
FOR
F 0lì
r0R
FOR
t"{ t)
FOR

IJES OF
ÂT THË
Drl )



192.

C_2 ADFUI,GO

PROGRAM ADFTJLGO ( T NPüÏ 9 OUTPUT E T AP[ 5= T NPTJI ç TÂ[LE SeCUÏFUT )

Cr¡+r+r+,{?DI t,4ER SPEC j'RU14 CALCúLAT I0N BASgD 0N AD I ABAT I C q0Df L 0F FULT Oi.lç JCí}
c v0L, 56y P.l210s (tg'l¿, Al'JD THF: TIIEORITtCAU lttVËt0pEM[.1¡T 01"- f:uL't0i'l
c AND 6OUTHRt4AN JCP V0t-" 4lv P.eAB0 (I96¿+i

c0Mt"10N z_R(50ç50) yZI (50c50) çX(10I) çS.JM(i01r?) c[OTAI(10]) ç

IEV (es l0r 1.0) çt"_I ( 2ç 10ç l0 ) Ecv (2ç l0ç l0 ) çci (eç l0ç l.0) çBN (50ç Ì0)
c0þ1t.10¡t [f)s ç tìML I st4 ( ç Tt-jET A s i,ú ç v E F_tG e A14AX s dM I N s l¡l I t'JCR p N p NM s N I \Ctì ç \Þl ô.X ç

IIPI-0TçNFVTX$
DI¡4[NSIOllt AR(50ç50] e,AI (!:'0c5Al st (50ç50] ç0I (50'ì çD? (50) gE(50) v[3(50) +

ITAU (2v50 ) çSC (?) r INt:v (e]
V ÄL üN C['- (TFl e 7-l
IN NLjf.,trJEi{ tF DATA SF_-i5

(5ç100) ND/\TA
=Q
=l_fi[)[) + L

if.JPUT INF-ORMATTON
lì[AD (LfÀDDçND/tIA)

tJL.ISH C0r\5TÂN1'Sç F-TC.
EAD IN BML iJ5Ë \¡EXT CARDg OTHËRFITSh: TAK[: )U.T
M L ü'BþI L
[É\D IN XL U5E NEXT Ti.JÛ CARDSS OTHERdISI R:ù1OVE TI'{[M

¡[-=gML
ß}1L=SQfiT(XL)
xs r.rAY EJE u5[D As AN ALTERAT I0N IACT0R F0R
BH K =lrl./ V

$MK=2 ú +r$ML/tf iK

BGC=2'7 I ?.6 / (BG{¡ ilG )

l.tEV= I 0
INfV(1)=f',lF-V
INEV (2) =NEV
ILIMi*I
Il-IM2=2
IF (LADD"EQ. T ) GC TO I
IF (EPS.NE,XI ) GC. T0 I
IF(BþiL.NE"XE) GD TO }
IF ( Eþ1K" r.lË. X5 ) G0 T0 I
IF (X3nEQo0. oAND'THETfi.l"l[.X3) G0 T0 ?

IF(X3"EQNI8O" "A
IF(THETA.NË.X3)

G0I0t

EaU ¡
R[Af)
RE/ID
LADD

tCI00 LADi)
R[ÅD
CAI-L
ISÏA
TF R

XL=t3
iF R

c

c

c
c

c

c Þ.NY VARI /\13L"E PÉ{RAþ'![TIR

BG
TH
TH
TO
33
33
2ç

IF
IF
IF
GO

D0
D0
CV

CI
CI
IL
GO

tdR

DO

D0

33

4

CV(2¡Jc
(2sI¡
(2çJt
I ¡42= I
T05

ITE (6
44 I

E"X/+) (r0

A. EO.0 . )

A.EQ"IB0.

=I rNEV
=l rNEV
J) =0.
I)=CV(?¡IrJ)
J) =0.
I)=CI(2çIrJ)

¡4991
=IrNfV

(

(

(

(

"N
ET
ET

5
I
J

Iv

ND. THET A, NE 
" 

X3 )

G0 ro 19
TO ?I
GOTO3
)G0T04

I
2

3

44 J=l rNEV
CV(lrIrJ)=0.
CV(IrJçI)=CV(lrIrJ)
CI(lrIrJ)=0.



5

44

5?

I 93.

CI(lrJcI)=CI(I¡IrJ!
ILI14l=2
D0 lB l.JQ*ILIMÌ r ILIM?
COHPUTE BN COEFF-'ICIEI{TS AND DT EiCENVALÚE5
NEV= I 0
D0 5? K=l rN
D0 5? J=KrN
Z(JgK)=0. .

Z(KrJl=Z(JrK)
SIGN="I,
CHAfiGE=-1.
P8=3- a# NQ

D0 53 K=I çN
I=K-l
SIGp=SIGNTSCHA\lG[:
DI (K) =I+0"5+8f t(ÞBUKn0.5
E(K)=SQRT(0"5*I)üBML
Z(KçK)=I,
CALL IMT0L2(N\4¡!cDì çEtZs IERR)
IF(IERP.NE"0) 56rSl
þJRITE (6ç503) IERR
G0 T0 30
IF(PA"GT.0o) 54¡55
blRITE(6ç505)
G0 To 57
tlJRITE(ór505I)
ITJRITE(6ç5C\2) (DI (I) rI=IrNËV)
D0 58 I=lcN
hIRITE (6ç5052) Ít (Z (IrJ) rJ=lrNEV)
D0 59 I=lrN
D0 59 J=l¡NEV
BN(I¡Jl=Z(ÏrJ)
COMPUTE CM COEFFICIENTS ANO D2 ËIGEI{VALUES
D0 6 K=lrN
D0 6 J=KrN
AR(JçK)=0o
AI(JçK)=0o
7(JEK)=0o
Z (K¡ Jl=7 (JrK)
SIGN=-L
CHANGE= - I
PQ=3-2ttNQ
D0 7 K=lrN
I=K-l
SIGN = SIGNIfCHA\GE
AR (KçK) = ( I+0.5) +SIG\'nP0åEPS
Z(KtK)=I.
NI =N- I
SIGN=I
CHAI,IGE=- I
D0 B K=IrNl
J=K+ I
S I Gtrl=S I GNtICHA À,¡GÉ

AI ( JrK ) =SQRT ( 0 " 5råK ) {' ( BMK+PQ+SIGNn (-BML ) }

Ir,1TOL2r HTRIDI AND TTRIBK ARË LIBRAÍìY PRC'GRAM5: F0R CO¡1PÜTATI0'l 0F

Èrorr,¡vnr-ues ¡ño EIGENFuNcTI0Ns oR coMPutx HERq,ITIAN ¡lATRIx
CALL Hì'RIDI (NMr llç ARrAI rD2 ;EçE?rTAU)

c

53

5l
54

56

55
57

58

59
c

6

7

I
c
c



f94.

9

CALL I MT0t-2 (NM ¡ N¡ DZ s F- çZvIERR )

DO 9 K=IçN
D0 9 J=I¡N
ZR(JçKJ=2(J¡K)
CALL HTRIBK (N14 r \lr AR ¡AI r TAUr Nc ZRrZI )

IF(IËRR.l']E"0) 91r92
|'/RiTE (6 r503) IEeR
G0 T0 30
IF (PQ"GI.0) I0rIl
þJRITE(6r5001
GO TO L2
!.lRITE (6ç501)
l-IRITE(6¡502) (D?(I) rI=1sNËV)
D0 15 I=l rN
i,J;lI]"E(6r504) Ir (ZR(ioJ) çLI (IrJ) rJ=lrNEV) -
Ni'l=l'.lEV
COMPUTË NON-A\¡GJLAR FACTO'ìS I\,I INTENSITIËS
cALL sur,4INÏ (N8¡ \N)
I NEV ( NQ ) =¡'lEV
EsTABLisH TRANSITI0{ ENERGIES IN DIr'{ENSI0NLESS tiNITS
D0 lB I*I rNN
D0 lti J=lrNN
EV (l.lQçI rJ) =0I ( I ) +92 (J) -1'
C0NT I r,lUE
NEV=MlN0 ( INEV ( I ) r INtV (e) )

COMPUTE ANGI-E: FACTOA IN TNTENSITIES
T=THET¡\+0"0I?r+53
C0Sl'=C05 ( I )

SC(i)=I,+COST
sc(2)=1n-cosT
COMPUTE ENEiìGIES IN CM'1 AND INTENSI TIES
D0 ?0 NQ=ILIMItILIM2
D0 ?0 I=I çNEV
D0 ?A J= I r f'lb.V

CV ( N0ç I r J) =EV ( NQ c I ç J ) sVcl{+XLrlV
CI (NOç I çJ) =EI (Ntr I r J) ttSC (NQ)

NI=NINCR+l
FIT GAUSSIAN BA\IDSHAPE TO LINT SPËCTRIJM

D0 ?2 I=1¡NI
St,M(Irl)=0s
SUM(Iç2)=0.
T0TAL(I)=0.
X ( I I =hJMIN+þJINCRn ( I-I )

D0 ?3 NQ=ILIMI r ILIM?
D0 23 I=l rNEV
D0 ?3 J=lrNEV
D0 23 K=l çNI
XEN=ABS (X (K) -CV (NQr I rJ) )

XEN=XEN*XEN
X EN=-BGC+ XEN
I F ( XEf'-.1. LT. -675 ' 83 ) ?21ç???
f,fN=0.
GO TO ?3
XEN=EXP ( XEN )

SUM (KTNQ¡ =StJf,I (KçNQ) +XEN*CI (NOT I ¡J)
D0 ?4 K=IrNI
TOTAL (K) =SUM (Kr I ) +SrJM (K ¡2)

c

c

c

c

9I

e¿
IO

I1
L?

