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~ ABSTRACT

By the Snpo]sk11 effect we mean the occurrence of an e]ectron1c
trans1t1on of a guest mo]ecu]e in a Tow temperature mixed crysta]
w1thout any accompanying change in the phonon ehergy of the host.

In add1t1on to the intrinsic interest of the phenomenon 1tse]f, 1t$
usefu]ness as a spectra] techn1que has attracted many workers ' Be-
cause the guest is uncoupled from the env1ronment, its speCtrum
consists of narrow bands'(quasi-lihes), which enable precise deter-
mination of electronic and vibrational energies. The spectra’usually
have a multiplet structure; there are several electronic origins, |
eacin giving rise to a vibronic spectrum, This 1svbe1ieved to result

from a mu]tip]icity of substitutional sites in the host crystal.

vapica] systems for which the effect is observed are aromatic mole-

cules in n-alkane matrices. Size of the n-alkane is critical.
Attempts to extend. the technique to biologically 1nterest1ng
molecules (e.g. purine, pyrimidine) were largely unsuccessful, the

spectra consisting only of broad bands; coupling to the matrix is
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theught to: be to0 strong, ”Acridine 1n n-heptane at 4°K gives some
- sharp lines and appears to be a borderline case for the usefu]ness

of the techanue - I o | L
| The absorpt1on and f]uorescence spectra of anthracene and
[D]O] -anthracene were. taken in severa] n- a]kane matr1ces and vibra-
tional analyses carried out Severa] correct1ons are made to
existing data for anthracene the data for [D]O] -anthracene have not
appeared prev1ous]y. Deuterat1on 1eaves ‘the mu]t1p]et structure of
the spectra unaltered, except for a“shift of 68 cm'] to higher energy.
A Tine exactly one vfbrationa] quantum to the high energy side of the
main origin in the fluorescence spectrum of anthracene in n- heptane
had been observed by a previous author A plausible exp]anat1on of
this would be that vibrational re1axation'is unusually slow, and
therefore emission is ochrrfng'before:itiis complete, The exis-
tence of the Tine was confirmed, but studies with [D;q]-anthracene
. Showed that it is a Secondary'origin and that the agreement with'thea

value of a vibrational quantum is coincidental.
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I. GENERAL INTRODUCTION TO THE SHPOLSKII TECHNIQUE

In 1952, E. V. Shpolskii and co-workers in the first! of a long
line of papers (e.g. refs='2-]2) published in the'USSR described how

if certain molecules, usua]]y po]vcyc11c aromatlcs, are d1sso]ved in

_appropr1ate n-alkane so]vents, the 1ow temperature e]ectron1c spectra

both in absorpt1on and em1ss1on, of the guest molecule consist of

large numbers of narrow 1ines,'1n contrast to the broad¥band'spectra

~ which are usually observed in solution.

A certain amount of work in this field has been done by other

groups of scientists, e.g., Bowen and Brocklehurst!S»'%

15,16

in Britain,
and Pestei] Rabaud and others in France; however, since the
great majority of work has come trom Shpolskii or his associates,
the phenomenon has come to be named after him, The spectra have
also been described, particularly in the Russian literature, as

"quasi—]inef or "quasi-linear" spectra, invoking comparison with

the extremely narrow line spectra of, for example, metal arcs.

Early work suffered from the fact that frequent1y neither

_solute nor solvent was pure: impure solutes caused extraneous lines;

while a failure to use pure single n-alkanes prevented optimal nar-
rowing of lines, ahd in extreme cases preVented formation of the
crystalline matrix which, as we shall see later, is an essential
feature of the technique. Prior to about 1962, work was carried

out only at 77°K (the temperature of 1iquid nitrogen): at this
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temperéture, the genera]‘feafures of the techniqdé:are evident but
there is much Tess 1nformation,than at 20°K (liquid hydrogen) or 4°K
(liquid helium). | | |
A summahy of the main character1st1cs of Shpo]sk11 spectra will
be g1ven followed oy a d1scuss1on of them |
(i) Vibronic bands are very narrow, typlca]1y 15 cm 1 or less.
(1) The pos1t1on of the pure electronic transition of the md]e-
cule is the same in absorptfon‘and'inlemission. The lines
are said to be resonant. o |
(ii11) The spectrum has a mu]tip]évcharacter; there are a number
(ca. 1-10) of identica]‘spectra_of different intensities and’
displaced from eéch other, ' '
(iv) The size of the solvent molecule for optimum sharpness of the
solute spectrum is critical'ahdris related td the size of

the solute molecule,

(v) The intensity of the sharp'spectrum increases as the tempera-

ture is reduced. There is a redistribution of intensity
between broad bands and sharp Tines, rather than a narrowing

of the bands.

A d1scuss1on of these features follows:*
allowed

For, transitions between electronic states of the same mu1t1p11-_f

-8

city, the lifetime of the upper state is typically 10 = to 10~ 9 c, '

which gives rise to an uncerta1nty broadening of the trans1t1on

-4 -1

energy of 5 x IO to 5 x 107 -3 cm . This radiative Tinewidth is

*See also the review written by Shpo]skii.]7
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- seldom observed as there are several other sources of line broaden-

ing, vjz;v |
(a) Doppler broadening, generally about 1072 to 107" cm™! at

“room temperature,

(b) Non-resolved molecular or fotafiQnaT-]eve1S.

‘ (t)hNon-uniformity of énvironméht. This'broadens'the mo]egu]ar.
énérgy'levels‘and hénce the transitions between them.

(d) Energy exchange with the environment. Changes in the
quantum state of a mo]eéu]evin a condensed phase are’genera11y 
aécompaniedrby changes in the quantumvstaté of the environment
surrounding thé,mo]ecu]e. Since the environment has a continuum |

of. Tow lying energy levels, the transitions of molecule + environ-

~ ment are not resolved but manifest themselves as a broadening of

the molecular transition, with a shift to higher energy:in-absorp-
tion and to lower energy in emission because the average energy
transferred;from the molecule to the environment is positive at all

accessible temperatures,

In the gas phase at 1ow pressures there are no molecules close
enough to the molecule of interest either to perturb its energy
levels or to exchange energy with it. Under these circumstances,
particularly if the @o]ecu]e has high‘symmetry and therefore‘a rela-
tively simple allowed vibronié structure, this structure 15 offen' ,1

fully resolved provided the degreé of rotational excitation is not

too high, For example, the spectrum of benzene vapor at room tem-* ;;~

perature has a highly resolved vibrational structure with bandwidths :
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of ca.']O'cm'], ]8719 presumably 1tm1ted_byfnonfreso1ved rotational
levels. | .

This 11new1dth, though cdnsiderably greaterfthan the Doppler
w1dth (ca. 0.05 cm']); is still much less ‘than is encountered in
the great maJor1ty of condensed phase spectra -Fornmany molecules
no v1brat1ona1 ana1y51s of their e1ectron1c spectrum in solution is .
possible, and even in the opt1mum case of molecules which have
widely spaced vibrational 1eve]s'and_which interact weak]y with the
environment (e.g. benzene in hexane),va lTower 1imit of ca. 200 cm']
bandwidth is reached in liguid solution, and even in 1ow'temperature
glasses the 1imit is ca, 100 cm™'. | | |
Crystallinity of the environment therefore is a prerequisite
~ for obtaining highly reso]ved spectra in the condensed phase. A
number of pure crystals at 1ow temperature have such spectra e.g.

benzene,zo’z] naphtha]ene 22,23 and phenanthrene.24

However, if
the aim is a study of the quantum‘states of the'iSO]ated molecule,
pure crysta1IWOrk is ratner unsatisfactory on accdunt of cdmp1ica-
tions such as exciton interaction.

Tne insertion of the mo]ecuTe of interest into a host crystal
removes this complication. In the Shpolskii technique the guest
molecule is in.a uniform environment in the host crystal; it is not
known with certainty whether it occupies a substitutional or-an inter-
stitial site, although the former seems more likely. |

The mo]ecular dimensions of the guest, or at least the long axis_

dimension, has to be close to that of the n-alkane comprising the host

(point (iv) in the list of characteristics given above) before sharp
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iineé can be;observedvin the spectrum, and thie is now seen as the
necessity of obtaining a precise fit in the lTattice site. Low tem-
perature (point (v)) a]so p]ays a part in th1$ by reducing the time-
dependent fluctuations in the env1ronment although it will be seen
that temperature a]so enters into the phenomenon in a more funda-
menta]'Wayi | |

As has been‘noted aifeady, the appearance of_sharp lines in a

- spectrum implies that either there is no energy exchange with the ..

lattice, or the amount transferred is confined to a narrow range,

The former is shown to be correct by»the fact that_the position of

the pure electronic transition (0-0) is the same inbabsorption and
emission (point (ii)).'(Note"that since lattice relaxation ie.a

faster process than radiative emission, resonant emission ofliattice
energy is not possible.) The‘bhonon_energy of the lattice is unchanged

by the molecular transition' it is a phononless transition

The multiple character (mu]tiplet structure) of the spectrum
consists of components which are resonant in absorption and emission.
As far as the guest molecule is concerned, therefore, they involve
only electronic energy and can be,described as mﬁ]tip]e origins,

They are believed to be the result of the superposition of the

spectra of several classes of molecules, each class consisting of

those molecules in a particular lattice site. That is; there is

not simply one but severé] well-defined sites in the lattice, the
natures of which are not weii understood, although it has been sug- 1
gested that frozen-in rotational isomers of the n-alkane mo]ecu]es'_e

17

may be the cause, The theory of mu]tip]icity of sites is~suppb¥ted
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by two observations., First, although the intensitv distribution of
the vibrational structure of the spectrum is the same for each compo-
nent of the multiplet, the jntensity'distribution of the components of
the multiplet is a function of the rate of freeztng of the sdmp]e (see
e.g. ref, 7)., When longer freeze times are used more of the spectral -é
1ntens1ty goes 1nto one component of the mu1t1p]et presumablyv the one
for the site of ]owest free energy, The second.observat1on is that |
when a particu]ér component of the mu1tip1etvis excited selectively
with a narrow band of 1ight,'on1y the spectrum derived from that com-
ponent éppears in emission.2 | v

‘Two main questions rémain to pe answered. WHat is the reason foh
high phononless thansition probabi]ity in Shpo1skdi systems; end mhat is
the reason for the strong temperature dependence of the phenomenon?

| The theory of phonon1ess opticél transitions and its tempera—
ture dependence has been deve]oped by Tr1fonov 26 and by Rebane and

27,28 ‘The phenomenon has much in common with the

29,30

Khizhnyakov,
.Mdssbauer effect, where gamma radtation'ié emitted or absorbed

by a nucleus imbedded in a crystal, with the exéct energy of the
nuclear transition, i.e, without e change in the phonon energy of

the crystal.” Gamma radiation has sufficient momentum to perturb

. the Tattice vibrational states, and 1t is this momentum that couples d

-~ the nuc]ear transition to the lattice, whereas the photons involved

in optical transitions have negligible momentum in this context.

»
JRSRR SS S

However, during an optical transition large changes in the shape

of the electronic cloud occur and the consequent change in the

*For illuminating discussions by Lipkin of the MSssbauer effect, see

refs. 31 and 32,
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adiabatic potential of the lattice can cause changes in tne phonon
energy; nuclear transitions of_the type involved in Mdssbauer'

spectroscopy do not substantially affect the 1attice‘potent1a1,

‘Thus comb]ementary factors perturb the lattice in the two effects.

The invariability bfvthe lattice ehergy under the transformation of

position and momentum is the reason underlying the close similarity

of the theories.

- According to the theory of Trifonov,26 the probability density
function of the Tattice having acquired an energy w-wg during an

electronic transition w, is given by
w(w) = ;ﬂ_ Jexpl-i(w-u ) t+F(t) dt o | (1)

where f(t) = Aqm2 . . : o
g: > .[i_1 sin wdt—(Zma+1)(1-cos @at)]

the Aq&'s afe the disp]acements of the equi]fbrium values of the
normal coordinates of the lattice as a result of théie1ectronic
transition, the wa's are the lattice oscillation frequencies, and
the ma's are the quantum numbers of the lattice modes, or rather
the Boltzmann averages of the quantum numbers;

The integral in equation (1) is divergent'because of a delta |
singularity at wIw . That is, the probability of zero energy tréns-;'
fer is discontinuous]y greater than the adjacent probability of -
small energy transfer, | |

This phononless transition probability is given by
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Play) = expl- @1 @

M

Since ﬁ; is the avekage quantum number ofﬂfhe Tattice resuTting"
. S W
from thermal pbpu]ationi(ﬁ' = 1/[exp‘Eﬁ--1]) the strong inverse
temperature dependence of the phonon]ess ‘transition probab1]1ty can

be read1]y understood.

Taking the limit of zero temperatﬂre, equation (2) reduces to

2

P(mo) =

(3)

It can be shown that the first moment M1 of the spectra] distributieh'

of the transition (its displacement from the pure trans1t1on -commonly

ca]]ed the average Stokes loss) is equa] to

.

: A
=+'Z
_OL
and hence equation (3) becomes

P(w,) . = exp [-uy/u

aye]

where Waye is an average of the'frequencies 6f the participating
~lattice modes. |

Thus the phononless transition pfobabi]ity has_an inverse expeneﬁ-
tial dependence on the ratio of the average Stokes energy loss to theh

average lattice frequency,
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. This average lattice frequéncy is not easy to calculate, It
requires a knowledge of the-degree'tQ which all the modes are per-
turbed by the opticalltrénsition>of the gﬁest, and this calculation
hasvndt beeh'made; a]though'it.is assumed that only local modes will
participate to a significaht degree, Intermolecuiar bonding in an
h-alkané matrix results from weak van der Waals forces and should
not produce accoustical modes offparti§u1ar1y high frequency, nor
aré;theré any obvious reasons why the intramolecular modes which

pérticipatévin‘enérgy transfer should be unusually high for an n-

alkane matrix.