1s

I8

l9

e0

?T

22

??t

?¿?
¿3

?4

c



c

î 95.

NORI'.1At-IZE SPIICIRU}4 TO MIA$URfD
PEAK=T0TAL ( 1 )

D0 ?.6 I=laNI
It (T0'l'At ( I ) *GE"DEAK) ?5s?6
PEAK*T0fAt ( f )

c 0t"lT I NlLlI
IF (Pt:AK o t-Q " 0. ) ?-l q28
U/RIl'E (6ç507) CV (NAç 1ç !. )

G0 T0 30
F¿1CTOiì=At1AX/PEA(
D0 ?9 I=l çNI
T0TAL ( I ) =T0Tl\t ( I ) trF¡\CTCliì
suM ( I I I )'i5U$ ( I s I ) *FACTOR
stJi{ ( I ç?_t =sui4 ( I e ? ) f Ë ficT0¡ì
CALL PIì I NT
¡ 1::EPS
X A-FìML
X3::Ti1ËÏ A

X4=BG
Xq=BrqK
X6=XS
IF. (LAOO.E8"NI)ATA) RETURN
cü T0 1000

I00 t 0Rr4AT ( ie)
499 F0tìt-tAT ( IHt )

5O() FOII14AT(1I{ g/////g4OKrtÊËIGENVALUËS A\D C\4 COEFTiICIENTS FDR T'I,II PLUS

t 5ER15s*'z)
50I F0Rf..1AT(IH ç/////ç40XpìlEIGENVALUES AND Cq C0[Fr'ICIINTs F0il ÏFlF: l''.lINU

IS SËRIES*,2)
502 F0Rr4r{T(}l-, ç 4xç10 (5x¡F7 

"3',t / //l
503 F0Rr,fAT(IH s///ç?0Xr*þj0RE IHAN 30 ITERATI0NS R:AIURTD fr0a EI6F_\VALU

lE #çI3sl.xrrrL0HER EIGENVALTJËS L,lN0RDEaËD - ¡ltls'1" TERf4INAlEri)
504 FORI'4AT (4X¡ I3ç IXr20 ( lXvt'5.3) )

505 FORI,IAT(IIlTg/////g4OXr'}EIGENVATUES A¡JD 8T COF:I:TITCÏENTS FOR PLUS SER

1i¡S*/)
5O5I FOR14AT(IHTç/////y4OXçT.EIGENVALUIS AND ts\ COEFiTTCIEhITfi FOR Í.1INJ5 SË

IRIEStl/)
5052 F0R14AT (4Xç I3t?Xr I 0 ( F7 "3r5X) )

507 Ë0Rr"1AT(IH ç///?0X¡#ALL POINTS lN SPECTRL,lM flRE ZER0 TERMINnTLÞ/g
t20Xçf0NE 0F THE FIRSI ENERGIES IS *rEl0.3çlXcÞCl''T-l#')

END

I NTf \li I T Y 14/\K i -'luM

?5
¿()

?7

?_s

'¿9

30



c

n s6.

SUBR0IJT INÉ SU'.t I \T ( N'Q s Nt\¿ I

SUBIìOUTfi{E FOR COÍPi'J1',\TTO\ OF TNTüN:ìTTY SUMS

C0MI40N Ziì (50ç5Û I slI (50p50) ¡X ( iÛI) r$tJ¡1 ( IOIuZ) ç TCTA't ( I0I ) I
tËv (2 ç I 0 I I 0 ) pËi, r en I 0 s I0 ) s cv ( 2 ç ]- (r e l, 0 ) s cI ( ?c l0 ç I 0 ) ç tlN (50 p i 0 )

Cgt",iM0N IpSçSi'iir3t1(*Tr"ìETIlEdrVEBGsAl"iAXçdMINst{IN;rlçN+N14cNTNCRç)'lþIAXE
lIPttlTENËVçXS

ðOtq pl f- X C T[. Rl'f I s C T IR t1 ?- ç C IE RM 3 ç C T ER h4¿i ç C T f, AFTS ? CS Jtf ( 2 I L C¡ 0 ]

DII-{HNST0N CONIV(2) ç5SU¡4 (Z) çXSU\',î (2v 10)
Xl=0,
X2=L"
Bþ14=Flf"{K/2.
CTglì141=CMFL.X ( X t e [3t44 ¡

D0 50 .J=IqNN
CT[tìM2=0MPLX ( Z-R ( I ç J I vZl ( I g J ) )

CTEflf42*C0NJ0 ( C't iRMe )

CTEfìt43=ÇF{PLX ( X,ê ç X I )

CTEtìl'4¿+=Cl4PLK ( ßl'J ( I ç J) tXI )

CTERMS=Ci[tìM3
CSUt4 ( t s I ) rCIfrìt,f¿+iCTERM3
CSUM ( 2 ç I ) =CI Ëí{1"4t¿+rCÏE[ìvl$

LrO I [-=2çN
K=L-
KK*L- I
cTËtìr"12=ClviPtx ( zR ( K s Jl E7I (KEJ) )

CTERþ'12=C()NJG ( CT IR Þie ]

CTERI'12+=CÌ'1PL X ( 3i{ ( K ç J ) ç Xl )

XFÉ\C=FL0Af ( Kl( )

XFAC*1 " /SCI[TT ( XF 
^.C 

}

C T ERM 3*CT 6R M I riC T e t(14 3* Kf: AC

CTIRi'15-CT 6riM L +CT E Rr{ 5+ XF AC

òsuu ( i rK ) =csuv ( I s KK ) +c ttiìuencTb"flt'l3rs (-I ) rf Ëi(K

I Csul"1 (?ç () =Çsui-'l ( 2 sKK ) +,cTtR,{4r¡CT'ERil5r$ ( *I ) it{'KK

D0 ? L.=It?
SUl.12=CABS ( CSUr'4 ( L ç K ) )

SSUt,l 11_ ¡ x1,Ul,,i2

SUMt=CAtsS (CSLll'{ ( L ç KK ) )

XSU14 (Lç J¡ XSUi'lE*SUMA
c0Nv (L) =rtr8s (5UMe-Su\4t )

If- (SUf4ZnEQn0o ) I'I cI?
CONV (L) *0.
GOTO?
C0NV (L) =CCNV ([) /Sl'JM?
CONT I NUE
ERROR TAKEN AT 5 P.C. OF ACTUAL SUM

IF (COf'lV ( I ) 'LEo0n05' AND'C0NV (2) 'LE'0o05)
IF(J"GT"6) 3r4
NEV=J- I
NN=J
CONT 1 NUE
D0 5t [=] eNN
D0 5I J=I¡NN
EI (NOr I cJ) =XSUM (2r I ) #XSU|4 ( I çJ)

c

IT

T7
2

3

50

G0 T0 50

5l

4

500

R ETURN
!vRITË(6r500) C0!V(2) çC0NV (Il
STOP
F0RMAT (lH s//?0xråTERi'llNATÉ

IE COI'IVE;?GED TO BËT T:R THAN 5

I BN SUt'l AT El'lD l'iÂ

2 [Nf) ',¡lAS n¡F5,2)
END

D AS NO MOiIg THAN 6 SLJÍ4S IN SU

p. Co # /?OX r ÞFRACTICI'JA[, CHANGE I ! LAST
Þ4Ii(i HÊr

5 örF5 
"?¡/?0Xr+TFRACTÍ 0NAL CHANGE IN LAST CM 5tjl"l



SUBROUTINI REÉ\D (LADDgI'JDÅTA) fS?.
C ¿i{.#i}ri I ¡,tpt.lT 5tJllrl0rrT I N i

c0Mr40r! zfi150r50t s7-L (ijoç50) çx(l0I) csut"l(]0ts?) rlcTA,L.(10l) ç

I[ V ( 2ç ] 0 r t 0 ) ¡ E i ( il r I 0 c ] 0 ) ç CV ( I y i 0 + I 0 ) c CI ( e p I 0 ç I [] ] ç F:lirl ( 5(] v I iì )