Stokes Tosses, on the other hand, are low in typical Shpolskii

systems. Data pub]iéhed in spectral handbooks (g;g, ref. 33) are

usually misleading sincevthey refer to the distance between the

center of gravity of the entire (vibronic) transition in absorption

~and emission, whereas only the pure electronic transition is rele-

vant. On the basis of my observations of the'disp1écemeﬁt of the
centék-of'gravity of the electronic band in a liguid n-alkane From
the position of the phononless transition in the corresponding n-
alkane crystal, I would place the average Stokes Tosses of such
systems at several hundred en ! | 7

Therefore, if the Shpolskii effect is not observed in the
majority of 1ow-temperéturé condensed-phasé systems it seems Tike]y

that the reason is not that the participating lattice frequencies

are too Tow (since n-alkane matrices do not have unusually high

~lattice frequencies), but rather that Stokes losses are high (strong :

coupiing of the guest to the host lattice) or that the énvironment



II. AN ATTEMPT TO OBTAIN HIGH RESOLUTION SPECTRA OF SOME MOLECULES

. OF BIOLOGICAL INTEREST

1.. Introduction -

" From the desCription;of.ShpdekiT-soectra given'Tn.part'I-of
this'thests it w1]] be apparent that they are capabTe of g1v1ng a
great deal of information about a mo]ecu]e f Instead of the broad
featureless bands usua]]y encountered in so]ut1on spectra there
_ are numerous well reso]ved 11nes wh1ch enab]e e]ectron1c and
v1brat1ona] Teve]s to be determ1ned w1th prec1s1on and wh1ch
because of their’ sharpness have high absorbance values, makingvthe
detection of weak trans1t1ons eas1er . |

Th1s detailed information wou]d be of great vaTue to the

sc1ent1st faced with understand1ng the more d1ffuse opt1ca1 pro-

pert1es of molecu]es in ]1qu1d so]ut1on or of mo]ecu]ar aggregates,T

the two most common s1tuat1ons encountered in systems of biological
1nterest For such systems it is often uncertain how many eTect—

ronic trans1t1ons are 1nv01ved what the1r reTat1ve 1ntens1t1es

are, what symmetr1es are involved, wh1ch are pure ‘electronic bands o

and wh1ch are vibronic bands, and.so on.

In particular, it was felt that the extensive studies by

Tinoco and co-workers (see gig,'ref. 37) on the optical properties ‘

of the nucleic acids and the interactions ot their component

nucleotides would benefit from precise knowledge of the energy

-1
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levels of the purine and pyrimidine bases. Research with the same.

purpose was being carried out by Tomlinson38 using matrix isolation

~techniques, i.e. co-condensing the solute (e.g. adenine) and the

solvent (usually a rare gas such as argon) onto a cold window in a

‘dewar and then measuring the solute spectrum.

‘It was recognized that there was no certainty that highly re-

solved spéctra of these molecules could be obtafhed;.thefe were

several grounds for doUbt:v

(1)

(i)

In spite of the large number of Shpolskii spectra in the

| ]1térature, novmehtion'had'been made of simple hetero-

cycles; it seemed Tikely that attempts would have been
made to obtain their spectra,

The heterocycles generally have lower symmetry than their

| homocyclic analogues. Because of this we may expect their

spectra to be more complex and therefore the prospects for

resolving strutture to be reduced. On the other hand, it
must be said that many aromatic.molecules of fairly low
symmetry, e.9. 1,2-benzanthracene (Figure II.1) neverthe-

less do have resoTved Shpolskii spectra.]O A]éo, as will

" be méntioned in the results section, the vapor spectrum of

some heterocycles, e.g. pyrimidine, has detailed structure.

SR

™~ NN

1999

Figure II.1. 1,2-Benzanfhracene
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(111) The heterocycles are gehekallyVTess soTuble in non-polar
' iso]ventQ‘EUéﬁhaé‘the'nga1kanes;vth¥swﬁfght give rise to
difficulties in deteétfon o% spettra.‘ |
(iv) As was indicated in part I of the thesis, one of the
criteria for a high phononless transition probabi1ity (and
| hence a highly regoived gpectrum) is that the Stokes energy
Toss to the solvent shouid bev]ow.'bThis condition is met
vby‘aromatic,mo]ecu]es,‘but the ihtroduction:of hetero-atoms
_creates a perManent dipole, or at least substantial point
monopd]es, and these can gfeat]y increase the cbup]ing to
thé solvent. For example, thé Stokes loss reported for

1

anthracene is 1790 cm ', but introduction of one hetero-

atom to form acridine (Figure 11.5) 1ncreasés this to 2720

em™! (ref. 33, pp. 122-123).*

So some difficulties were anticipated, but in view of the poten-

tial importance of the results the effort seemed worthwhile.
Most of the Shpolskii spectra reported in the literature are of.

condensed ring aromatics, and it was thought that these would make

*A rea]istic value for Stokes loss is difficg]t to calculate from ex-
perimental data. In ref, 33 it was ca]cu]éted as the shift from
absorption to emission of the center of gravfty of the entire
vibronic spectrum. Since the Stokes loss relates to the shift in
the pure electronic transition, the values quoted above are undu]y
large. Note, however, that because of this the proportional change
on going from anthracene to acridine is targer than these values

indicate,

Sty



o

-15-

" suitable model compounds for comparison with their heterocyclic ana-

1ogues; Thus, benzene could be chosen as a model compound for pyri-
midine (Figure II.2a) and hapﬁthaléné'ééva model compound for purine

(Figure II.2b).

~'Figure 11.2. (a) Pyrimidine, and (b) purine.

2

15

The'Shpo1skii spectrum of naphtha]éne was known , and was not

taken in the present work, Although Tow temperat&re spectra of the

benzene crystal had been reported,ZO’Z]

there were no high resolu-

tion spectka for the molecule isolated ih a iow temperatUré matrix

(réf; 39 was bdb]ished after this work was comp]etéd) and fherefore
this was the“firsf task. B | |

A description of the work with benzene will be followed by a
brief description of the unsuccessful attempts fd obtain high resolu-
tionlspectra‘of pyrimidine and purine,

Because of the Tack of success wifh these, other appkoaches-
were tried. Instead of USing a n-alkane matrix, the mixed crystal
technique of McCIure4Q was used. McC]ure-took advantage of the
fact that duféne (symgtetfamethyl bénzene, see Figure II.3a) has

very similar overall dimensions to naphthalene (FigurevII.3b), but

has a spectrum to sufficiently high energy that it does not
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Figure II.3, _(a).Durene, and (b) naphthalene

interfere with the spectrum of naphthalene., Thus naphthalene can
occupy Substitutiona] sites in a durene crystal, and this gives a
very high resolution spectrum of tﬁe.isolated.naphtha1ene molecule.
The most interesting guest molecule in the pfesent context
woqu'have been purine, but I decided to proceed more cautiouslyv
and selected quinoline, and isoquinoline (Figure II.4), sinée they

are more closely related to naphtha]éne,‘the guest used by McClure. _

(a) 1 ~ (b)
\ N | £

Figure II.4. (a) Quinoline, and (b) isoquinoline. . | }

This apprqach was also unsuccessfu],vand‘so I decided to make
the éma]lest step poésib]e away from a well-established Shpolskii
spectrum, For this purpose anthracené was chosen as the model com-
pound, and acridine (Figure II.5) as thé heterocyclic analogue,

The anthracene spectrum in n-heptane at 4°K had been keportéd,]L

and consisted of many sharp lines. Acridine, with only one



Figure II.5, (a) Anfhfécene, and (b) acridine.

héteroQatom,_Whichﬁwas'fairTy well shielded by the adjacent rings

fromiinteractioh with the matrix, seemed to be-a hopefu] candidate

~“to also give a sharp spectrum. As will becdme'evidentvwhen the

results are presented, acridine is a borderline case for the useful-

~ness of the Shpolskii technique, .

Finally, a brief mention will be made of efforts to obtain a
high.resoTQtion‘spectruﬁjéf‘B-carOtene; a_mo]ecu]e of 1hterest.to
those working in the field of visual pigments; and fn;photosynthésis.

A1 of the spectral measurements in this part of the thesis

were made in absprption, using a Caky 14'Spéttrophotometer.

2. Materials
~ The following materials were used without further purification: 

Benzene: AR quality, ex Baker Chemical Co,
Cyé]ohexane: spectroqua]ity,vex Matheson, Coleman and BeT]{“
n-Butane: Instrument grade, ex Matheson Co.

Pyrimidine: C grade, ex Ca]biochem.
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density’ f11ters into the reference beam because of ‘the h1gh1y scatter-
1ng nature of the po]ycrysta111ne samp]e “In theohy there was no
limit to the opt1ca1 dens1ty that cou]d be measured by th1s techn1que Ea

but of course the 1nstrument qu1ck1y became no1se 11m1ted Samp]es

ix

-with an opt1ca1 path of about T mm const1tuted a pract1ca1 11m1t
although by ‘the use of sea]ab]e cuvettes the-scatter1ng of samp]es %
“could have been greatly reduced;.aéiwaé‘foUnd_but_in the work of
part 111 of this thesis. Thistts:preSUmabiy‘because‘mohe(effectiVe
outgaséingvisbpbesibleic | ‘.' ' |

The Cary 14 iS'not‘ihtended'phfmariiy_ag'a:high resolution
spectrometer, and it was recognized that the measurement of Spectrae'

with bandwidths df perhapév<10 en™

would be‘at the Timit of its
Capabi]tty. The spec1f1ed reso]ut1on of the 1nstrument is 0. 5 to
1.0 & (ca. 5 to 10 cm’ -1 in. ‘the near u]trav101et) and th1s was con-
firmed'by'measuhfng the spectrum of a ho1m1um»ox1de diSc.

In order to ach1eve the h1ghest accuracy poss1b]e in measur1ng

Tine p051t1on a careful ca11brat1on of the 1nstrument was carried

out. 'First of all a survey over the visible and near uitraviolet
using a mehcuhy arc:reVea1ed.that.the 1nstrumeht had a mean error
of ca, 3 ﬂ | | k |

An adJustment was made to remove this mean error, and then a
more deta1]ed calibration was carried out in the reg1on 3800 to
3200 ﬂ The mercury arc lamp does not have a sufficient dens1ty ,,ff:
of lines for this purpose,_and so four different 1amps were used_as ;
line sources, yigg thallium, mercury, cadmium, and zinc. fGonsideh; :

able difficulty was encountered in reproducing the position of
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*emission 11nes even though great care was taken to use the same-
scann1ng techn1que each time, However, if the 1nstrument power was
Teft on'for a 1ong time (say, 8 hr) the reproduc1b111ty was 1mproved
so that read1ngs'd1ffered by less than 0.5 A, It appears that heat

~ dissipation from the instrument poWer'prevents equiTibration of the
ane]engthvdrive for several hours (the specified wave]ength/ |
temperature coeff1c1ent of the 1nstrument is .0.3 A/° C) Table II.1

and Figure II.6 showvthe calibration obtained.

Table II.1., Calibration of wave]ength readout of Cary 14MR ,
Serial No. 467,

Source | Atree_. | Ainetcated . Differenee

STU 37757 3774.2 1.5
Hg 3663,1 - 3662.1 1.0
Hg 3654.8 3654.2 0.6
Hg 36501  3649,5 0.6
cd  3610.5 36104 0.
T 3519.2 3517.5 7
cd 34662 | 3465.1 1.1
cd 3403.7 3403,7 0.0
Zn 133450 . 33444 0.6
Hg 3341.5 - 3341.2 0.3
n 3302.6 3302.2 0.4
Zn 3282, 3 13281.6 0.7
cd 3261.1 3261.2 -0.1

T 3229.8 - 3230.4 0.6
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- As can be seén from Fignre II,6, the error function is periodic

~with an amplitude of ca. 1.5 A and é period of 200 A (corresponding
to one turn of the Tead screw in the scan mechanism),

With the use of this calibration it is estimated that line
positions can be measured to within ca, 0.5 A. |

A set of "typical" Qperating conditions for the measurement of‘
spectra is given as Appendix B, although it must be realized that
there was considerable variation in these conditions, depending on

solubility, oscillator strength, etc.

4. Results and discussion

é)f Benzene |
| The long axis dimension of benzene measured from CPK* models,

is 6. 95 A, “this is midway between the long axis d1mens1ons of propane
(6.4. A) and n- butane (7.5 A), n-Butane was selected as the matrix
for the present work ” |

‘The solution (ca. 0.2 M) was prepared by condensing bntane gas
~ into a cuvette which was cooled by dry ice, and then adding benzene
to the solvent by means of a syringe,

The absorption spectrum of benzene in nfbutane at 77°K had
relatively broad peaks (ca. 100 cm™' halfwidth). The positions of

the more intense peaks are given in Table II,2.

*Corey-Pau]ing-Ko]tun (supplied by the Ealing Corporatidn).;-



Table II.2. Principal peaks'in the absqrption spectrum of benzene

- in n-butane at 4°K, Wavelengths in A.

2662 . 2388
2606 . - 375
2572 236
2540 oz
2518 o ;’_u"“' z3z1 
2485 230

2430 o . 2253

It doés nof seem 1ike1y that thevéoup]ihg”of'benzené to an.n-
é]kane matrix would be sdbétantia]Ty gfeater*than:that'of other
aromatic mo]etu]es édch as-naphtha1ene5“f6rvwhich Shpolskii spectra
are well known., There may well be a higﬁlpﬁondniess transition
probability for benzene in n-butahé, wﬁiéhsdoes not’ménifest itself
in a sharp spectrum because of noh-uﬁifarmfty of environment. The
degree of mismatch in the dimensions of-the twb molecules is pfobqb]y
sufficient to prevént the benzene moiecu]é ffom occupying a We11;
défined site in the matrix. A]sb the*c]oseness-bf the Jong and
short axis dimensions of benzéne (6.95.and 6,4AA,.respective1y)
may permit substantial ]ibrafiona1 or_even‘fotational'mOVEment. .
Leach and,ALope‘vz-De1gado60 havevbbtafngd_sihfléfiy @foéd;sbéétra in

a number of Tonger chain n-alkane matrices,
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. Because of 1ts chem1ca] similarity’ to the n- alkanes and the
fact that its size and shape are comparable. to those of benzene
cyc]ohexane suggested 1tse1f as a 11ke1y matrix.

The Tow 1ntens1ty of the first trans1t1on of benzene (e =

ca, 200), together w1th the fact that long path]engths could not
be used_because of scatter1ng, necess1tated the use of high concen-
trations: The spectrum of a 0.4 M soTution of benzene in cyclohexane
at 77°K consisted of around 60 lines, with halfwidths of 25 - 5ovcm“].

However, at a Tater time, when a sample was prepared under the same

: .cond1t1ons and its absorption spectrum measured at 4°K 1t was found -

that the bands were,if anyth1ng,broader than had been obta1ned pre-
viously at 77°K. In addition the']ater sample was more highly

' scatter1ng and the consequent]y higher noise level made 1dent1f1-
cat1on of low 1ntens1ty peaks d1ff1cu]t Numerous attempts to
repeatvthe original 77°K spectrum failed in sptte of considerable
variation in the technique of freeéing The original spectrum had
most of its intensity in one sharp component of a mu]t1p1et structure,
| whereas the Tater spectra were characterized by an intense broad

o to higher energy of the sharp component, which

component 86 cm
was present with a much reduced intensity.

Similar observations have been made by Leach and Lopez-Delgadoéoésl
and bvapang]er~and,Kilmerfgfwho have explained them in terms of two -
different polymorphic forms of the cyclohexane crystai. The mono-

c]inic form, stable below 186°K, gives rise to a sharp benzene |

spectrum; the cubic form, stable above this temperature, gives risej'”

to a broad spectrum 84 cm‘] to higher energy. However, unless
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‘samples'are'cooled s]owiy'through.the transition point, the high-
temperature cubic form persists in a metastable state. The workers
mentioned above used photographic detection;'fhey were therefore
able to work with very low oenzene;COncentrations'and Tong'optioal
pathlengths, and‘cou]d freeze s1om1y without risking the formation
of benzene-aggregateS’ w1th the higher concentrations necessary
to achieve a measurab]e s1gna1 in the Cary 14 spectrometer, samples
had to be frozen quickly, and so_the metastable cub1c form of the
cyc]onexane,crystal predominated. vPerhaps even at these higher
benzene concentrations a carefu1 annealing at the transjtion tem-
perature might have allowed the formation‘of the monoclinic form
withoUtibenzene aggregation;’this may have happened fortuitously

in the first sample, where the sharp spectrum was encountered.:

b) Pyr1m1d1ne

‘The spectrum of pyr1m1d1ne in the near u]tra v1o]et cons1sts

of two reg1ons of absorption, " The more intense, at around 240 nm in.

NEDj
N
Figure 11,7, Pyrimidine,

non-polar solvents, corresponds to the 256 nm ﬂ-n* transition of
benzene; the other region of absorption, in the reg1on of 280-320 nm,
is caused by an n-r* transition of the lone pair e]ectrons on the

nitrogen’ atoms (ref. 18, pp. 361-367).

g
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- The Spectrum-of pyrfmidine vaporeWas-meaéured'at room tempera-
ture, and confirmed the findings of Halverson and Hirt4] that the
n-m * trans1t10n is resolved 1nto a ]arge number of lines w1th a
halfwidth of ca, 25 cm T; orlg1nat1ng”at 321.7 nm, while the:wan*
transition consists of,p&oriy resolved bands several hundred wavenumbers
 w1de. | |

In_cyc]bhexane eo]ution (5 x 10’2 M) at room temperature the
sharp lines of the nﬁr*>traheition‘in the vapor épectrum are replaced
by broad bands (ca.'250,cm'] halfwidth). Even in the frozen cyclo--

‘hexane crystal at 77°K these bands are not significantly harrowed.

c)v Purine
Because of tbe'po1ar amine group on the five-membered ring

purine (Figure I1.8) is very insoluble in non-boTér solvents. For

o
OLY
N |
‘H

F1gure II. 8 Purine

examp]e a saturated solut1on at room temperature 1n n- pentane had a.
concentration of only 3 x 10~ -6 M, est1mated from the absorbance of f
the solution. The spectrum (Figure II .9a) showed some structure

1nc1ud1ng absorption at ca. 300 nm as we]] as two more intense peaksu

at 268 and 263 nm, whereas in polar solvents such as water or
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Figure 11,0, Absorpiion zpecirum of purine at room témperature. ?

-5 .. . S S . :
{a) 3x107° M in n-pentane, 1 cm cell; ~ |

(b) 5.6x107° 1 4n 1-pentanol, 0.1 mn cell.
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"'alcohols the spectrum (Fiéure I1.9b) consists simply of one broad
band at 263 nm with very']itt]e evidence of structure.

42'we‘ré abie to prepare super-saturated

Drobnik and Augenstein
so]btions'of‘purihe’in méthy]cyc]ohexane by the sudden dilution of -
a saturated so]ut1on in lsopropano] or dioxane with large quantities
(1500:1) of methy]cyc]ohexane A 10" -4 M so]ut1on prepared.by them
in ‘this way had a room temperature spectrum simi]ar to that reported
here for purine in pure n-pentane (F1gure IT. 9a), cons1st1ng of

“about 6 Ppoorly resolved bands.

‘Because of pathlength limitations imposed on my sampTes by
- scattering of the low temperaturé matrices, I was forced to attempt
highér concentrafions; and this was oh]y possib]e by using a higher
po]ar/non-po]ar so]veﬁt ratio. - o R o

n-Pentane was selected as the non-polar’ component since it was

the matr1x wh1ch had produced the sharpest lines in the Shpo]sk11

15 a molecu]e of very s1m1]ar d1mens1ons to

spectrum of naphtha]ene
pur1ne As the polar component, T-pentanol was chosen, since it
~ was felt that this would causekhinimum disruption of an n-pentane
matrix. | .“ , : | i:
Starting with é near-séturated solution of purine in 1-pentano}@
I diluted with pentane to the maximum extent (100-fold dilution) |
which would still allow measurement of the spectrum in a 1 mm pathQ»j
length cuvette (the practical limit set by scattering). The room
- temperature spectrum of th1s solution was almost identical w1th that

of a solution in pure 1-pentanol (Figure IT1. 10), except for a slight

amount of absorpt1on at ca. 300 nm,
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The lack of spectral structure indicates that most of the purine

‘Was interacting with the 1-pentanol rather than with the n-pentane,

and the attempt to obtain a Shpolskii spectrum of this system was

12

abandoned. A later publication,'“ by Sevchenko et al., has shown

~ that sharp spectra can sdmetimegbbe obtained in cases-where a polar

 component in the solvent forms a solvate with the molecule of

interest. In this way they were able to obtafn sharp Spectra of
the very insoluble meta110porph1ns in n-octane at 77°K by the
add1t1on of sma]] quant1t1es (amount unspecified) of a po]ar
molecule such as ethanol or pyridine, Presumab]y the spectrum
isvthat of a well-defined splvated compiex which is surrounded

by,‘and very weakly coupled to, the non—po]af crystalline host.
‘d) .Quino]ine and isoquinoline

N - _ '\\\
(a) l(\@ e [O]O]
o LN N K Y

N

Figure.II.]T. (a)tQUinoline; and (b) isoquinoline.

The absorpt1on spectra of these two. molecules are fa1r]y s1m11ar.
In n- pentane at room temperature the spectra (Figure II 12) cons1st

of a number of bands about 200 - 300 cm -1 wide, starting at 3]3 nm

in the case of quinoline and 317 nm in the ease of isoquinoline, and

extending to abqut 290 nm; a very broad band of comparable intensityl

extends from 290 to 240 nm. Only the narrow band region was examined

in the present work,
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Figure 11,12, Abscrption spectra in n-pentane at room temperatura,f

(a) Quinoline, 2,3x1073 M, 1.mm cell:

o C . N B :
© " (b) Isogquinoline, 1.7x10°7 M, 1 mm cell.
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The spectrum of 1soqu1no]1ne is somewhat sharper and better

~ resolved than that of qu1no]1ne, and thvs effect becomes more pro-

hounced in .an n-pentane matrix at 77 K (F1gure II 13). Quinoline
shows no 1mprovement in resolution, whereas the spectrum of iso-
- qu1no]1ne narrows s1gn1f1cant]y, to about 70 cm -1 halfwidth for
the sharpest bands, tSpectra were taken of both molecules in the
vapor phase at room temperature} .The spectrum'of isoquino]ine
showed much more resolution, For exampIe,'the first band (a ., =

313 nm) Was reso]ved 1nto.sub-bands about 25 cm'] wide; the corres.

ponding band in the oyino]ine spectrum (A Anax = 310, 5 nm) was 250 cn”]
wide and showed only a hint of structure The higher resolution of.
1soqu1no]1ne in the low temperature matrix therefore does not seem
_to be a resu]t of lower 1nteract1on with the matrix but rather to

be anlintrinsic'property of the molecule., The absorption region
under cohsideration has, on the basis of'substftutional effects,

been assigned43

to a longitudinal (long axis) transition. If a
perturbation is introduced on the axis of the transition dipole of
a'mo1ecu]e, then the symmetry species of the perturbation operator , 
will be the same as that of the dipo]e operator, and the perturba-‘
tion cannotlm1x in any states not present in the unperturbed system '
In the present example, the azo group lies closer to the transition -
dipole axis in isoquinoline than in quinoline; this, by reducing

the number of vtbronic transitions which the perturbation allows,

may be the reason for the simpler and more highly resolved iso-

quinoline spectrum,
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vFigure 11;13, Absorption spectra in an n-pentane matrix at 77°K.
(a) Quinoline, 2.3x10'3 M,'O.S mm celi; |

(b) Isoquinoline, 1.7x107° M, 0.2 mm cell,
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There is a new bahd‘present at 77°K in the isoquinoline spectrum

! to the red of the intense 318 nm band, and

in n-pentane, 210 cm”
much broader than the rest of the spectfum'in this region. It
cannot be background absorption® of the 318 nm band since in that
case it would have a center of gravity to gjébgr_energy of the sharp

peak, 31532

Possibly it represents absorption from dimers or other
aggregates of isoqﬁino]ine;

Attempts to simulate McClure's experiments40 with a durene
(],2,4,5-teffamethylbenzene) matrix, but usfng qufno]ine or iso-
quinoline instead of naphthalene as the guest, were unsuccessful.

] to the red of the corresponding

The spectra, shifted about 200 cm”
spectra in n-pentane at room temperature, were poorly resolved
even at 77°K.

‘A'summary of the spectra of quinoline ahd isoquinoline is

given in Table II.3,

*By'thﬁs tefm we mean absorbtion caused by‘transitidns bétweeh the
éame energy levels of the guest molecule as are invo]véd in |
Shpolskii transitions, but with energy exchange (Stokes losses)
occurring with the solvent. The phonon]eés transitions character-
istic of Shpolskii spectra give rise to sharp lines, while transi-

tions with energy exchange give a broad'backgfbund band,
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Table 11.3. Summary ofiresultS'of'SDectré of qUinpline and isoquino-

line,
Solute | So]veht T max ;;Appeafance_of:épecfrum
(°K) | (nm) | (halfwidth of bands, etc.)
" Quinoline vapor 298 | 310.5] 250 cm”', slight evidence of
' L v ] o structure in first band :

Quinoline | n-pentane | 298 | 313 | 300 en”!

Quinoline n-pentane | 77 313 | 250 cm'1

Quinoline | durene | 298 | 315 | 400 an!

Quiho]ine. durene 77 316v 400 cm"]

Isoquinoline| vapor 298 | 313 | 200 cn”'; first band well reg

solved into sub-bands 25 cm
wide, at 313.9, 313.4, 313.1.
and 312.5 nm, Other bands
show some resolution,

Isoquinoline| n-pentane | 298 | 317 | 200 en™! =

iéoquino]ine n-Pentane | 77 | 318 70 cm']; br?ad band at 320.1
o nm, 210 cmn” " below first sharp

band at 318 nm, S

Isoquinoline| durene ° | 298 | 320 | 400 el

Isoquinoline| durene 77 | 321 300 cm”!
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e) Acridine |
Acridine (Figure II;i4) has an abébrption spéctrum in non-
polar solvents which is yery'similar to fhat of’anthracene; its

homocyclic analogue,

Figure I1.14. Acridine

For ekamp]é)lin n-hepténe at room temperature the first four
intense bénds are at 373, 356, 339 and 323 am for acridine, and at
375,:356; 338 and 323 nm for anthracene. The bands are-apprdxi-
mately 400 cm'] wide in bofh cases. The acridine spectrum is some-
what less well reso]ved;'prob361y.as.a kesuft of lower molecular
symmethy. _ ‘ | .