(j0lv1t.4oN [P5 s i1l,1L e ;]l4K r IHIT Â e id ç v 
" 

3G s Aþ,lfl/r e uJ14 I N q i{ I N0;ì s N e Nr.4 ¡ NI t¡çiì I Ní'Í AX ç

lIPt-0TçNIVcXS
C R[:AD AI'¡D I,JRITË I HHADTR CARD

R[At)(5çI00] (X( I) qI:=lçI0]
C RiAD ALL O.I.116R DATA AND PRI!T IT OIJÏ

RfAD(5ç101) [ÊsrgÞ{LvlHf Tt\yt¡JsVçBGçAþtAXsN{INrhri{CRçNçÀll'4vNii',lcRsÞl-îÉrXç
liPt.-0TçXS

t4 R i T E ( 6 s 5 0 0 ) E P 5 e B M L ç T h"lË T Êr s l¡J ç V ç B G E A M Á K s t'i M I N p þl I N C R v N ç N þ{ e N I hlC !l v \ þ1 A }i v

llPL0TçXS
h'ÍìIlìE (6s501 ) LA)Det'JDATAT (X ( I ) e I=i e l0)
RITI,JF?N

I 00 FoR¡4A'r ( l0f\8)
t 0t F-CIRt',14T (9f- 6u 0 ç 2I 3ç lJl iiEF6, 0 )

500 T0RNAT(1.t|Lg///20X,ç rsÂBS0l.{pTIOti sfrEeTRA ÛF DI\4ËFtS Cf¡LCi.Jt-AÏ:.0 tJY t
IHä ADIAB.f\TIC q0DIL Cf t LiLI0N (JCPç VCL"" 56s ]at0 (Iç7¿l )11 ç/ q35Xe'"lt
¡:ND IHE Ttî(:t.lNit)u[ 0F-fu['ror.l AI\i] G0uT[[lvin! (.J(:Pp \/ol-" ¿¡1,ç î.;:t\) tL)6t+
3 ) )'* ç / / / / / ç60X s å I hiPLiT I Nlî'0rìMAT I0Ntt / / / E 4'0 X çqåt--85Ê; 'Ì e f 6.7 u gl u *f1i'{t":: t! c

rifi6"2u7XrÈ'f HEiA* {tç[5,J//t+0Xe#-v.J= +tgf""6*(jçtsXp#V* ì'u[:"6"0s&Xc*iift= i's
SFs" 0 c / /¿ç0y\e r?A¡4AXG # ç ft-ti o 0 r' 5[e llidf.'iIf!= rrç F $* 0 p5X ç þ1{INCt{.r rf v F 5 "A / /k0l:,ç*
6l'*= *cI3rI3I"ç{iNl,lx r.eI3çitrXçÉ\.|INCR= #pIil/i4(lXc{rl'M¡,)is 'PsL?s(.}}ie*Ir't-tii-:'
7 *vI2sBX.g#X5= #çF6'3)

S0l FolltriAT(IFi s////e10Xs#SF-T #çI2çlXs*I\ *'qI2çIXet¡Sf'[!j 0f'DA'l'¿'.ris/ls |AX'
lgl0AB)

END

surifì0uT I l'.11. Pfi I N Ï
crf+T{r ct*c)ui'Pu'l' suBR0uI I \E

(;Oi'lM0N zfi (50 ç 50 ) c z_ I Glo ç 50 i y x ( t 01) ç st,M ( t0 j. E?, ) p Ï-0T/\1. ( i.0l ) c

iËV(2ç10si0) qEI(?s Ì0çI0) sCV(Pçl0ç10) veI (er10ç]"0l ç[3N(50sI0)
COMl'iON EPSç8i\'1LeúM(pT'rlETf\ç'rdrVçLìtìçA\þlAXsl'J14Il$st{INìAçt'Jçl'llrisNIlf,tìrrlMAXt

IIt'L0TTNEVeXS
t-VS=EPS#V
t'JRITE (6ç500 ) ËPS? fVSE[ìMLpBMt(ç ü]GçTHETA
NN=NEV
If (llEV"EQ"J"0) N\=9
D0 I I=lef'JN
D0 I J=IsI
K=I-L
L=I-J+I

I i,JRITE(6ç501) KsCV(IsL.rJ) çCI (trLçJ) ¡CV(?çLeJ) sCI (äqLEJ)
NRI TE ( 6 ¡50e )

NI=NiNCR+l
D0 ?- K=1¡NI

? WRITE(6r503) X(K) çSUM(KcI) sSUM(Kp?) rT01At(K)
C PLOT IìESUt.TS iT REOUT RED

I F ( IPLOT. EQ " I ) CALL OVERSA ( T IJ r I H o r N I C T CT AL C X }

RETURN
500 f Ont¡¿f ¡H1r ///ç32XçrFAL)IABATIC M0DEL 0F ft'{E DI{Er¡+//3'¿Xs¿tDÀLCUtAl.ED

l SPEcTRül'l F-0R T|-lE FcLLOuJInIG Set 0t PARA\4ETERSlt/32X1+ËXcI10li ccUpLI
eNG PARAf.{ETER I5 trrt'6.3E3Xp#CR #¡F5o0çlX¡#Cl'1*! oþ/3?xç ftP0SITl0N C0U

3pLING pARAMETER IS #çF6"3/3?Xç+i't0rlE,\TtlM C0UPLI\e PARAqb:TtaR I5 t!e

416,3/3ZX?nGAUSSIAN Bl\l\IDT,JIDTH IS #rF5"0ç,/32Xe+tANGLf, BETldfEl",l IRANSIÏ
5I0N MOMÊNTS IS ËrF6,2sLXr#DËGRF-[S*///sITXrfP0sIII0NS IN Ci'{*Ir wN(+

6/.)ç AND RTIATIVE I\TENSI.I'IË5I XI(+/-Ig OF DItt6P I]Ai!DS,*//TTXTIIQUAN
TTArr r I 0X ¡ n#l\ ( + ) ë c I 5X s ttX I ( + ) * t I 6X s + i{N ( - ) * I I 8X ç }i Å I ( *, tþ / I

5 0 I F 0 R þll\ T ( 2 0 xr r I 5 r l 2 X E F 6 . 0 I 9 X ç E I 3 ' 4 r I 2 X v F 6 
" 0 r I 6 X o ril i . 4 )

502 F0tì¡'4AT ( I H ç / / / / ¡ 50x c #cALCULATED SPEC T'\lJ\41þ / /27 \g lå'.i¡ü ÂVËNUt'rtBÉFì# r I I Xc

Z#pLUS SERIES#e5Xo*¡4INLJS SERIESTs3X¡#T0T AL INT:NSIïYrl)
503 FORMAT (30xcF6"0EBXp3 (5X¡EI2"5) )

END

SUBROU TINE OVERSA os in progromme RESPECT
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c-3 TROP

PROGRAM TROP ( INilUT'OUTPUTTfAPE5=INPUT¡TAPE6=OJTPUT)
crf#.*ltt¿THIS pROGIìA¡4 CALCULÂTEs TRANSIl'I0N M0qE!T 0RI i,\TATI0N5

COMMON Y(50) rX(5r50)rXX(5) ¡SY(50) rSX(5E50) rA(5) rB(I0) ¡R(50) rF(50)
IrsA(s) vc(5c5) rcINv (5¡5) ¡DL(s0) çs
C0liM0N NrMçNPçNCs KEçKSEI ¡ ISIATT I T ËRçC0N,"tIÑ
D It"ltNS I0N AB ( e0 ) r AY ( 20 )

KK=O
lOOO CALL DATAFIT

K K=:KK + I
IF ( TSTAT"EQO4} GO TC 9

c READ g-PoL ABS0QBANCË5
I RE¡lt)(5ç50) (1\ð(I) rI=IpN)

B1=il(I)*+R(1)
B2=:Éi(2)#'B(2)
B3=B(3)t¡B(3)
B4=ß(4)É0"017r+5
Al=A(i)n0"01745
A?=A(2)
Sr.Jf.4X2-î "
StJl-lY2=0 "
SUt4XY=0.
MINtI=l
DO ? I=lçN
XX(1)=X(1çI)
IF(XX(1)"GT"tì4) G0 T0 5
ZI=COS(84-XX(t) )./81
Z?=SIf'l ( 84-XX ( I ) ) /83
R I [dDIX= I . /SQfì T ( Z ] ì*Z I + Z2#ZAl
AYI=SIN (XX ( I ) ) r+,'ìINDEX