At 77°K in n-hepténe,’thé two molecules staktedvfo exhibit
different spectral Behavibr. Although the bands of both molecules
were still fairly broad (ca; 200 - 300 cm™! halfwidth), the band
shape of the anthracene spectrum was decidedly asymmetrical and
éame to a pointed maximum, whereas the band shape for acridine was
'symmetrical and round-topped. This is showh fof the first band of
the two spectra, in Figure II.15, | '

At concentrations above about 1073'M the acridine spectrum
showed a broad band at 295 nm, absent in the room temperature

spectrum, which by analogy with the corresponding band found at
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Figure II,15, Difference in the shape of the first band of the
absorption spectrum 1n'n-heptane at 77°K of

(a) anthracene, and (b) acridine.
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,402 nm in concentrated anthracene solut'ions44 is believed to beta
dimer band. a . |

At 4°K, the spectrum of anthracene in n- heptane d1sp1ays an
abundance of sharp 11nes as is described fully in part II of the
thesis, | | | v | |

Acridine,'pn the other hand, has a:predominant1y bread spectrum,~
At a concentration of 7.3 X 10‘3 M a sing1e sharp Tine was observed,
at 381.9 nm, 'The presence of the dimer band ment1oned above suggested
that interaction between acridine mo]ecules might be respons1b1e for v
~the overall width of the Spectrum and when the concentrat1on was

1owered to 4.9 x 10 -5

M the dimer band disappeared and the sharp
components of the Spectrum increased to the po1nt where 15 lines
with a halfwidth of 25 - 50 cn™' could be detected, superposed on
a spectrum of'bands whose width renged from 100 to 300 cm"].>r |

The Tines and bands obserued_are listed, with their assignments,
in Table II.4, A portion of the spectrum in the reg1on of the |
“origin is shown in Figure 1I.16, | R

As can be_seen frOm the table, a large number (ten) of origins-.
have been assigned.' Some of these are probably Jattice bands (see
section 4d of part III of the thesis) put it was not possible to
decide which, as the shape of the sharp.spectrum is very difficu]t"f>
to determine bacause of the broad band background. Knowledge of
the fluorescence spectrum would help, since pure e]ectronic originsvf"
should be resonant. | o

Presumably more solute/solvent relationships are possible thantﬂ

in the case of anthracene since unless a site has D2h symmetry'tn
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Figure I1,16. Portion of the absorption spectrum of acridine

(4.9x]0'5 M) in n-heptane at 4°K.



Table I1.4, Absorption'spectrum of acridine in n-h

P

eptane at 4°kK,

4,9 x 1072 M, |
~|Line |- ' ‘ o
or | Inten-| Sharp-| Y av(em™). Assignment
‘[Band |- sity | ness:|(A) [(cm™') _ '
. No, , S |0 05 | O

T 1 ‘ms |3852 | 25960 =220 § 0, |
2| s |83 | 26070 0! o,

3 ms {3830 | 26110 70 |05

4 1 s 13824 | 26150 0 -30 | 10,

5 3 s 13819 | 26180 0 Og

6 8 ms |3813 | 26230 50 10¢

7 1 s |3808 | 26260 80 0,

8 1 s 3804 | 26290 110 0g

9 1 s |3798 | 26330 150 | |04

10 3 mb | 3785 | 26420 240 | 190 10,0

1 5 mb | 3755 | 26630 400 |0, + 400

12 4 mb |3723 | 26860 630 [0, + 630

13 3 mb |3699 | 27030 800 |0 + 2x400 -
14 4 mb {3671 | 27240 1010 |0g + 400 + 630 - 20
15 1 s |3658 | 27340 1160 0 + 1160 |
16 3 ms |3648 | 27410 1180 | O + 1160 + 20

17 1 s (3633 27530/1380 0, + 1400 - 20

18 2 s | 3626 | 27580 1400 0g + 1400

19 9 mb {3619 | 27630 1400 | 0, + 1400 |
20 1 ms |3606 | 27730 1550 | | 0g + 400 + 1160 - 10
21 1 ms |3596 | 27810 1580 | O¢ + 400 + 1160 + 20
22 | 10 b | 3566 | 28040 1810 | Og + 400 + 1400 + 10
23 b |3473| 28790 2560 | O¢ + 1160 + 1400 -
24 b |3451] 28980 2750 | 0 + 2x1400 - 50 .




. |
the crystal field, rotation of the molecule through m about the Z

axis (Figure 11.17) will alter the interaction with the site, and

produce another. origin in the spectrum.

-

i i T
NN

- Figure 11.17.

The broad band (#10) is.believed to be an e]éctronié origin
rather than a vibronic band, because its position corresponds'to

that of the intense origin 184 om”]

from the main origin 1n'the
spectrum of anthraéené'(see part III of the thesis).
Four vibrational frequencies have been extracted from the

~ acridine spectrum, ~They are given in Table:II.5,

Table II.5. Vibrational frequencies of acridine, with the corres-

ponding frequencies for anthracene, .

Frequency (cm']);'

..Acridine. - " Anthracene

400 390

B 587
630 . or 652}'?
1160 | 1159

1400 _ 1397




AL | o
The modes at nso”and 1400 cm" were. derdved from 0 (Table
I1.4), an intense, sharp or1g1n and are be]1ewed to have an error

1

~ of +5cm-. The other two modes were on]y ofxserved as bands de-

rived fromvthe:broader,orwg1n O6 and haveian'est1mated error of +
i25‘cm’].' Bedabse of this low aCCuracy,lit fsbmot pbsSib]e»to say
whether the differences-betneen the acridinezéndianthracene fre-
quencies are s1gn1f1cant _ 7 | |

The reason for the dua1 nature of the acrnd1ne spectrum (sharp
lines on a broad background) 1svof 1nterest. Broad spectra,fre-A
‘quently stem from mo]ecular aggregates and Tt toan be that 1
Shpolskii transitions are occurr1ng only from: mhat fract1on of the
mo]ecu]es present in monomer1c form,lvHowever' s1nce ‘the dimer band »
-3 ' o

present at 7.3 x 107° M disappears:when.the comcentrat1on is Towered

to 2.2 x ]0 -4 M it seems certa1n that in the samp]e for wh1ch the

5 M, only

- spectrum is reported with a- concentrat1on of’@ 9 X 107
monomer is present. The preponderance of broad bands wou1d then
simply indicate a 1ow phononless trans1t1on pr@bab111ty, as a resu]tﬁ
of fairly high- average Stokes losses (see part I of the thes1s)
The distr1but1on of probab111ty between phonon]ess trans1t1ons_'
(g1v1ng sharp 11nes) and trans1tlons wwth ener@y transfer to the
solvent matrix-(giving broad_bands) 1s pred1cﬁed by theory 26,27
Acridine provides arc1ear'demonstrat1on,of the va]1d1ty of tnis h
prediction wh1ch has been somewhat 1ack1ng in the Shpolskii spectra‘r
described in the 11terature I be11eve the reason for this is the -

fO]]OWTUQ The width of phononless 11nes is temperature dependent

probably because the environment which a molecule in a given site

L e
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experiences is dependent on the re]atiue pOSftiohs.bf the_soluteland -

solvent atoms, and these pcsitionsffluctuate with an amp1ftude which .

is dependent on the degree of librational and vibrationa] excitationﬁ

The probab111ty of phonon]ess tran31t1ons 1s also temperature depen- :

dent, 26-28

1ncreas1ng rap1d1y with decrea51ng temperature For a
molecule with Tow average Stokes losses the bands representlng tran-
s;t1ons w1th energy transfer to the solvent wi]] be relatively narrow
(say 100 cn™') in a Tow temperature matrix. There wiTI.aIso'be am
appreciable. phononless transition.probabi1iﬁy at relatively high
temperatures, givihg.rise to rather brdad'ShpOTskii'1ines (say 50
cm']). Superpositioh of these two (WTfh the.Shpo1skii line at
“higher energy) will give.a band shape similer'to that in Figure
IT.18a, which is the sum of two Gaussian;ko%iéqual ampiitude, one
with half the width of the other, The spectra of'arbmafic me1ecu1es
in n-alkane matriees_at 77°K frequently have band shapes like this,
Lowering the femperapure to narrow the Shpo1ski1-1fnes reduces the
non-Shpolskii intensfty effectively to zero, and only the sharp
lines are seen; |

With a molecule like acridine, on the other hénd, which has

higher average Stokes losses, the spectrum is characterized by bands

which are broad (say 200 cm ]) even at 4°K; Shpo1sk11 11nes only
appear at th1s Tow temperature and with a 1ow 1ntens1ty, but they.
are narrow. This gives rise to a band shape 11ke that in Figure
IT.18b, which is the sum of two Gauss1ans ‘the narrow one having
25% of the amplitude and 10% of fhe wwdth of the broad one. Com-

parison with an actual band of the acridine spectrum (Figure I1.16)
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XBL 697-4353

Figure II,TB. Superposition of gaussians to simulate the appearance
of Shpolskii spectra,

‘(a) Narrow band 50% of width, 100% of height of broad band;
(b) Narrow band 10% of width, 25% of height of broad band.
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shows th1s although the presence of mu1t1p]e or1g1ns ‘makes the band:

"shape more complex.

- f) g-Carotene -
SO0

Figure I1.19.  g-Carotene. .

b

In 1ts a]] trans form 8- carotene has a spectrum cons1st1ng of

three poor]y reso]ved bands in the reg1on 390 = 500 nm, C1s-

1somer1zat1on of the doub]e bonds removes the center of symmetry of'

the molecule and allows another transition to take place, at ca.
340 nm. No cis-band wés evident in the spectra'taken in this work.
The long axis dimension of all- trggs_s carotene is 32 A.
(measured from a CPK model)., n- Octacosane (n-C 8) with a 1ength
o% 37 A, was available commerc1a]]y 1ny97%.pur3ty and was cons1dered
to be a reasonable candidate as a matrix.,
The spectrum however, turned out to becbroadj even et 77°K,

and showed 11tt1e 1mprovement 1n resolut1on over the. room tempera-

ture spectrum in n;hexane. The only additional feature was a-fourth

1

band in the ]400 cm  vibrational progression ofvthe spectrum,

Changes in the pos1t1ons of the bands are of lnterest ‘Table '

IT.6 shows the poswtlons in nexane and n- octacosane
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Table I1.6. Spectrum of all-trans g-carotene in n-hexane and in n- .

octacosane., Position of vibronic bands given in nm,

4

nfheXané: | n-octacosane
o 298°K - | 298°K" 77°K
478 490 502
449 | 458 469
23 432 440
O T, A A 1

~ The unusually large shift of g-carotene on going to. Tow tempera-

_tures has been recorded previousTy by Wald,45

who explained it as -
follows. At high temperatures the mQTeculé has a large amouﬁt of
vibrational energy and therefore Spends much of its time away from
a true trans configuration. This has the effect'of shortening the
Iv‘resonancc—z length" of the‘e]ectfon cloud‘(cf. theory ‘of a particle “
in-a one-dimensional box) and hence increasing the transition energy.
As the temperature is lowered the molecule spends moré of its time )
in the Eﬁgﬂg_configuration; and so the spectrum is1red-shifted. |
The Spectrum in n-octacosane provides interesting confirmafioh ;
of this theory. The matrix is a solid at room temperature and pro; :

vides the constraint on the g-carotene mo]ecu]e'horma]1y produced.

by Tow temperature,
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5. General discussion.

It wi]] have become apparentrfrom reading the foregoing éhapter
that high reso]ution spectra of'biological]y ihteresting mo]écu]es
are riot easy to obtain. The difficulties encountered can be summa-
rized as"(f).speéi}al complexity resuiting from Tow Symmetry, (ii)
insolubility, and (iii) Tow phOnonieSsytransition prdbability;

The'gkeatest degree of sucCess'aéh{eVéd was'wftﬁ acridine in
n-heptane at 4°K, When'some 15 relatively sharp lines Were measured.
I believe there are several reasons for this. The molecule has |
fairly high symmetry: thié’simpTifies thefépectrUm and reduces the
number of mu1tip]et cbmponehts. The cuvettes uséd to studv atridine

were sealable, unlike those used in the earlier studies; this en-

abled freeze-pump-thawing, and thevresquant‘improvement in trans- -

parencv allowed Tower solute concentrations to be used, and the
sample to be frozen more slowly. Perhéps the most fmportant'factor

was femperature. The rest of the:mo]ecules were studied at 77°K,3

before I was equipped to study Spectra at the temperature of liquid -

helium (4°K).
It was thought then that the broad bands observed at 77°K im-

plied that further temperature reduction.wou]d not produce signifi-

cant spectral changes, However, the results with acridine together :

with the discussion of band-shape in chapter 4, section (e) show

that this is not necessarily the case. Where bandwidth is Timited -

by non-uniformity of the environment, as I believe is the case in

the Tow temperature spectrum of benzene in n-butane, further




9.

temperature reduction will not be effective, but.where the Timitation
is piaéed by energy exchange with the matrix,'then7température re-
duction may increase the phOnon]ess_trahsition probabi]fty to the
point where it gan'be observed as.jow'intensity'sharp Tines on a
broadvbatkground; as in thé acridfnelspéctrum.' | | |

 Acridine appearévfofbé near the limit of the uéefu]ness'of the
| Shpd1skii'téChnique;'because of scattering and the high background |
Absorptioh the signal level was low, ahdvfhe sharp lines were
~ almost buried in noisé.‘vIt seems 1ikely that a molecule Tike
.pu}ihe, even if it could be.dissoived difectly in an nQalkane sol- 'f
vent, would couple too éfrongiy to haVe almea$uraﬁ1e Shpo]Skii
speétrhm. The Shpoiskii Tines in fhe aéridiné spéctrum; ca, 25 - 50-
cm"] wide;‘arevbrdader'thdn thosé.génera11y;eﬁcountered in the specffa
'6f aromatic’mblecdleé. I can think of two p0357b1e explanations of
this. (i) The second?“site", or rather solute/solvent interaction,
which will result when the molecule is rotated through m about its |
z-ax%sv(see chapter 4, seétion (e)) may be too'CTdsé in energy to
the original to be resolved and may simply result in 1ine‘broédening(
(i) The Tinewidth of phononless transitions is several orders of
magni tude greatef than the radiation width, - This is generally

thought]7

to be a result of the f]uctuétions in solute/solvent
“interaction which accompény_mo]ebu]ar Tibration and vibraiipn and   ;
lattice vibration. These fluctuations cause a]terat{ons in the
energy levels of the guest molecule. and hence iine broadening,

~(Note that this is quite distinct from the variable energy tranéfer

accompanying usual transitions in a condensed environment.) The
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Tinewidth will be determined both by the extent of the environmental

variation, and the sensitivity of the energy levels of the guest to

the variation. Temperature will affect the former of theée, as will:

the precision of the fit of the guest molecule in the host lattice,
Acr1d1ne and. anthracene should not differ greatly in this respect,
but by virtue of the Tone pair electrons on the. n1trogen atom,
acridine will be more sensitive to env1ronmenta1 van1at1on, and
will have a'broader_Shpolskii spectrum, . In the non-Shpolskii poh-
tion of the spectrum this effect is obscured by the muchvgreater

broadening caused by variable energy transfer,

6. Conclusions

(1) Cyclohexane as a monoclinic crystal can be used as a matrix -

for Shpo]sk11 spectra, as is shown by my early spectra of

benzene in cvc1ohexane at 77 K and by the work of” Leach and

Lopez De]gado and Spangler and Kilmer, To avoid the cub1c,:

form of the crystal, which gives rise to a broad solute

spectrum, solutions must be frozen_s]ow]yvand this places a -

limit on the solute concentration which can be used.

(ii) The spectrum of benzene in n-hutane at 77°K is broad.
Phononless transitions are probably occurring but ére
obscured by environmental broadening caused by the 1oosej
fit of the benzene mo]ecule in the n-butane crystal. |

(ii11) Pyrimidine in cyclohexane at-77°K haé a broad spectrum,
The spectrum might be narrowed'by slow cooTing to avoid'

freezing in the cubic form of the cvclohexane crystal.
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(vi)

(vii)

_(viii)

bands ca, 70 cm
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Purine is very insoluble in n-alkanes. In n-pentane, with

1% of 1-pentanol to increasé solubility, the spectrum was

poorly resolved at 77°K,

Quinoline in n- pentane at 77°K has a poorly resolved spec-
trum; Isoquinql1ne has a much sharper spectrum with several
‘ 1 wide. The greater sharpness of the spec-

trum of isoquinoliné was fouhd'tofapply'in the vapor phase

also, and is thought therefore to be an intrinsic property |

of the mo1ééu1e.' A,hypotheSis put forward to explain this
reiates‘the symmetry épecies of the transitionrdipo1e
operator to that of the perturbat1on Tntroduced by the

azo group. |

The spectra of qu1no11ne and 1soqu1no]1ne in durene at

77°K are poor1y resolved. ' | |
Acridine 1nvn-heptane has a broad spectrum at 77°K, but at -
4°K a moderately sharp spectrum appéaréd with Tow 1ntensﬁty.v
over an intense broad background. About 15 lines were
measured and 4 vibrational frequencies extracted. -

Al1-trans g-carotene in h-octacosane at 77°K has a broad
spectrum, This could be because of a low ph6n0n1ess transi-=
tion pkobabi]ity, or simply because of envjrohmental

broadening, The large red shift of the spectrum in n-octé~f

' cosane, even at: room temperature, compared to the spectrum :

in a liquid sb]vent such as n-hexane confirms Wald's theoryﬁ
of inéreased trans character in the constrained B-carotene

molecule.
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7. Suggestions fon future work

In the Tight of the acridine'nesu1ts it is apparent that more
work'atv4°K is déSirab]e. Isoqu1no]1ne in n- pentane “and pyrimidine
in a slowly cooled cyc]onexane matrix would make an interesting
start. | | | |

Another approach would be to biock'azo or'other po]ar'groups‘
in an attempt to_redUCe tne cbup]ing to the matrixi This could be -

done either by covalent]y-boundvb]oeking groups, e.g.,

or by forming a solvated complex as has been done with some borphyrjns.

An addi tional advantage ga1ned by b]ock1ng polar groups is the
increased solubility in a non- polar so]vent such as an n- alkane,
‘Wherever poss1b1e,'f1uorescence spectra should also be taken.
They are often sharper tnanvabsorpfion specfra and are less obscured
by lattice bands. Compar1son of absorption and f]uorescence helps in
differentiating between mu1t1p1e or:glns and v1brat1ona1 modes.
Sealable cuvettes should be used and samples thoroughly freeze-
pump-thawed to remove dissolved gases, which are a major cause of
scatterfng in the frozen matrix. As low a solute concentration as
possible should be used so that the matrix can be frozen more s]ow]v,
This resu]ts in a more transparent crystal, and also a greater conflr
centration of spectral intensity in one component of the multiplet S
structure, making detection of the sharp spectrum easier, In this
context it would be profitable to study the effect of annealing on

the sharpness and 1ntens1ty of the Shpolskii spectrum,

[ R, S
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The Cary 14 was not really su1tab1e as a spectrometer for th1s
type of work, The wavelength scan was 1nsuff1c1ent1y accurate the
resolution inadequate; and the signal/noise ratio for high]y scat-
ter%ng samples was low, In addition, only absofptibn spectra could
be taken, | - | |

Future work should be-carriedjout on a highnfeéo1uticn siné]e;
beam Spectrometer, with either a very high gain‘photo-tube or photo-
' _graphic detection. Such-an_épparatus was used sutcessfu1]y in
‘studying the Shpolskii spectrum_of-anthracene, to be described in

" the next part of the thesis.
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ITI. THE ABSORPTION AND'FLUORESCENCE'SPECTRA_OF ANTHRACENE AND [D10]— i

ANTHRACENE IN A VARIETY OF MATRICES AT 4°K

1. Introduction

In part II of this thesis, studies of the 1OW'temperature elect-
‘ronic absorption spéctra of a number of molecules were described.
The purpose was to move from re]at1ve]y we]l studied mo]ecu]es such
as aromat1cs to other molecules which were of interest in b1o]og1ca]
systems.  One of these studies was a compar1son of the spectrum of .

anthracene with that of acr1d1ne awheterocyc11c ana1ogue.

Figure III,1., Anthracene

The absorption and fluorescence spectra of anthracene in n- :
- heptane at 4°K had been reported previously by BoTotm‘kova,H and of  n .
course a comparison of her data with those of the present work was

made.

One feature reportéd in ref, 11 was of great interest, and I

quote here at length:
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"The main interest lies in the behaviour of anthracene
fn n-heptane.*“ In this case the Tinear dimensions of an-
thracene correspond to the linear dimensions of the solvent
molecule. The splitting of the 0-0 band in the fluorescence

and absorption spectra isb390 cm -1

, which is equa1 to a very
intense vibrational frequency of anthracene,

’ Cases in which-a splitting of the 0-0 band was found in
_quasi-]jne spectra, withetheufrequency difference equal to a
‘vibrational frequency, had been observed previously., Thus
“in the spectrum of naphthacene in n-nonane the splitting of

the 0-0 band is 310 cm']’(this is the Towest vibrational fre-
‘quency of naphthacene appearing in fluorescence and absofbtion-’
spectra). The 0-0 band of rubicene in n-nonane at-20°K dis-
]. The 0-0 band of stilbene in

-1 at 20°K. This problem

plays a sp11tt1ng of 195 cm
tolane shows a splitting of 206 cm
requires further investigation.,"”

In.other‘words, two_]ines attributed te a splitting of the origin
‘exieted with a separation equal to bnev91bkatjonal quantum, It is not
‘-strietTV correct for Bo]otnikove to say that it was obeerved in ab- -
sorpt1on since the weaker of the two lines lies to higher energy and
is co1nc1dent with the intense first vibrational band of the 390 cm -1
mode,

- Assuming that Bolotnikova's observation in fluorescence 66u]d be
substantiated, the following questions had to be answered:

(i

(ii

) Do both Tines represent pure electronic transitions?
) If they dd; what is. the cause of the splitting?
(iii) In'what way is the splitting related to a vibrational quantQm?

(iv) If the line to higher energy does not represent an e]ectrenic

*The spectra in n-hexane at 77°K were also reported.
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transition, what does it represent, and why is it related
by a vibrationaT quanfum to the main origin? |
(v) If the fact fhat the spacing between the two Tines is
edua] fo a vibraFioha} quantum is simply a'ceincfdende,
‘are the lines just a part of the multiplet structure en- .

“countered in Shpolskii spectra?

Bb]otnikova'assumés that the answer to (1)_is'"yés" when she

speaks of the splitting of the 0-0 band. However, she does not des-

cribe it as a splitting of the usual multiplet type. What other
causes of a splitting there might'be 1s'hbf'c1ear. Presumably any
sp]itting-resu1ting from exciion'interaction weuld be concentration

‘dependent (see e.g., ref, 46), and no theoret1ca1 ba51s for an

intramolecular degeneracy has been g1ven what, of course, is most

obscure of a]] is how v1brat1ona] energy could enter 1hto-fﬁe
splitting of two pure]y electronic’ energy levels, |

At this point 1 conc]uded that either (a) ‘the two ]1nes are
purely electronic and the re1ationship to vibrational energy is coé‘
'.incidenta1, or (b) the higher energy 11he js_not purely electronic,

but includes a quantum of vibrational energy,

If the coincidence theory‘ié correct the lines could be eXpTained
~in the usual way as components of a miltiplet, In Shpolskii spectra__
there is nothing unusual in having secondary origins to higher energy"
than the main origin, although the energy difference here (390 cm"?)ef

is unusually large, Most of the spectra which have been reported in

the Titerature have multiplet splittings of less than 100 cm'].
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But.the biggest difficulty in accepting the coincidence theory is
simply the degree of -coincidence, namely that, according to ref. ]1,‘
in at least four mo]ecules a sp]ittfng exists which, within éXperi-
“mental error (ca, 1 dr 2 cm"]) is exactly equal to a vibrational
quantum, ” - _ _
Ihitia]]y I made'tﬁe hypdthesis that the high energy fluores- '
cence line represents a vibronic transition from the first ekcited
vibrationa]'1evé1 of thé'upper'electronic state to the zero-boint

vibrational ]evé]’of’the ground electronic state (Figuré 111.2).

mso

Figure III,2, Scheme to explain the line observed to high

energy of the main origin in the fluorescence spectrum of

anthracene in n-heptane at 4°K.

Since the temperature‘at which the spectra were taken (4°K) was too
low ‘to maintain'therma11y any éubstantia] population of a level 390v;
- cﬁ"].above the pure electronic level, the hypothesis was in fact .-
that thé radiﬁtive Tifetime for the(]'.+ 0) vibronic tkansition was ;
comparable to the lifetime for the (1' » 0') radiationless vfbra-, -

tional relaxation.
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Vibrational relaxation is‘generally so much faster than radia-
tive emissionrthat the latter occurs. from a Boltzmann distribution
of vibronic levels of the upper state, As far as I am aware there
are no recorded exceptions to this rule for‘a‘mdlecu1e in a con-
densed environment, and hence the present case is of great interest.
The fluorescence lifetime of anthracene in cyclohexane solution 15

4.9 nsec,33

a typical va]ue for singlet-singlet emission: we would
expect a'similar value in nfheptEne. .

The hypothesiS'is therefore that'fbf anthracene in a low tem-
peratﬁre n-heptane matrix,vibrational relaxation is unusually slow.
Is there aﬁything else in the nature of Shpolskii spectra to sug-
gest this? | | | |

First,”we_mey note that sfnce we are consfdefing a'mo]eeule
wifh only one quantum of the‘1east energetic vibrationa] mode, no
1ntramoiecuTar relaxation fs possibie;vand so we are concerned only
with re]axat1on to the 1att1ce | | |

- Then, reca11 ‘that one of the outstanding features of Shpo]sk11
spectra is that the mo]ecu]e undergoes phononless transitions,

because coupling to the Tattice is weak; this is just the condition

TR . %k
necessary to inhibit relaxation.

*The nature of the coupling is not exactly the same in both cases. In
one case the adiabatic potential between the molecule and its environ-
ment changes as a result of the optical transition. Only the electronic
configuration of the molecule changes (the Born-Oppenheimer approxima-
tion) and we may expect it to produce a change in the Coulombic poten-
tial. In the other case the molecule and the latticeact as-coupled oscil-
lators; the change in the nuclear and electronic configurations of the
one produces a change 1in the potential with respect to the other,

For theories of radiationless transitions, see e.g, refs. 47-50,
vnfortunately, existing theories are concerned principa]]y with relaxa-
tion from higher excited electronic states to the lowest excited
electronic state, with the assumption that vibrational relaxation has
already taken place,
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The hypothesis of slow relaxation therefore appeared at least

to be reasonable. In order to test 1t, the following experiments

were planned

(1)

- (2)

(3)

(4

Repet1t1on of Bo]otn1kow§s exper1ments on ‘anthracene in n-

heptane to confirm that the observat1on was correct, and

ﬁhat the agreement with the-vibrationa1 frequency was exact,

Search for lines to still highér energy. In particular,

search for a line at ca. 1400.cm'] from the origin to

corresbond to the other most intense vibrational mode of -
ahtﬁracene - If present, its intehsity‘wbu]d give infor-
mation on relative rates of relaxation from two v1brat1onaTt
]eve]s of cons1derab]y d1fferent energy.

Use of n-hexane and n-octane as matrices to sée whéthér

the phenomenon was sensitive to these variations,

Stpdyvbf the specfra of [D]O]-aﬁthracene in a11 three
matriées. Assumihg that the phenoménon could still be ob-
served, the high energy line should now be displaced from

the origin by exactly the amount.of a vibrational quantum

of the deuterated molecule, which should be about 5%, or

'.about 20 cm"], sma]]er~than in the undeuterated molecule.