AY t =Ë12- AY I tl AY I
AY2=I"/AYl
AYI=5QRT (AY2)
AY(I)=AYI
S Ut'1X2-SUM X2 + A YZ
SUMYZ=SUMY2+AB ( I )

2 SUMXY=$TJMXY+ 1 AYlrtAB ( I ) )

C A3 IS THE SCALL FACTOR FOR B-POL A9SORÐTION SAME AS FOR AC-POL
A3 = SUMXY/SUMX?
SD3*SUH X 2#SIJM YE - S UM X Y +TS UþI XY

SD3=SD3 / ( ( N-2 ) rrSUr'lXersSUqXa )

SD3=ABS ( SD3 )

SD3=S.ORT(SD3)
D0 3 I=IrN

3 Ay(I)=Ayq¡)+A3
c DO cALcULATiON TOR TRANST4ISSION OF. RAY ALON6 C'(DA5I{ED) ô,XIS

b/N=fl3lB I +TAN ( 84 )

. trlN=B4-A TAN ( vJN )

ZI=C0s (34-l,li{) /Bl
Z2=SIN(84-l{N)/83
R I NDEX= I . /SüRT ( Z I *Z I + Z?*22'l
AY0=SIN (þlN) r+RiNDEX
AY0=82-AY0tlAY0
AYO=43 ISSSRT ( T. /AYO )

T=10.** (-AY0)
T=T+0.0 I
YY=-ALOGl0(T)
SDAY=ABS ( AY0-YY )
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c

3 t TflEïA=42l43
AX0=Tt-IEIA
THET A=SûR'T ( ÏHEÏ A )

THE't'Á=AïAl'.1 ( ïl-tiT 
^l 

/ 0" 0 I 7 45
AXO=AYOJlCOS (AI ) 

'T 
COS (AI) ñÉ AX(l

AX0=ABS ( AX0 )

AZ0=TAN (AI )

¡trZ0=AJ(0'tÞ,ZOvA.L0
AZ0=AUS lt\¿01
C0Mt)UTE STD. tJËV, I\ AXçf\20 AND Ti'IETA
IF (MIND.EO.2) GO TO 33
ZI=41
7.?= Ã2
Z3=AXO
Z4=AY0
Z5=AZ O

Z6=Tl"1Eï4.
Z7= fJ,3

AI=Al +5ñ" ( I ) +t0. 0 l7¿r5
A?-A?+SA ( ?)
A3=Af,+903
AY0=AY0 +SDAY
MIND=Z
G0 To 3t

33 SDAX=AFIS ( AX0-23 )

SpAZ=ABS(AZ0-751
SDTI-i=ABS ( TrltT A- Z6 )

Al+Zl
A7=V?
AX0=23
AY 0 =24
A70=15
T HET A=Zro
A3=27
cOMpuTE T0TAL AS0REJAhICE AND A tlEAN sTD" DEV,
AT=(AX0+AY0+A70, /3,
SDAT=(SDAX+S0AY+SDi\Z)/3. .

þJN=1,'/N/0.0I745
IrJr^ìITE (6r 100) A3rsD3
UIRITE(6çL0I)
D0 4 I=Iç,\
T=10.+*(-AB(I) )

T=T+0.0I
YY=-ALOG10 (T)
ERR=ABS(AB(I)-YY)

4 lJRITE(6rI02) AY(I) rAB(I) rEFìR
WRI TE ( 6 ç t 03 ) dN r AX0 ç AY 0 ¡ AZ0 r SDAX r SDAY I SDAZ
\t,RITE (6r 104) ATçSDAT
AI=AI/A.01745
Zl=Al
rFl7I.LE,Ì80".4\D"Zl,GE.0.) G0 TO 44
IF (Zl .LT.0..Ai'lDo Zl oGE '-lB0 " ) 40 r4I

40 7-l=Zl+I80. .

G0 T0 44
4I SIGN=21lABs (Zl )

D0 42 J=l 15
72=7_l-SIGNit3ó0, ËJ

c IN -THI 
S VALUË



41I

4l¿
4?
43

200.

I F ( Ze.Gf:. -Ì [J0 * . Al!D "7'? u LT o 0 o ] 4l I s 4] ?

7-I=.¿iì+I80,
G0 T0 44
rt (7.?*[-Ëu]800*AND,Z2*GË-"0") G0 To 43
CgNT I ftui
A,T=7?
G0 T0 45
AI=ZI
['JRITE (6qI05) Al sSô,(1. ) çTHETAsSD]'H
GOTOB
trri-{ITH(6çI06}
If" (l<l(.N["r(5ET ) t 000 ç2000
þJ'ìI1'Ë(6çli00)
A ( I ) =- I0 "t'JRITf({rv50}) A(e)
A. (? ) =A ( ?)'ti'0 " 0 I 7+5
412¡:iSIN(A(ei )

A(Z)=A(2){r\(e)
A(l)=A(I)+Lù'
D0 1l I=1.çI3
X)i(I)=X(lçÏ)
AB(I)=-[(l\(Ï)
Wtì118(6r502) A(l) s (A[j(I) rI=]-çI.l)
If (A(l) "LT'Ì80") ).0ttì
sT0t)
F0Ri',!AT (e0F400)
F0Rt"tAT ( t t-l s / / /50x s å0R iEt"¿T AT T0\l EXPER 1r.îH\T Rf-:S JLï$ {'/ / / ¡',1(lX ç +LI NEfrFì

ILEAST SAUARTS 0\ 3-P0L* A3S0fìPTION DATATT//?.CIXç*SCALE FACT0R. r\'!D sI
eD. DÊV" IS*cl0XrZ ([].0"3ç5X) )

Ë0RFr/rT(iH s///?0xç#cAtcrJLATID Ar"lD F-KPT, B-POL ABSüRt3ANCrs /ì\D ËRRt)

IRS IN EXPT. VALJES f¡Fì[ç RESPICTiVELY+T//)
l 0Hi'4AT ( 25Xç 3 ( f5' 3ç I 0X ) )

F0Rt{l\T(tH s/////1.0y,ç*ABS0RBÄNCE cALctJt-ATIDNS''1 /1?0Xg'"lolA!'É'-l.i0f<\4AL Al'JG

lLI f-'OR RAY COLLINEÂ,ì lìJITtl C(P;ìlMF:D)-AF.I$ IS +c16,?///ä0Xs{rA*e []- f\

2ND C(PRIMID)-P0Ln A3S0t'{tsANCËS ARE+ç3(5XpF6o3l //?.0Xs+ERR0[ìS TN TtIES

3E ABSORBANCËS AAE *q9Xç3 (5XçF6"3) )

FORI'1AT ( TH ç / / // ?OXETFTOTAL AIJSCRBANCE AND TTS :RROR TS +9

| 
" 

(5X¡F6"3) )

FORÌ'1AT(IH g/////LOY,g#SUMMARY CI.EFFECi.TVT TiìA\5]TIOI'{ IlOUËNT ANGt'ES

I tIITH RtSpECTIVf ERQORS{ås//?-0x,.E{'ANGLE 1'O A-AXI5 Itl AC(Pq¡MED)*Pl'-AN
?E IS+çZ(FT.Zs5'Í.1// ?_0XsitAt-lGL[ 1O B-AXIS IS +s?(FI.?ç5X)]
F0RMAT(IH ç///l0Xr{'XX(I) CAÀJNCT EXCEED B(d¡) I\l, vIAIN'Þ)

F0Ri4AT(lr.llç ///5Kr*T'"{f0RETlCfit- ABSORÙANCìE5 FR0{', -I5 T0 45 DEGR[[S A

tcR0ss pAGHl''/5xçÞAND AT I0 DÊGRËE INTE;ìVAL5 F0ìr l¡E ANGLF: IN AC-PLA

eNE DOh,N PAGE#///',t
FOfII.IAT(IH IIOXIÞVALIJIi OE ANGLE TO B-AXTS TS #çF7"¿//II
FORMAT (5XrF6. I r 5Xç l3 ( exrF6. 3) )

END

44
45

IO

II

101

102
103

I04

105

e000
50

100

5
B

9

t 06
500

501
507.
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5UI]ROUTTI.JE DATAFIT
C*{íËtttlt{EIGHTID N0l!-LI\t_Af{ LE/\ST SAUAT-lES PR0C[)UR[ ( r\FTf R JuR* t¡'i0LaF-RGr