If exact égreement with the deuterated mode was not observed,:

the phenomenon would require another explanation. If the
line could not be observed or was of greatly different in-

tensity this would demonstrate an interesting difference in- :

the relative relaxation rates of the two molecules,
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In addition to testing the main hypothesis, it was felt that the

series of experiments would also give the following information:

(1) Vibrational analysis of dnthrécénéé it'wés hdped that the
use of severa] matrices would enable é more rigorous identi-
ficatiohrof fredhehcies than was méde by Bo1oth1koyé.

(2) Vibfatioha]:anélysis of [D]O]—éhthkacehe, which has not

 been reported hitherto. | |

(3) Correspondence of;thevmodes,in.the_undeuterated and deu- . :

‘.terated,moiecu1es. |

(4) Information on the nature of thé multiplet structure by
studying;its appearance.in the various matrices, in absorp;f
tion and f]uores;ence,-and:the changes, ifvany, on using |
the deutérated guest, If the structure was simi]ar to
that with the undeute}ated'guest, this wéu]d'makefidentjfi-
cation easier since the vibhationa] strdcture-wou]d be

different.

The work to be described in this part of the thesis cohsisted
vthen of the taking and examination of a series of 12 low temperature
spectra: | | |

2 (anthracene and [D]O]~anthracene) X 2 (absorptionvand f]uores; 

cence) x 3 (n-hexane, n-heptane, and n-octahe matrices), o

In order to carry this workhout, if wés no longer possible to use:
the Cary 14 spectrometer described in part II, and a completely new -
high resolution spectroscopic system, capable of taking f]uorescéncéf

as well as absorption spectra, had to be built. The bptica] dewar of

part II could be used, after modification to include a three window tail.

-

S3
o e
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Chapter 4 presents the results and disc&ssion of fheéé ekpefi—
ments, The main data tables, with identification of the spectral
Tines, must fnévﬁtab]y come at the begihning, and'inbokder to make
the identificatioh.a'vibrationaj analysis'must be done, Considera-
tion. of thé_questioﬁ'of fluorescence from vibrafiona]ly excited
Tevels therefore-comes after a éfeat deal of other detailed des-
‘cription, |

In view of this, I will make the following brief comment to
_avoid hisleading the reader: 2 |

The pre§ent work haé cbnfjkmed the observation of»Bo1otn1kova,‘
but has demonStrated unambiguously that the hypothesis of fluores-
ﬁenCe from vibrationally excited molecules is incorrect. Study of
the spectra of deuterated anthracene showed that the agreement with
a vibrational quantum in- the case of undeuterated anthracene was in

fact quite accidental.

2. Materials

The n-alkanes wéreb99% mol. mihimum purity, ex Phillips Petroleum
Company. In order to reduce the level of bléf{hic and aromatic im-
purity they were passed over an 8 ft long column of silica gel (gas.
chromatograph grade, 30/60 screen size, ex Coast Engineering Labora-
- tory, Redondo Beach, Ca11f.)’whi¢h had been,acfivatéd at 400°C for 3‘v
- to 4 hours, Successive fractions were collected and their UV absorp-

. tion spectra measured on a Cary 14, When the absdrption rose
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appreciably, collection was terminated and the prévious fractions
combined. The absorbance of this material in the range 200. - 250
nm was fypiCa11y 10 to 20% of the untreated level. | |

The anthracene used in a numbér of‘pre1iminary investigations
was specified by the manufacturer, Eastman Organfc Chemicals, as
"Anthracene (Blue-Violet Fluorescence)" and was vacuum sublimed
before use. In Tater experiments a very high purity material, Prinz
Quality (99.999% burity, i.e. impurities below the limits of deféctién
by gas chromatography and mass spectroscopy); ex Princeton Organics,r

was used without further purification. The data reported in this

section of the thesis were obtained with the Prinz material, a]thougﬁ-v

a visual comparison of the spectra of the two materials showed no
N .
evidence of impurity peaks in the Eastman material.
The [D]Oj-anthracene,'of»>98% isotopic purity, was obtained

from Schwarz Bio-Research and was used. without further purification.

3.  Experimental

a) Sample preparation

Solutions were prepared at room temperature, The concentra- -

tion was calculated from the absorbance of the solution at the main “
(356 nm) peak of the ]La tranéition and adjusted if necessary. As
soon as possible after making up a sb]ution (a maximum delay of tWo.;
hdurs) it was transferred to a cuvétte, subjected to about ffve |

3 m Hg), and

freeze-pump-thaw cycles (to a final pressure of 10~
the cuvette was drawn off and sealed. Qutgassing of the sample wasiﬁ

done primarily because non-outgassed samples were much more highly

e e e e
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scatterihg,vﬁeking absorbtion_measurementsfdiffﬁculf,'end also to
prevenfvsample oxidation. Risk of photb-detomposiiion was minimized
e'by stor1ng samp]es in the dark | .
After exper1ment1ng w1th various cuvette des1gns 1 sett]ed for
one w1th the fo]low1ng d1mens1ons
| Optical faces:_ 50 mm h]gh X 25 mm w1de
a Optical path: 4 mm (1nterna1) | |
.The cuvettes were made of Pyrex in this 1aboratory, and were fused
to 7 mm. Pyrex tubing wh1ch after sea11ng could be 1nserted into
the sampYe»mount of the dewar system, Because the cuvettes were
fabricated w1thout the use of Iow temperature f!uxes there was. a
certain amount of. d1stort1on of the opt1ca1 faces, but th1s was con-.
~ sidered un.mportant in view of the high 1eve] of ]1ght scatter1ng
from the'po]ycrysta111ne samples._;wjth th1s_de51gn of cuvette and
_ uSing ang]ed front-face il]uminatfbn and detectioh}(see section b),
a good siéna]/nofse Tevel was obtained.
Prior to the measurement-of its Tow temperature Spectrum,vthe
sample was cooled in one of the f0110v1ng ways:
(i) Plunge freeze into liquid nitrogen (77°K),
(ii) Lowering by hand‘info_liquid nitrogen sufficiently slowly
| .(1-2 min) that freezing took p]aceeaboﬁe rather than in
" the Tiguid nitrogen and proceeded smoothly from bqtfom to
top of the samb1e | B | | |
(111) Lowerlng by 1ow speed motor 1nto 11ou1d n1trogen Using a
2 rev/hr motor with dxfferent size rubber. whee1s on the out-

put axle, a range of freeze times of 1/2 to 2 hours was
possible, '
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Results in Chapter 4 are for samples cooled by method (ii).
After cooling to liquid nitrogen temperature the éuVette was quickly

transferred to the pre-cooled optical dewar-.

b) Apparatus for measuring spectra

The Tayout of the apparatus used'for_measuringhtow tempera-
ture'absorption and tloorescencejspectratis shown’schematfea11y in
F1gure IIT. 3 photographs of various aspects of the apparatus are
given as Figures III.4 through IT1.8.

For absorption measurements, whi te light from a xenon lamp was
collimated, chopoed, and then passedvthroughvthe sample which was
mounted fnside an ootical dewar. The'trensmitted light (divergent ,
because of scattering) was condensed on the entrance s1it of an
analyzing monochromator. The diffracted exit‘beam from the mono- .
chromator was either photograbhed or scanned and deteoted by a
photomu1t1p11er tube whose output was amp11f1ed and rectified by a
Tock- 1n vo]tmeter coupled to a str1p chart recorder |

For fluorescence measurements, the white ]1ght wasvdiffrected N
by a Tow reso]ution monochromator and a selected band used es the
excitation source for the sample. This 1ight was chopped and con-
densed onto the sample at an angle of approximately 45° to the norma1
of the optical face, Emission at approximately 90° to the 1ncidenttel
beam was collimated and condensed onto the entrance slit of the
analyzing monochromator and detected as in the absorption measure-
ments, | |

A more detailed description of 1ndividua] components of the

apparatus follows; for reference purposes, model numbers and manu-
facturers are given as appendix A,

e e e ‘.'t'.._,u“.__u..‘. VU O
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Figure I1I.3. Layout of apparatus for measuring spectra,

Approximate scale, 1 in : 1 ft.



i

XBB 694-2674

Figure III. 4. General view of apparatus for measuring spectra.
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XBB 694-2673

Figure III. 5. Arrangement of apparatus for fluorescence measurements.
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XBB 694-2677

Figure III. 6. Method of locating calibration lamps in front of
monochromator entrance slit.
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XBB 694-2675

Optical dewar.
(2) General view.

(b) Top works showing ball valve arrangement for
changing samples.
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XBB 694-2676

Figure III. 8. Mobile cabinet for use with optical dewar.
Contains vacuum pumps, helium gas supply,
and electronic instrumentation.



-71-

The 1ight source was a 450 watt high-pressure xenon arc Tamp

 mounted in an air-cooled hbusing whﬁch was equipped with an arc re- °

imaging mirror and a variable focus Eondénsing lens. Power was

proVidedbe a regulated, low ripple (1%, r.m.s.) d.c. supply with

an outpuf'of 23 amps at 18 volts. The lamp: was struck by means of

a femdfé ;.f. 1gnitér;"Currént regulation was better than i;]% for

a 10% Changéﬁin line Vo]tage, énd in practice neither ripple nor

random curﬁent fluctuation contributed appkeciab]y to system noise,
In 6rder to reduce thé heat input to the sample during absorp-

tion measurements, a Suprasil-quartz windowed water filter, 4 in

Tong x 1-1/2 in diameter was inserted into the light beam,

The optical dewar was made of stainless steel, with Suprasi]

quartz windows in the:optica1 tail. It consisted (see Figures III.7
End fII.9) of three concenfkit chambers, the outer cohtaining'1iqu1d
nitrogeﬁ (77°K); the middle coﬁiainjng liquid helium (4°K), and the
inner containing helium gas. The outer and middle chambers were
sehéfatedvby vacuum spaces,'whi1e the middle and inner chambers

v wére'in direct thermal contact. Both the 1iquid and gaseous helium
chambers extended down into the optical tail, whereas thé liquid
nitrogen chamber was extended by means of a polished aluminum
radiation shield thermally anchored to it. The sample cuvette,
mounted on the end of a stainless steel tube by a grip fitting, was
located in the tail of the helium gas chamber. It could be inserted
or withdrawn without introducing air by the Qse of a large-bore

- (1-1/2 in) ball valve which, when closed, isolated the helium gas

chamber from an upper chamber, To insert a pre-cooled sample, it
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was mounted on the support tube and sealed in the upper chambek,
~which was then rapidiy evacuated. The ball valve was then opened
'and the sample moved down, fhrough the valve port, to its location
in the optical tail, the support tube s]ﬁding through a Wilson-type
0-ring sea];‘ Removal of the sample was}effected}by sliding the tube
Upwérds,'closing'the ball va]Ve; and.bréaking the upper chamber to
atmoéphere. The various components of the dewar top works were
detachable, the couplings consisting of formed rubber gaskets with
snap action clamps. |

For operation with the sample at 4°K the he]fum gas surroundingb
it was held at a relatively high pressure (about 200 mm Hg) to ensﬁre
good heat transfer to the walls, which were anchored tb liquid helium
temperature (4°K)., Higher sample temperatures could be achieved by
usihg Tow helium gas pressure and mounting the sample in an open-
windowed brass cylinder to which a controlled heat input was supp]ied»
by an electrical winding, The cUrkent to the windinngas determined
by a bridge circuit which compared the resistance of a precision
platinum or germanium resistor mounted near the sample with a set
valve. Deviation and rate of deviation signals combined to operate
a servo motor on the heater circuit. For temperature?contro]]ed
operation a thin-walled (0.006 in) support tube was used to minimize-
heat losses by metallic conduction; for regular (4°K) operation a
sturdier (0.02 in) tube was more conVenient.

Two optical tail assemblies were available, The first had a
rectangular two-window geometry with 1/2 in open diameter windows

and was used for the work in section II of this thesis. The second;
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used in the present’work, was a three-window, 1/2 in open diameter

design suitable for measuring emission as well as absorption spectra,

Changing tail assemblies was a relatively simble matter;»the outer
tail had a rubber o-ring seal, the radiation shield was held in
firm metal-to-metal contact by screws, while the inner asSemb1y
was sealed to the base of the 1iquid helium pot with an indium metal
o-ring; which had to be cut and formed from indium wire each time
the tail was rep]aééd. -

Windows were held in position by epoxy. In general this was
sétjsfactdry'a1though on the one occasicn when a leak developed,

attempts to replace the windows (following manufacturers' instruc-

tions) resulted in shattering on the first cryogenic cycle and return

to the manufacturer was necessary., It should also be mentioned that .

the recommended heat softening of the epoxy in order to remove
windows was not effective, but overnight soaking in toluene was.

'S1iding masks of aluminum were made for the windows. In this
way each window could be blanked off or the open diameter reduced
as required for a particular experiment.