C PRËI]ICJ"ION ANALYSTS" Do VAN NOSTf.IAND" I.967}
cOMMOi{ Y(50} çx(5c50) sxx(5) çsY(50} r9x(5ç50) çA(5) çB(10} ef-t150) sF(50)

lçSA (5) EC (5ç5) çCINiV (5ç5) çDL (50) çS
C0MM0N Nll¡ M ¡ NP s Ne ç (E s KSt:.T ç I S T AT s I T f R E C0N ''1I I'l

tlIt4t-NSI0N V(5) sAA(5) çF"A{5)
K K=0

I 000 KK=KK+ I
Tïr-l
Kp= I

C READ INPUT
CALL RI'At)

Clrr¡**rrshtEXT STA'l-f,¡4tNT F0,t T¡tIS PAI¿TICUt/\R Pt-ÌCGqAyME ]'lUy
IF (IST/1T"t:Q.i+) 30 TC e0

C CTIECK Dil'tINSjI0h¡5
IF(¡'l"GT"ti0) G3 'l'0 ]
TF(M"GT.5) GO TT ?
IF (fdP"GT*5} GC TO 3
IËil'JC,GTol0) G0 T0 4
G0 T0 2000

I I,{RITE(6ç1.00)
G0 T0 4000

¿ tdrìITE (6y l0l )

G0 T0 ¡+000
3 þIRITE(6s102)

G0 To 4000
4 lJtìITE(6e103)

G0 T0 4000
C CLEAR RELEVANT ''lATRICE5

?000 D0 6 J=lrl"lP
' D0 5 K=).qNP
5 C(JrK)=0"
6 V(J)=0"

C START COI'TPUTATICN OT C AND V MATRICES
S=0.
II=II+l
D0 3000 I=IrN
00 7 J=l:M

7 XX(J)='X(JçI)
R(I)=EQ¡ü(I)

C COMPUIE WEIGHT trACTOR DL AI{D AEOUIRED DERIVATIVES
DL(I¡-SY(I)#SY(I)
DO B J¡I¡M
DUM=SX (Jç tr ) +rD[RIV (J¡ I r I ]

I DL(I ) =DL( I ) +0t,M+rDUþl

D0 I K=IsNP
I FA(K)=DERIV(KrIrZ)

C COMPUTE C AND V MATRICËS
D0 lt J=lçNP
D0 l0 K=JçNP

I 0 C ( J r K ) = C ( J r K ) + F A ( J ) * F A ( K ) / D L ( I )

I I V (J) =V ( J) +F A ( J) *R ( I ) /DL ( I )

c cOMPUI'E tdËIGiiTË) SU\4 5 AND THT CALCULATID DEPi¡'¡T)ET.IT VARfABLE
S=S+R(I)+R(I)/DL(I)
F(I)=Y11¡_R(I)

3OOO CONTtrNUE



c PRTNT INITIAL ANi} INTERTM RESULTS
CALL. PIì I NT ( KP )

KP=?
COMPLETE C 14ATRIX ANIJ INVERT
D0 l2 J= I ç I'JP

D0 L? K=JrNP
C(KçJ):.C(JsK)
CALL MAiINV
COMPUTT AA MATRTX
D0 l3 K=IvNP
AA(K)=0"
D0 l3 J=] eNP
AA (K) =AA (K} +çINV ( Jr il frV (J}
DC t4 (=] eNP
IF"(A(K)"EQ"0") 50 TC Ì31
TEST=A[]S(AA(K)/A(il )

G0 TO i32
TEST=Írt3S(AA(K))
IF (TEST"GT"CONþ{TIi) GO TO 15
CONT I NUE
GO TO IB
TF(TI"EQ"ITER) 5O TO L7
D0 16 K=IsNP
A(l()=i\(K)-AA(K)
c0 T0 2000
WRITT-(6rI04)
COMPUTE ESTIf4AT'S ( T
5NF =S./ ( N-l'JP )

D0 I9 6-1tNP
DUM=St.,lp $C I htV ( K e ( )

SA(K¡*SGRI(DUM)
PRII-IT F INAt RËSJL.TS
KP= 3
cALL PRINT (KP)
IF ISTAT=l C0NTINUE
IF ISTAT=l RET'Uìl'l T0
IF(I5TAT.NE.I) 30 TO

IF NO MORE DATA STOP

IF(I(K.NE.KSET) SO TO

202.

EXCEEDED* /L6Xq
Ë GIVE\i F0{ Tl-it L

c

c

T?

I3

l3t
t3e

L4

I5

t6

I7

IB

t9

4000
?.0

I00
l0I
I02
I03
104

c STANDARD DEVIATIONS

GENËRAL LEAST SQUAR=S PROCEOURE
MATIJ FOF{ ADDTT IONAU SPECI AL COI.4Pt,,TATiO!S
?0

1000

c

c
c

c

S TOP
RETURN
FORMAT(IH ¡///IOXç*N HAS ËXCEEDED 5OS)
FOR¡.A4T(TH ç///ÌCXçë'4 HAS EXCEEDED 5*)
FORMAl(IH ç///IOXY*\[' HAS EXCEËDID 5S)
FORI.lAT (IH ç/// TOXCü\C HAS EXCTEDED IOiT)
FgRt,rAT ( 1H ç / / /L1X¡ n' MAX \¡ur'ttstR 0F I rERAT I CNS

}*PROCEDURE HAS \OT CONVERGED 8UT THI FOLLOhIIN3 AR

2AST ITERATION 'Þ}

END



C

2 €,3.
SUISROU'I I Nf RE AI)

c ìr,r1Ë.riË I NPLJT sUU:ìorJT I NÍ
COMMON y(50) sX.(5ç50) rx.x(5) çsY(ljO) y5X(5ç50) rÅ(É) çB{10) q{ì(5j0} çrr"(fifi)

I çSa (9i) çC(5v5) qCIllV (5ç5) qÜt- (50) ps
COlltiOi\i Nç M ç NF çl',lC ç (E s K5['[ç trS'fAïe ITË[i q C0N\'f I ¡,1

ldRIT[:((¡v99)
READ 3 F.IEADTR CARDS
D0 I J=1ç3
tìEAi) (5r50) (X (Js I) ç I=l r10)
VJRITF_(t sS0) (X(JsI) o]=!eilO)
FIb:/.\D INDi CATORS
REAfi ( !i ç b) ) l{ r !ir \P y NC E KE c K:lL.T,r }. ST,4T ç I TER ¡ CÜl'll4I \'
lìEAt) IhlITiAt GUfS:jÍ:S AT f"r¡\iì/¡l'fialt"RS A(K)
R[A,D (5ç5It ) (¡À('(] eK=l t['JP)
RËAD D[2" AND 1. \DÍTi)* VARI A8tË5 OiA CT\tC* ER[ICIIS TN TNTSE

llEÀD tì[G¡uIRID CJNSTAI',iT5 lf',¡ rllISi 0'{Dt--R
(i) 3 REtîR/\CTIVI iÑDIC{:.S
(?I ANGI'E tsE.Ti\JËE\ ¿*. AND C (I}RTt1I".I)) *'\KIS;

READ(5s53) (B(]-) rIsIaNC)
lìEAD rtt3S0RBAt,tC[5 ANü årNC:it.l:S 0F" f.l,iCIDË\lCg - TRr],r'l5t'1IS:ìf0l'l ANùt-"¿5

cALcULÂTED tN ET^. ANG|-þ-$ 0F'1.NC]tiItlcI R[/{D ItJ AS K(lsi) fi:.lD

il) qtJST BE posITIVE It- Ti{¿rfi5þ1ITT[:CI AN(it".t f'tILL. Rfi ul'l z-ÂxLS; StDt:
(?-t MUST Ba \[GÂTIVE lË TRÂNSr"r¡.i truo f",NG|'-[ l,JiLL B[ Ofd c]PI IC ¡ixIS

At-L ANGTJLAR CitntfITiIS R[40 I\ Âl\D Pr;IINTID iiUI IN DË-GRrf"fi SlDt:

READ(5t5/+) (Y(I) rI*IçN)
READ(5ç54) (X(tçI) EI-1sN)
D0 4 I¡lçN
DL ( I ) =X ( I ç I )

X ( I s I ) =Ei'A ( I )

SK(lçI)=0"5
f=}06ütî(-Y(I))
T=T+0'0I
YYs-/1,1-OGI0 ( I )

SY(T)=ASS(Y(i)-YY)
I.IRITF- I-IÊADi NGS ITC
tìIRITE(6cI00)
l.lR I TË (6 s I 0 I ) ',,1c !4 y ¡lP e NC s KË ç KSET I ISTAT ç IT[íi r COl"i'{'¡ ¡'1

f,JtlITE (óç 102) (Lì ( I ) I I=I PNC)
þ/RITE (6s I04)
D0 5 I=IçN
t{RITE (6p105) I çY ( I ) çSY ( I ) çX (l rI ) eSX ( I E I) rDt (I )

SX( Iç I ) -SX( I r I) #0"01745
X ( 1 ç I ) =X (1. ç I )'í0.0I745
R ET URIi
F:ORMAT ( 2O A4 )

FORl'lAT (BI2rF6.0)
FORT1AT(5fIO.3)
ËORþîAT (3F'IO.O}
FORMAT ( 4F-I O. O )

F0Rþ4At'( 20F4" 0 )

FORi.IAT ( IHl. )

r.0Rt,4AT ( tH c / / /c¡0x ç f INpUT INF0Rt'rATIONrf )

F0tìMAT ( I H c / / /¿t0x ç #\|=Ë r I3 r I I X r #M=# ç I3 ç I 1X ç *NP=,1+ eI3/ / / 4A X r öNC=* s

II3;l0xççKE=#¡I3çI0xr#(sET::*rI3rl0Y,//40xr#ISTAT=ltrI3çTXqttITE{=scI3ç
2B X ç'ÉC0N !l I,.l=* ç F 6 " 

t¡ I
FORl"tAT (Il-j c ///I0Xe#3( I) VAL-Ut S AilËã./?'0Xr4(Fl0'3u5X) )

F O R M A T ( t H g / / / Z0 X ç + e O I N l- * ç I 0 X r 'j Y ( I ) +t ç I 0 K c ä S Y ( I ) * ç I 0 X ç rå X ( I ç I I # ¡ I 0 X ç

l.rfsx(lrI)+çl0x¡+
105 F0Rþ1AT(2J.XrI?rl

ËND

ANGLË OF II.¡CID|-NCEÈ/ /I
0XrZ (F6. 3c 9X) ç 16.?c I 1XrF5" ?o t5[rF6'2)

1

c

c

C

C

C

c

c
c
c
C

c

4
c

5

50
5l

5ll
52
53
5q
99

100
t0t

I02
104



204.

FUNCTTO\I ETA(L)
c#'JrIl+*DT-RIVÊS INTTRNAL,ANSLE OF TRANSI"ITSSION ËROI"I A\¡'5LE OF II'ICTD[:\CE BY

C NEWTgNS IIlËTHOD
coMþloN y(s0) rx(5c50) rxx(5) çsY(50) rsx(5r50) rA(5') rB(I0) rfl(50) rF(50)

IrSA(5) sC(5ç5) rCINV(5ç5! çÛL(50) ¡S
COMMON NçI,IyNPçNCI (EçK$F-Tç iSTAT ¡ ITERçCONI,îIN
Vi=1."/B(I)
V3=1./B{3)
IËXl=0
AIF=X(lçL)rå0n0I745
ETA=A T F

IF(ETA"EQ"O.) GO TO 7

AC=B (4) #0.0I745
t IF-Xl=iEXl+l

IF(lËx1.GT.l0) r.to T0 6

I ËX2= I
¿ ËTA.LTNO} GO TO 3

ETA.LT"AC} GC TO 3
ET A- AC

To4

Ir (

IF(
AD=
GO

3 AD=AC-E.TA
4 AIsVlttC0S(AD)

¡lJ:!J*ÇIN (AD)
VFE=SQRT ( Al 1¡A I + A3*43 )

CF= I " /VPÈ-
Z=SIN (AIF ) -SI N ( [Ï^) "'CF
IFfiEX2'88'a) G0 T0 5
7EX7=?
ZZ=7.
X Z=ET A
ETA=ETAtt I .005
GOTO?

5 DX=F-TA-XZ
DZ= (Z'ZZI /Dx
ADD=ZZ/DZ
ËTA=XZ- ADD
TEST=ABS ( ADD)
ELIM=0"05É0.01-/45
IF (TEST.LE.ELIM) GO TO 7
GOTOI

6 AIF=ALF/0"01745
XI=XZ/0 "017 45
ETA=ETA/0"01745
t,JRIT[(6çI00) AIFçXZsETA
STOP

7 ETA=ET A/0.0 1745
RETL'RN

100 rõRt¡nrtt¡t ç///I0Xrö10 ITERATIONS EXCËEDED IN ITA BY

tt0xr+LAsT TW0 VALUË5 oF ETA |'JERE #ç2(F7.?ç5Xl)
E!'ID

AIF*- * tF6"2/



t-Ul.lCTI0N EQN(I) ^^pCtlìå+tt*b-flUATI0\ .rjUilROUTIN[ 205'

c0r"iN1ûN y (50 ) ç x ( 5c 50 ) c xx c;) rsY (50 ) çsx ( 5r,50) çA ( 5) rB ( I0) çR t50 ) ç[: (50]
L ¡SA (5) rC (5r5) rCINV ( 5ç5i çDL (ÎtÜ)'5

COMI40l'¡ N ç lilr NP ç l',lC e (E e KSEI" ç IS'f'/i I'r I TEl"ì ç C0r\q lt*
BI*ß(l)
B3=ti (3)
B4=ts(4)s0.ûI745
AlaÂ(I)*0.01745
A2=A(2)
IF(XX(I)"LE"O') GO TO 3

BB=ABS(XX(I)}
IF(ßtì.
ZgXX ( I
GO TO

3 Z.=!J4-F,X(l)
4 Z1*C0s(r.t /8\

Z2=SIN(Z', /83
RI NDËX= l o,/5AR I ( ¿ I *ZI + l?-ttZ?',
RA\'=(Zerf f3L, / (vI$83)
RAY*Fl4-ATAN (RAY )

CRAY=C0S ('RAY)
AB=C0S(ftl)*ClìAV
AB=Ai]+SII\ (AI } If STN (RAY)
AB*-Ai]{TAB
AB=¡rBl (COS (XX ( I ) ) råRiNDEXrrC05(RAY*XX ( I ) ) )

EQN=Y(L)-Ae#AB
RËTUIìN
ENI)

LT"
)-B
4

g4t G0 T0 3
4

FUNCTTON DERTV ( T.ç LL9 II.ID)
cltr{r¡d.çrA GF:NER/\L DIFt"IRINT i /.rT I0N PrìOC[üLJRE

c0Mi"10N y ( 50) çx ( 5¡ 50 ) rxx (5) r sY (50) csx ( 5r 50 ) E A ( i) cB ( I0) çR ( 50) cF (50 )

lrSA(t,) rî(5r5) sCINV(5ç5) sDL(50) sS
C0Ml',1Oi{ N ç'4 c i\P çf'JC o KE r KSEI v ISTAT ç ITtiR t C0N\4 If'l
1¡11N0'80"2) G0 Tc ?

C DIFf:EREI\TIATE t'JOR"T INDEP" VAíIIABLE
Z=XX (L)
lF (7 n EQ.0, ) G0 r0 11
XX (L) =XX (L) rîl '005
GO TO TE

ìI XX(L)=XX(L)+0"005
I? ZL=XX (L|

E=EQN ( LL )

XX(L)=Z
GOTO3

C DIFFERENTIATE lì,'R.T UNKNO'*JN PARAI''lETERS

? Z=A (L)
IrQ"ÉQ"0,) G0 r0 ?L
A(L)=A(L)r¡1"005
GO TO ??

U A(L)=A(L)+0.005
?? lZ=A(Ll' f=EAN (LL)

A(L)=7
3 DTRIV= (E-R (LLl I / (27-"Zl

RETURN
END





zt?.

C_4 RESPECT

pR0f.;RAM RESPË,tìT(lNPLJl'e0l"JTPUTçlÅÊ'F:5=.INÊUTç'i"liPl"-5*C[JTPLIÏ)
clt+¡rs{-Èrc0r,,tF'u1Ë5 c0rìiìtcrID GuL.5T sPÊcTËlA Ëfl0M T0rÅL GJgçl*P(]L"YÌ'lgiì tìa¿çT¡',q4

C FOR I]VA ANf) I\IAP55 AT E9:1 AND T7 K

c014qoN AAçFJtI\4({.)sV\4AXctJVrtAXçIF0t-\'rITt-þ1peNIçIãLÜTl',eIr"'}t0TuvçIGYDs
ITS (e00 ) EB$ (e00 ) rCS (¿00) s',{ (e00}

C RtÂD IN N0" OF )f{TA 5[TS
RE./iD (5 r 1.00 ) f..lDAT A

IC0Lll'ql"::0
C REAn TNPUT Il'lF0qþfÂTI0N
I000 CAI_t_ RE/.\t)

IC0UN'l'=IC0tJitlT + I
C COi.IPUTË tsI\CKGROJND 5FF;.CTIT¡¡q BS A,I\'¡D CCRRICTED 5P'T-çTftUi4 C5 [:[ìi}M

C,qLL BKSPIC
D0 I I*l-sNÏ

t CS(I)='iS(I) Uþ
IF(T(JYD"NENI} GC

ÏOTAK TS

(I)
TO

00IF(
C¡\t-
CAL

? Ir(
C f\L
CAL
GC

3 CAI-
c At,

TV"EQ. Ì )

3
r0eI Pt.-0

L. PË-

I- PR
T PI.O
LPH
L IJTì

T0 4.