The dewar was supported by a mounting flange, with levelling

screws which rested on locating depressions in an aluminum annulus: .

the annulus, resting on a Dexion (slotted angle) aluminum framework,

could be translated or rotated and this, together with the use of

the levelling screws, enabled the tail of the dewar to be positiohed3.

precisely,

A liquid helium level indicator was used consisting of a numbefﬁv

of carbon resistors as sensors positioned at 2 in vertical intervals

i
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in'fhe 1iquid helium chamber; each resistor operated a relay to give
é viSua]}signa] indiéating whether it Was immersed in liquid or in
gas. Simplicity of reading this instrument was a great hélp since
it meant that more attention coqu be directed toward making the
spectroscopic measuréments. | |

" Pressure heasurements at various points in the system were
taken with thermocouple gages and with conventional bellows gages,

"As a guide to progress dur1ng dewar cool-down a micro- thermo-;?

couple was attached to the outer wall of the liquid helium chamber
" near the base of the tail, with the reference Junction held at 11qu1d
n1trogen temperature,

| Equipment auxiliary to the dewar (vacuum pumps, helium gas
.cylinder, gages, temperature contro]]ér, and liquid level indicator)
were a]T éontained withfn.one mobi]é cabinet (Figure III.8). Hoses
with standard LRL fittings connected the dewar to vacuum and gas
manifolds in the cabinet. | |

The analyzing mohochromator, a Jarrell-Ash 1 meter Czerny-Turner

scanning spectrometer-spectrograph, combined moderate speed (f 8.7)
with high reso]utionA(O.] A, which is about 1 cm™! in the near UV).
Curved slits were used so that with photo-electric detection maximum -
signal could be used without loss of resolution. The grating had
1180 grooves/mm and was b]azédvfor 3000 A,

The scan drive mechanism on the ihstrument was soﬁéwhat unusual
since instead of the conventional sine motion rotating the d1ffract1on
grat1ng, a cosecant motion was employed, and in consequence the scan 3

was linear in wavenumber instead of in wave]ength; This tvpe of
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drive was chosen to enable direct assessment of energy differences
between peaks on.a spectral recording and in general it can be said
that the choice was justified (see section 3d). The meéhanism how-
ever, was a prototype and unfortunate]y proved to be both difficult
to adjust to 11near1ty, and subject to long-term drift. The spectral
plots obta1ned while insufficiently accurate for measuring energy
differences were 1nva1uab]e as a v1sua1 gu1de in 1nterpret1ng data
from photographs | o |

Preliminary photographs of:any particu1ar spectrum were always
taken on 4 in x 5 in Polaroid filim. The photographs from which data
were extracted were taken on conventional 4 in x 5 in plates. These
were measured on avdigitizéd comparator as described in section 3d.

Calibration sources consisting of a series of rare gas arcs

provided lines in the region of the sample spectrum. These Tamps
(of the peh-1amp ﬁype) were reproducibly positioned in front-df the
éntkance slit of the monochromator by means df a Lucite block on the
lamp base which 1ocated in a matching recess on a Lucite sfand
mounted on the monochromatdr (Figure-III.6);

The entrance s1it mask used when taking photographs was of the‘
Hartmann dfaphragm type, and was modified as shown in Figure III,10

' to give overlapping spectra,

The photomultiplier tube was mounted directly to the exit slit
of the moﬁochromator, with 1/2 in black sbonge rubber providing a
simple light-tight fit. It was characterized by a high gain (ca,
108) and a very Tow dark current (0.3 na at 2000 A/L). A further

reduction of 10:1 in dark current was attained by surrounding the
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Figure III.10, Modified Hartmann diaphragm and portion of kesu]tingj

spectra.
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tube with a dry-ice cooled houSinQ, which was important with the Tow
Tight levels encountered in emission measurements (but see below re-

garding amplifier performance)

AmpTification system: Light incident.on the'sampie was modu-
iated by a mechanica]:Chopper driven at a frequency determined by a‘_
p]ug-in cikcuit in the signai ambiifier The signai generated by
the photo-tube across a 1 M 1% prec151on lToad resistor was led v1a
a matching connector to a differential 1nput preampiifier remote
from the main amplifier, Tne 1atter, a 1ock-1n 1nstrument, con-
sisted of (i) a filter amplifier with a ?e]ative]y narrow but flat- -
topped response centered around the_frequencyTOf the chopper'modu_
iafion,i(ii)'a synéhfenous recfifier triggered By a pulse from a
maghetic pickup on the chopper, thUs ensuring accurate lock-in, and
(iii) a smoothing output stage. | |

Siﬁce plug-in freqUenCy boards.were-used the choice of modu-
lTation frequency was restrieted The exact va]ue of frequency is
unimportant prov1ded that it is not a mu]tipie or sub-multiple of
any strongiy interfering frequency such as 60 Hz: however, order of
magnitude variations of frequency can affect the sensitivity of
measurement (an obvious example is that in emissioﬁ measurements
the reciprocal frequency should be long eompared with the lifetime
of the excited state). In the present cese three frequencies were
tested,rii.Bs 33.9, and 95 Hz, and since signal/noise was found to -
be the same in each case, 95 Hz was arbitrarily selected (or not
quite arbitrarily - the flickering at 11.3 Hz bore a disturbing

resemblance to the early days of cinema!),
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There was one unfortunate feature of the system wh1ch d1d not

: great]y affect the present 1nvest1gat1ons, but wh1ch cou]d have

caused prob]ems had the s1gna1 in em1ss1on exper1ments been much

Téwer. when subgected to sp1ke vo]tages, the filter amplifier

R resonated represent1ng a cons1derab1e 1oss in noise reJect1on

| capab111ty Where the phase re]at1onsh1p between sp1kes was ran-
‘ dom (as in photo -tube dark current) no d.c. output was recorded

" but the’ noise 1eve1 was ‘much h1gher than wou]d have been the case

" had the photo-tube (an’EMI 6256 S)'produced an equ?yalent dark
:current at a more continuous 1ow'teve1 | Attempts to’smooth the

1ncom1ng pu]ses by mod1fy1ng the f11ter c1rcu1t reduced the gain

proport1onate1y, and so perhaps a better approach might be to inves-

t1gate other tubes with different dark current character1st1cs

A Beckmann DK was used as the exc1tat1on monochromator to

select the des1red exciting energy band for emission stud1es | w1thv'

the slits wide open (2 mm) the bandw1dth was ca. 1500 cm -]

in the
v and this 1is the way the 1nstrument was usua]]v operated Cutg
of f was suff1c1ent1y sharp that 1nterference of exciting light w1th
emission measurements was neg]1g1b1e and so there was no advantage .
- in using a cut-off filter in front of the ana]yz1ng monochromator.
\UV grade quartz lenses were inserted at various points in the t:
system as shown on the following page. |
A]though originally provision was made to enclose thé:1ight
path, it Was}found that this was unnecessary since spectra cou]d v
vbe taken'with the room Tights on wi thout adverse effect. The-onjy E

- precaution taken was to shield the dewar from direct white light from

the xenon lamp during emission measurements,
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Open Focal Type of
diameter - length measurement ' Position

(in) (mm) ‘ o
(i) 1-3/8 50 . Both | In lamp housing"
(ii) 1-1/2 150 Absorption Between dewar and analyzing

‘ ' = monochromator
(iji) -100 Fluorescence  -Before excitation monochromator
(iv) " 75 L ' Between excitation monochroma-
tor and dewar,

(v) | 50 h Between déwar and analyzing =
R ' ' - monochromator - -
(vi) 150 BRI ~ Between dewar and analyzing

monochromator

To'réduce the effects of vibration (particularly from the coo]iﬁg
fan on the lamp housing) the analyzing monochromator was mounted on
a sturdy separate tab]e and é]] the other direct elements of fhe
system~(1émp, deWér, photo~tubé, chopper, excitation mohothromator;f
and lenses) on an adjacent table, Both mdnochromatbrs; 1éﬁsés (iif)
and (iv), and the photo-tube were kept in a fixed position. Thé
’xénon ]amﬁ, calibration Tamps, chopper, and vafﬁous 1enses»were
‘moved into posjtion as appropriate., Final "tuning" of the system ” 
was done by adjustihg the position of the dewar, sample, and (in |

emission studies) lens (v).

c) Procedure for measuring spectra

A-genekal description of the procedure is given here; details

of typica] operating conditions are tabulated as Appendix C, as follows:
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Table 1. “Absorption specfrum, photoelectric detection
TabTQ“Z,_ o S , photographic .
_ Tab1e 3, Fluorescence spectrum, photoelectric detection
Table 4, " ", photographic "

Table 5. Processing of photographic plates.

'f) Cooling of dewar, The dewar yacuum'jécket was pumped

6ut using a'méchanica] vacuum pump, flushed with a small amount of
air (to femove any"residua] helium gas), and repumpéd to a pkeésure
uof'ta. 2 microﬁs. Virtué]]y all of the gas.remaining.ig frozen out
at the temperature of liquid helium, N

Cooﬁing of.the dewar to 77°K was doﬁe simply by filling the
outer chamber (see Figure III.9) with liquid nitrogen, and keeping
the middle and innér chambers at about 1 atmosphere of helium gas.
Convection cooling from the top of the middle (Tiquid helium)
chamber reduced the dewar temperature to close to 77°K in about 4
hours, Comp]etion of this stage was indicated botﬁ'by the tempera-
turé of the mfcro-thermocoup]e af the base of the tail (see des-
cription of apparatus, section b) and by a levelling off of the
helium gas pfessure in . the middle chamber, A |

At this point the sample, pre-cooled to 77°K (see section,a);
was introduced to thé dewar; any subsequent sample changes were made»
with the dewar at 4°K. |

After raising the pressure in both middle and inner chambers td :
1 étmosphere with helium gas, 1iquid helium was transferred from.a |

.25 1 storage dewar, via a copper bellows transfer tube, to the
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middle”™ chamber of the optical'dewar, at a pressure of ca. 0.75 psig.
Transfer of about 2 Titers (up to sensor'#4:onvtne liquid Tevel
. indicator) took about 15 minutes, and fhiS'amount was usually enough
for the measurement of the absorption and fluorescence spectra of.
one samp]e. Under these conditions,of}re]ative]y high heiium Qas
pressure in the samp1e chamber, the temperature ofAthe sampfe (as
indicated by the temperature—cdntrol sample mount) very quickly
dropped to ca. 4°K. | |

_Nith liquid he]ium in the dewar the racuum jacket’pressure_was
<<] micron, measnred by thermocoup]e gage. This,_and elso the dis-
appearance of condensation (present at 77° K) from the Quter tail, '

indicated satisfactory functioning of the dewar,

ii) Measurement of the spectra, About 4 hours before'taking

spectra, photographic plates were removed from refrigerated storage
and allowed to warm up before loading into plate-holders: about 1
~hour before using the photo -tube, the hous1ng was filled with crushed

: dry ice and topped up later as necessary.

Absorption measurements : With the samp]e in place, the wh1te

light beam was passed through the water f11ter and dewar ta1] and 5
" condensed onto the analyzing monochromator. Signal opt1m1zat1on was
not critical in absorpt1on measurements, and could usuallv be atta1ned

sat1sfactor11y by visual observation. of the transm1tted Tight 1mage

on the slit.

*N.B. Not the inner (sample) chamber,




-83-

- A chart recordiné of‘the'speetrUm‘was then made; usihg photo-
~electric detectioh.i Because of the.wave]emgth-dependent scattering
from the métmix, it was not possible to maintaim»a’cohstant base-
- line and,‘scanning from higher.to lbmem‘energy, it wastsometimes
necessary to switch to.]owef.sensithity to keep the signal on
scale. _ | : |

The spectmum was then photographed, together with'suitab]e
calibration spectra (in this case neon and helium arcs). Polaroid
pictures were used as a gutde to the se]ectfon of wavé]ength regien.t
and expesqre time;'e Polaroid (type 57)/p1ate'(Kodak 103-0) expesure“
retio of close to ]’masrfeund suitable. Several phetographs’at
differentiexposures were taken on the 4 in x 5 in plates, which

Were-theh processed under the conditions given in Table 5, Appen- .

o dix C

F]uorescence measurements  After a]tering the apparatus to

- the correct geometry (F1gure II1I1.3) a suitable eicitihg bend was
selected and, with the samp]e at approximately 45° to the exciting
beam the analyzing monochromator wave]ength was set to receive
scattered light, wh1ch was of much h1gher intensity than the emis-
sion. Using photo-e]ectr1c detect1on the signal was rough]y |
maximized by‘adeSting the sample ang]e and the position of the
dewar and 1enses. This degree of "tuning" wés'adequate te allow

the experimenter to 1ocate the strongem peaks of the fluorescence

- spectrum, Then, with the analyzing monochromator sitting'on onetof:
these'peaks, the final tuning to give maximum emission signai

could be accomplished. The slit-width was selected to give as
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much signal as possible without compromising the resolution of the
Spectrumi R '

Polarity of the recorder was reversed with respect to absbrp-
tion measUrements so that, with the energy axis going in the same
Sense;»recordings-of1both-types of spectra would show peaks (rather
than troughs). | . |

Photo-electric and photographic he$surementsvof the spectrum

were then made in the same way as for the absbrption spectra, using.

~ argon, helium, and krypton arcs as calibration sources,

~d) Extraction and analysis of data

Details :of the computer programs which were used to treat
data will be found in Appendix D. Data deck set-up, Source.1istiﬁg"

and sample output are given for each.

| f)"ExtraCtion,of data f?om Ehotbgrgphic plates. The instru-

meht.used to meésure the plates'was an AMP-Cbmpakatok, housed in the“
Department of Astronomy, ahd kindly made availablie by Professor dJ. G;
"Phi11ips. It is shown in schematic form'ianigure ITI. 11, -

The plate to- be measured was attached to the transparent top of' 
a table which was driven in the X directioﬁ by a preciéion screw o
whoée rotatioha] movement was digitized. A collimated 1ight beam
shone vertically up through the plate and acted as the source bothvg
of an én]arged visual image of the plate and as the signé] to a
photomultiplier tube. By means of a rotating glass block ‘the beam

could be displaced laterally, so that a given spectral line was

. FUUOUUI J .
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Figure III,11, AMP Comparator forﬁmeasuring'spectral p]étes,
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swept across a slit in front of the photo-tube, The output of the
tube, connected to a synchronized osc1]1oscope gave a v1SUa1 dis-
play of the density profile of the spectral line, In fact two
images moving in opposition were used andfby.moying,the table

until they were brought into coincidence the line was poSifiohed
ready for measurement._ |

Where a molecular and ca]ibration»1ine were superposed, i

was n6cessény to move the tab]é.along thé Y-axis.to reach a non-
overlapping portion of the lines (see Figure II1.10); this required
a correction to be made to the X- ax1s pos1t10n because of the curved
shape of the spectral lines.