LPË
LPR

ÂK ( VfiAIi c uilIf'4 ( I i e ç'LIt'l (2) )

INT(ä)
l'tjv*[0-l] G0 I0'3
AK (UVMÂArll¡- ¡ Ï ( 3) ç 

"{L I'.{ 
( +) }

INT(3)

/lK (Vr4liKc dLIl"f ( I ) c l'JLIM ( ¿i )

INT ( i )

tt IF (ICOL,\JT,LT"\DAIA) G0 T0 1000
S TOP

ICIO FORMAÏ(I2)
E h¡0

c

c

c

c

S TJBROIJT T I.IT RÉ. AI)
C¡¡r?ft +rn I ¡lpUT SUBit0UT I tit

COMI'4ON A¡IpIriII\4(4) gVqAXçUVÀ,iAXçTPOLYsITEMFçNTsI}.T-LITVçTPtOTUVçIG\,Dç
IT5 (200) rBS (200) çcS (¿00 ) sr'i (20cì)
I f..IF-ADER CAR¡1
READ(5ç100) 135(I) rl=1r10)
READ C0\iSTANTS e ETC.
REAO(5rl0I) AAy (l.JLI,-1 (I) çI=lr4) sVt4AXrUVl4ÀXsIP0-MçIT[.piPçirltçÏt)¡.0IVr

tIPL0l-UVTIGYD
READ ME:ASURTD TSTAL SPfCT'{UM TS AS A FU!CTION CF I¡IAVINLI\.1BEf{ h'

REAO (5rI0Z) (w(I) rI=lsNI)
REA¡) (Sç 103) { 1511) E I=I ç¡,lI )

t'JIìITE INPUT DATA OUT
t/RITE(6r500)AAr (V,rLIV(I) rI=Ip4) çVl'1AXyUVtiAXsIP0:-rY¡ITËMPçNIeIPL0TVr

IIPLOTUV¡IGYD
hJRITT(6rI00) (BS(I) pI=Iç10)
D0 I I'=lçNI
þJRI'tE (6ç50I ) i rr'/ ( I ) ¡TS ( I )

RETURN
FOIìI.,IAT ( ICAB)
F0RMAT ( Fl 0 " 3r 6F5" 0 I 6I3)
FORMAT(13F6.0)
F0RMAT ( 20F4.0 )

F0Rt46T(IHI¡ ///35Xç+DYE ABS0RPTI0t'l S?eCf an IN r0LYÀ4ER {AfRICISìrt///
L//ç5OXçltINPtJT DATAT+ ///E IOXç+AIcT'¿/LIM(4} ¡VMAXIUYYAX¡IPO[Y9ITË\iPçNIçI
tPLOTVT IPL0TUV¡ I SYDç RESPtICTIVi-l-\tt¡¡5Xr-l ( tpEl0 "3elX) r / EFX.ç6 ( I/+¡BX) )

FORMAT ( l0X ¡ I4 ç I0X çF6.0 v l0Xe F6.3)
END

I

t00
101
t 02
103
500

s0t



SI,JBROUT I I\,¡E BKSP IC
cn#s{"s.THIq SuBR0urI\E ccM2uTEs gncKoR0UhlD 5PËCTRUM

c0MMON AAçt{LI\,Í ( 4) yV{AXs LIV¡4rÀX ç IP0LYs ITËl-4pçNI ç

lTS (2ü0i ç85 (200) vCS (e00) çld (e00)
IF ( lPOLY. \[ " I ) G0 'f'3 3

IF(ITEMP"NE"I) 30 TO Z

4
=45000.
05

PVA77

3 IF(ITEMPUNË'}.) GO TO 4
CALL PSS293
ND=6 I

208.

ËRoM AN rNiTro.åRfi8F-
I r{-r)T V ç IPL'C T UV ç I GTI} r

4
845000"
05

C ALt-
ND=6
ALIM
GOT
CALI
NJDã 6
ALIIl
GOT

a)t-

IM=31000"
T05

LL PSST?
=61
IM=3I000"

PV A29 3

AL
GC
CA
l.J0

AL
c5
0c

4

5 ( I ) =¡r t

II=
6 C5(

'tv N=
DO

6 I=IrND
I+1
II)=CS1¡¡*95(I)
12500"
7 l=l c l0

hrN=þJNsS00.
Ir(l.lJ(l)"LI"ldN) GÛ T0 B

7 CONT I NIJE

B Nd=I-l
NL= I
DIV=500"

q J*Nld

"¡"¡=.1 
+ I

41=gS(J)
A¿=Cs ( JJ )

s;.ABs ( Ae-At ) /Di v
D0 t0 I;NLYNI
IF(h' 1¡¡.6f idN) G0 T3 II
XæþJ(Il/I000"
XX=AINT(X)
XX= (X-XX ) s1 000.
IF(X"GT.DIV) X=X-OIV

l0 gS(I¡=S*X+Al
G0 T0 l¿

I I NL=I
NvJ=Nt'l + I
blN=WN+DIV
IF(þ'lNONEOALTM) GO TO 9
TT(ALIM.NE.3IOOO.) GO TO

DIV=200.
ALIM=36000.
GOTO9

ITO

Wi{=lúN+0.1
GOTO9

Il0

END
iJRN



SIJBROI,ITINË Pf:nt< (fit4Ax*XLI:4I e)iL1142] 20S.
Çrfnß-ù¿xÈ'It.lI5 StJtsR0LtTI\r CCFipUTES f\jO;li.iAl.-1.lEt) ccRÊtlcT[t-) !ìFt:cTR,4

CClMh4pN AÂçHIIç1 ({+) yV\,lAXsUV14AXs IÉ10LYç IT Ë1.1}çl.lf ç I }ç"t)T'Vu iPt0tr.lVy IGYDq
ITS (200 ) sBS (e00i vCg ( e00 ) çt'j (20Ü )

0C It J=1".?00
Ir'(xL.IMI"¡,1["t{(.J}} Gi T0 I
Itl=J

I IF(Xt.Iþfe"N[ult'(J)) GC T0 it
M=J
G0 T0 7.

I I CoNt If',luI
2IF (IGYD.NÉ.1.) N=1

PKsCS ( N )

D0 4 [=\ei"l
It- (CS(I) "ClT.P() 3çlt

3 PK=ç5¡¡¡
4 CONT I I..IUË

IF (PK.LE"0) 6ç7
ó l'jRITE (6r500 )

S TOP
7 FACT0R::¡\MfiX /PK

J=N
IF(IGYD.Nh-.1) þ1*NI
l1þ'l=14 + I
D0 B I=IEÊ00
CS ( I ) *CS (J ) Jtf.ACT0R
h/(I)*t"l(J)
J=J+l
If:(J*EONMM) GC TTì 9

B CT)NT I NUE
9 Ni=I

Iìfi T tJRN

S00 FOÉìhlAf(IH q///rI0KeåSi)t:CTilUr,l INTËNSITiËS LË55 THrll"l 0fl [:liJAI TC Z[iÑ

1O TER''l INATF:Jf }

E NL)

SUBROUTII,.IE PRTNÏ ( IE)
Qlr+il+{r*(.¡¡JTtrU"f 51..J ilfl Ctl T I \

c0MÞt0N A/\ ç \'rt.I 14 ( /+

ITS(200) çlrs(200) s

tt"'{IP"E0.l) Gû Ï
IF ( IP.ECI'E) GO T

TF(IP.EQ"3) GO Ï
t þ¡RITË(6e500) A'A

D0 2 I=IrNI
TS(I)=TS(I)-BS(I)

? viRlTE(6r501) W(I) cC3(I) cTS(I) oBS(I)
GOTOT

3 !dRITE (6ç502)
D0 4 I=IçNÏ

4 h]RITE(6r503) rlC(I) çCS(I)
CALI. OVERSA (tH ¡lH.cNIsCSE14)
G0T07

5 VJiìITE(6r501+)
f.)0 6 I=lsNI

(> l¡,RITE(6p503) n/(I) çCS(Il
CALL OVERSÂ (lH çlH*rNIçCSrid)

7 RËTURN
5Cr0 F.ORgAT(lu s//h i0X¡+t:OLL0¡dIt,lG ARI vtA\rEi.lJt'tBERS AND CtlRRECtf-n H)L¿\R

tABS0RpTIVITItS tF DyE SPECTRUT,Ir'/cl()X¡äN0rl4At-I.ZID T0 VISIT]Lt l',lÂ'X I{
Z soluTI0N FoLL0dED By ABSotitsA,),tcEs oF DYE AND r¡¡Y!'1ER SPçc'f-t?\#///ø
320Xç+INITIAt ABS0RBANCE IS +sF6 "3//l

501 F0Rt,rAT (Z0XçF6.0¡ ICrxçF:10 o3ç?( I0¡'çFó' 3) )

502 F0Rt.1AT ( lHi ç I li ¡ / ¡laxv *N0R\4ALI ZED VIsIBL'Ë SPEC'13'\1t"1+þ / /l
503 TORMAT (t0XrF6.0r 10XrEl0'3)
504 F0Rt4AT ( IHI E // // / ELAKe*N0Rr"1ALIZID uv st'ECTRUt'{s',l/)

END

t
) çV
c5(
OI
03
05

IiAX I LIVI'1/\X' e IPOLY I T T IiME 9 t.J I p T "i-OT V g i, Pi"OTUV ç T GYD ç

200)çlll(e00)



SUBf¡OUT Il\¡E 0VEÍlS,¡{ ( IZÊ, R0e IÊÛl,l'JTs f{t 0ç A }

c.FriÉrltiPL0T"l I NG stJilÑ0uÏ I NE

10

II

L?-

tel

l3

Ir+

l5

I6
I7

IB

l9

?0

I0t

t 02

210.

I
?,

3
4
5
6
7
B

DIi{ËNJSION 0(101) çA(101) pl0(I01) çiA(!01") sIp(10!)
0ktAX=AM¿\x*-l "[250t'ìIN=AMINpl.[?q
D0 I I=I sf'l
Itî (O ( I ) *0¡4ÂX) ?ç,2ç tr

0VÂX*:0 ( I )

If (0 ( f i -0i'4Il'J) 3e4c4
0fIN*0(i)
iF(A(I)*AM/\X) 6v6ç5
A{AX-;,4 ( I }

IE (,4 ( I ) -/{MINI) TeBvB
A¡.,tI!'1=A(I)
CÜNJT I NUü
A I NCx ( A þ{AX*Al'4 I l'l ),/ç9 -
0lt,lC* (0qAX*0MIÌ!t /49 "
ç.R I'f{-_ { 6 e t 0 i } AM I N c A{¡,rA ç Å I NÇç 0t4AX ç 0M Il.l q 0 I NC

þJiìITE(6s10?)
D0 I I=l!, 10Û
I0 ( T ) *0
1.¡1(I)::0
D0 10 IrlçN
IK= (0 (I ) *OMIr',r) r'C|1NC
II=50*ÏK
I0(I)*ïI
I Ke (Â { I ) -Al4IN) /AI \lC

li::lK+.Ì
if\(I);ïI
COhIT I NUË
l-= 0

I=0
I*I+.I
LË(:+I
IF(I-5t) L?s70e?0
D0 LZI K=Ir100
IP(t()=0
D0 14 J"Iç['l
IF(10(J)"I) l4ç13ç1r+
JJ*IA(.J)
J P (.lJ ) =l
COI'¡T I FIUË

D0 t7 J=lrIC!0
It(IP(J)) I6ç15ç16
IP(J)'=IZEtlO
GO TO T7
Ip(J)=lp0INT
CONT INUE
IF(l*-5) lBrl9çIB
t{RITE(6ç103) (IP(J) sJ=lçI001
GO TO II
l'JRITE(60i04¡ (ip.(J) ç *i*iri00)
L=0
G0 T0 lt
t,JRITE (6rI02)
RET LJRN

f-OnlapT11HIç#AgCiSSA SCALE. --.-.VALUE AT Tl'tE Lf,iif =*8I0"3ç*ø Vl\r*UI A

IT THË RiG$T :=ÉËI0o3*#ç INCREÌ4[l,JT =*Et0;3 s/t# ];iDIN/\fã 5CAL'f -';; VÀ

2LUE AT rHE ToP =I¡ETOn3s*r VALTJE AT THË f]OTTOT'4 -"tF-.}()o3C#* INCRËMTNT

3 =#[L0"3ç//l
F0Rl'f AT ( I0Xç L0eHi----5*---5***-5----5---*5----5*---5*---5---*5-^--5

I-**-5----5---'"5-*--5*-*-5----5----s 5----5----5I)
FOrìt4Al'( t 0Xs Ìt-lI ç I 00AI ç I Hl l
F0RtlAT ( l0xç IHSs l00Al c lH5)
END

I

t 03
I04



$u[JR0tJT I ¡¿[ PV /\e9:e

Cggi"i(,lt,l AAq\.{LIq({r},Vr,i¡,XçtJVi4AXrlPDl-YçITliMDri{TrI}¡-i)'f VeTiiri..0{UV*l.tiYD,,

' SU*Oç[-j11hlE PV n!,1'{

Ç1r.ríì1rr'fÍTl".lIs c0\TrllNS PVA DA,TÂ hI', r?K
c0t4N0î,¡ AA c [,JL I q ( 4.) s v\iAK e uv14Ax e I [-'CILY ç I ] fþfÐ I NI c I fr{-(lïv r IFt-0'rl.J\1 s I L¿YD E

tTS(ZÛ0) qBs(e00) iCS(e00) çr'tr (e00)
DIr.1[r'J:;I CN- A5 ( 65 ]
DATA (AS (l- ! ç l-='I e 5/e

ll.0llsl..02çio00slu
?-1. "(täs tr. " 

t)ä ç i 
" 

0 3ç ). .
31'02ç1'03tln05rl.
51.' t2c I o 0äç ]. u 0I ç ]. "6I"(,lic1"06sl.A7l
D0 t L':1. g'6/+

1 BS ( L- ) =Å5 t L )

I"iF-TURN

É Nt)

IfS{?00)çtJS(a0o)
DIt'iËNsI0Î',1 A5(65
DAT/, (AS (l*) çL=l g

I1 .00 ç l. * 0l o I " 0 0 s

?1"0J.çI.0lvl'0?c
31'0ûçIo0?', 1o03¡
4i*01çl*00oI.0Ir
51"09çlo0tlsl*08/
D0 I L=1s64

t BS (t-);-AS (L)
R T TUR I'I

E f.ll)

I BS (L) =AS (L)
R ETUIìN
END

sCS(200) çll(lrl00)
)

ît+l lL o 00 ç ! . 0ù s I " 0Ü c t' 00 ¡ ! * 00 ç Ï o 00c I . Oii v L n 0I r I " 
(i2ç

i - 0 1. c I o 0äs' l o 0ä s I * 0 {J q I . fJ 0 s I o 0? E I o 0 I + }- o 0 0 ç I " 0 I ç 1 * 0 1 q

: " ûAc I n0Ï ç I * 0 3 ç\ n0?E 1 . CI1ìç T' 04.p I * ü2E 1' 03t ] * 0ag I u 0 i c

I. CIAç I.0âç ! o 03ç I " 0?lr I " 0äo I * 0ilt Ï. u 02ç L.Oils l " 0âç I.0i. ç

I - t) I s 1 n 0 I s l. * 0â s I o 03c I " Olrp å.03s tr * 05 ç I o 05c t * 0t:! r I " 0f,r

00ç I * 00ç I ' 0ûs I uû0'; Ì..0Gç I oß0 s l o 01 r' ] * 0'Ce I o0¿+t

*0ã1, L^00s J.,A?-sI " 0Ì. e l o03r I"0-lç I'00p i *0i n L'a?r
*01ìç I ",01]ç l. '03ç 1.0?p l *(laç I o03ç I .05c I ' 0!lr' l "{iliç
,06ç J. ,0/+sI "õ4'ç t " 04s I u 03r l. u ()2c I "0ã¡ J..0:ì" l' * 0i s

" 0I ç I u 0/r s I * 03 ç L 04'ç I * 0 5 ç I " 05 ç l. .0f¡ ç I ' 05 E tr ' [ìÚ v

l/1"
0lì ç I
t2¡1
05ç I
0änl.

cÞ{rr}'Þ*
SUÐROIJTINLl P5529:}
TI"Ii5 CO\TAiNS NÁPSS I]AT¿\ Ê\T E93K

C0t.{t,f0N AA e l,lLï \,1 ( {+,} ç V\4AX ç UV'fAK ç Ii}0LY s I TEMÞs NI s I }t-0TV ç IÉ't0Tl'JV ç I GYDç
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