Lines were assigned a code wh1ch 1nd1cated whether they were

molecular or ca]1brat1on, and whether or not their: pos1t1on required’

correctlon
With the line zeroed into position,. the appropriate code button
on a panel was pushéd, causing the transfer of code, Tine position,

and line intensity via the digitizer to a card punch,

ii1) Processing of data, The cards comprised the data input

for the program RREDUK, which is a modified version by me of REDUKT,

obtained from Professor Phillips,

The first mode in which RREDUK is used is to identify the stan-

dards or calibration lines. Since the dispersion of a spectrograph- Q;

is, to zero order, linear with wavelength, a linear interpolation
between two known lines at the extremes of the spectrum is suffi-

ciently accurate to enable identification of the remaining lines
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by comparisoh with spettra] tables. The booklet "Typical Spectra

~ of Spectral Lamps", published by Oriel Optics Corporation, gave a

useful visua] guide to identification; actual wavelength values
were taken from the Ameriéan Institute of Physics Handbook, 2nd
Edition, Tables 7g. 'v |

v Aftér insertion of true wavelength valuesbof the standards
into the data detk; RREDUK operéteé.to expréss, by the method of
least squares, wavelength as an eighth (or‘less if desired) degfee A
po1ynomié] function bf position along the X-axis of the plate. The -

Teast éqUares fit is made twice, the second time excluding those

* standards whose deviatioh from the first fit exceeds a speéified‘

émouht (the discriminant),

Finally the wavelengths of the molecular Tines are obtained
by.substitutioh into this polynomial, and the va]ues:converted intov
wavenumbers iﬂ_!gégg. |

In the'spectra-preéented in-the next chapter, most of the lines
were ﬁeasured in this way. However, some weak lines which were not
detected on the plate were evident on the chart recording of the
spectrum, In such cases local 11neérity.of the recording with
wavenumber was assumed (see description of the analyzing monochro- )
mator, section (b) of this chapter) and the line position was
measured by referring it to the nearest line which had been measured
‘photographica11y. The estimated error in heasuring these lines is ;
1

+ 10 cm™ ', whereas in the most favorable case (a discrete narrow

Tine measured photographically) it is + 2 tm;]a
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To assist in ana]ysis of the spectra two further computer pro- -
grams were written by me, | -

The first of.these, VIBRAN, uses the punchéd output of RREDUK

as its data deck. It obtéins and orders energy differences between

lines, while keeping the information about the component lines in
step. Starting with the most obvious energy differences from the

main origin (e.g. ca. 390 énd 1400 cm"] in the case of anthracene),

which could be clearly spotted on the chart recording of the spec-3 .

trum, all pairsfdf 1ines with these differences were 1mmediate]v |
avai]ab]e from VIBRAN. The strongest lines not exp1a1ned on th1s
basis were then assumed to be fundamenta]s VIBRAN was aga1n con-
su]ted “and so on. |

1 5] 55 on the vibra-

Reference was - a]so made to published data
tional frequencies of anthracene, obtained in a variety of ways
vv( Ttra-vioTet 1nfra red, and Raman spectroscopy, 11qu1d and vapor
phase, pure and m1xed crysta]) ‘

Comparlson of spectra of the same molecule in different sol-

vents was useful in that lines common to all (referred in each case |
to' the main origin) could be assumed to be vibrational bands of the

main origin; lines peculiar to one so]vént were probably "multiplet".

components (see Introduction, Part I, and Results and discussion,

chapter 4 of this part of the thesis) or vibrational bands of theséf 

components

A complementary means of differentiating was to compare either .

the absorption and fluorescence spectra of the same system, or thé |
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(g¢g3 fluorescence) spectra of the deuterated and undeuterated
molecule fn the sémevsolvent; In these cases the multiplet com-
ponents proved’to-be in toincfdeﬁcé'(éee Chapter 4) whereas the
vibrational frequencies were not. | |

The othérrprogram, WISHFUL, was devised to SynthééizeISpectra )
From assﬁmed multiplet origins and vibrational fréquhcies. Em-
bfricaT rules were set up to determine the intensity ofvcombination
lines. A maximum of three vibrétioha] quanta per»]inéZWas used in -
fofminthhe ébmbihatiohs; and 1inés with an'inten$ity.1ess than
zero were ekcluded from the spectruh; ‘The final output ofhthe
program was a 1isting'of spectr31 Tines in ofderfdf 1ncfeé$ing
'énergy, tbgéthér with'thefr Composifioh and a visual indication
of their 1htensity (see Append1x D), The'program.cou1d of course
only be used after quite a Tot was known aboutvthé‘réal spectrum; v
its usefulness lay in the 1deﬁtification of the more difficult
lines, and also in detecting accidental degeneracies. »

Reference was made throughout analyses to the dhart,recordihgs'
of spectra, In particuTar, they gave the best indiéation of Tine
intensities;'thé values obtained from plates and used in RREDUK
aﬁd VIBRAN could be very mis]eéding; espééia]]y for abéorption
spectra, since no correction was made to the base1ine, or for
overlapping 1ines.‘AIhtensities in the main data fab]eé (chapter’

4) are based on visual estimates from the chart recordings.
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4. Results and discussion

a) Data tabIes

Absorpt1on and fluorescence spectra were taken at 4°K of |
anthracene and of [D O] anthracene in each of the following matr1ces
‘n-hexane, n-heptane, and n-octane. Typical examples ofrthese'spectra‘
are shown in Figure.III.IZ (photoeIectric recording)band Figure III.13
(phqtographic recording) | |

TabIes II1,1 through III 12 I1st the data obtained from the

Spectra as foI]ows

TabIe.III.I Absorption spectrum of anthracene in n-hexane at 4°K_
Table III.é FIuorescence " " " ) -i”,
Table II1.3 Absorption " o R n-heptahee,‘“
Table III.4 Fluorescence " LRI ‘. " .ft
Table III.5 Absorption . " . n-octane Eﬁ
Table IIII6 .FIuorescence ok PR vb "

- Table III.7 Absorptionv " CD]O]fanthracehe.in n-hexane "
Table III.8 Fluorescence " - g ' " ht
Table II1.9 Absorption "o oo : n-heptane xﬁ
Table III.10 Fluorescence " >- S _ K _ﬁ
Table III.11 Absorption ."l o ' n-octane vhﬁ

Table I11.12 Fluorescence  * - n ) Lo

Each table consists of a Iisting of the Tines observed in a given
spectrum, The energy (in cm']) of each line is given, its intensity,l
its displacement (av) from the origin(s) to which it has been assigned,

and its assignment,
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For the significance of the term "origin"'used heke, see

| Part I of the thesis and also section (d) of this chapter.

(1)

(i)

(iv)

(v)

The‘symbojs used for origins (0], 05, etc.) are arbi-
trary, 'Ih'partiCular'the symbols used for the same
samplé in-ébsdrpfion'and f]uoreécénce do not correspond.
‘A double asterisk has' been placed in front of one origin
in each'Spectruml(QLQQ **0c) 5 this is the origin which
givéé rise to the most intense vibronic $pectrum; and is
referred to in‘the dfécussion as the "main origin". . In:
no case was there'any ambiguity:about its selection,
"Tatt" sigﬁifies’Tattiée vibrational enefgy; Qee sectibn
(d) of this chapter. o

The majorify of 1fnes; designated by a simple humera1;
e.g. 15;IWere'measuredfphotographica11y. Lines desig-

nated by a numeral and a letter, e.g. ]Sa,lwere measured,

‘with a somewhat lower accuracy, from the chart recording

of the spectrum (see chapter 3, section.d), - In a very

few cases the existence of a line was inferred from other

‘data, although it was too weak to be observed; the energy

value of these lines is given in parentheses and no in-.

’tensity value is given,

(vi)

Abbreviations used for intensities are as follows:

vs = very strong . w = weak
s = strong ' . vw. = very weak
m = medium R VWW = very very weak: ...



" Table III.1
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Absorbtion spectrum of anthracene in n-hexane at 4°K.

{ No.-{Inten-| Energy Av(cm-1) Assignment .
sity |. A - :
] o {vlem™) 0, 02 0

1 -- [(26323) 0. -164 0,

Ta | w | 26447 0.l -40 0,

2 | s | 26487 0 i

3 s | 26509 22 **04 + latt,

4 w | 26723 400 1236 0, + 389 + 1

4a { w |.26836 389 1| 349 0, + 389

5 vs | 26876 ; 389 **04 + 389 -

'5a | w | 26900 413 | **0y + 389 + latt

5b | ww | 27096 609 **0, + 609

5¢ w | 27218 731 **0, + 731

6 m | 27265 778 **0, + 2x389

6a | w | 27350 | 1027 863 0, + 1018 + 9
deb | w | 27375 - 888 *%05 + 888

6c | w | 27480 1157 993 10, + 1155 + 2

6d w | 27505 1018 **0, + 1018

7 s | 27642 1155 **04 + 1155

8 m | 27722 1399 - 1235 0, + 1393 +6

ga | ww | 27784 1297 %0, + 1297
|8 | w | 27825 1502 1338 0, + 1497 + 5

9 vs | 27880 | 1557 1393 %0, + 1393;

A 03 + 389 + 1155 + 13
9a | ww | 27952 1454 **0, + 1465
10 m | 27984 1497 **x0, + 1497

.

e
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Table III.1 (continued). -

DA

{No. {Inten-| Energy _Av(cm']) Assignment
sity 1 - i
viem™'Yy 0, 0, **04
1 w | 28050 - 1563 | **0, + 1563
12 s | 28273 1786 **0, + 389 + 1393 + 4
13 m | 28377 1890 #50, + 389 + 1497 + 4;
: ' *%03 + 731 + 1155 + 4
14 w | 29037 2550 *404 + 1155 + 1393 + 2
15 m | 29277 2790 | %0, + 2x1393 + 4
16 w | 29379 2892, | **0, + 1393 + 1497 + 2

e e




Table IiI.Z Absorption.spectrum of anthracene im.n-heptane at 4°K,

vs

No. |Inten-| Energy avien™ty Assignment N
sity 4 — -
viem™'). '**0] ' 02 03
1 | vs | 26218 0 ' -m'] ‘
12 | vs | 26003 25 w0, + Latt,
3| s |e6268 | a6 0 o,
4 | s |26402 | 184 0 0,
s | s |26a1a | 196 12 } ' -
. 93 + Jatt
6 w | 26431 213 29 - .
7 | vs | 26608 390 | ey + 390
18 s | 26626 | 408 =0, + 390 + Tatt
9 | m |2663¢ | 416 %0+ 390 + latt
10 | w | 26785 567 33 3 03 +390 -7
1 w | 26805 587 403" |+, +586;
. 05 + 390+ Tatt
Na| w | 26880 662 ++0, + 662
12 w |2691 | 743 *0, + 743
13| s |26997 | 779 +*0, + 2x390 - 1
14 | w270 892 **0, + 892
15 | m |27246 | 1028 0, + 1028
16 | w |27278 | 1060 . ?
17 s | 27377, | 159 0, + 1159
18 [ w o | 27382 1164 #*0, + 3x390 - 6
18a| w | 27521 | 1303 v 7
19 | w |27551 | 1333 1149 | *%0, + 743 + 587 + 3;
' : : 03 + 1159 - 10
20 {ww | 27597 | 1379 **0, +2x390 + 587 + 12
21 27615 | 1397 1397 )
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Table I11.2 (continued),
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No. lInten-] Energy Av(cm']) Assignment
sity 1
= % k|
viem™ ") Q] 0, 0,
22 | m | 27640 1422 0, + 1307 + Tatt;
_ o *+0) + 390 + 1028 + 4
23 | w | 27682 | 1464 *%0, + 1464
24 m | 27721 1503 *%0, + 1503
25 m | 27768 1550 - | 1504 L %A+ 1550; .
**0) + 390 + 1159 + 1;
0) + 1503 + 1 -
25a | vww | 27796 | 1618 1 1394 0y + 1397 - 3
26 | w | 27911 | 1693 1509 04 + 1503 + 6
27 s | 28008 1790 *%0. + 390 + 1397 + 3
27a| ww | 28075 | 1857 **0, + 390 + 1464 + 3
28 | w | 28110 1892 %0, + 390 + 1503",1
29 w | 28397 2179 **Q, + 2x390 + 1397 + 2
30 [www | 28642 | 2428 **0, +1028 + 1397 - 1
3| ow | 28781 | 2563 *%0, + 1159 + 1397 + 7
32.1 wi | 28878 | 2660 *%0, + 1159 + 1503 - 2
330 m | 29019 2801 x40, + 2x1397 + 7
34 | w | 29083 2865 *%0, + 1397 + 1464 + 4
35 | w | 29120 | 2902 **0, + 1397 + 1503 + 2
36 | w | 29170 2952 **0. + 1397 + 1550 + 5.
_ *%0) + 390 + 1159 + 1397 + 6
37| ww | 29408 3190 **0, + 390 + 2x1397 + 6
38 | w | 29478 3260 *%0, + 390 + 1397 + 1464 + 9
39 | w | 29508 3290 *%0, + 390 + 1397 + 1503
40 | vww. | 30178 | 3960 *%0, + 1159 + 2x1397 + 7
41 | w | 30414 4196 %0, + 3x1397 + 5
42 | w | 30571 | 4353 **0, + 2x1397 +1550 + 9
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Table III.3 Absorption spectrum of anthracene im n-octane at 4°K,

“No. |Inten-| Energy’ : A,v(cm") Assignment
sity 4 - . :
viem™") **01 0, 03 04
1 | v | 26160 0 #+0,
2 m | 26172 " 0, + latt
2a | -- [(26832) | 2n 0 0, .
3 | vs | 26551 | 390 0, + 390
4 w | 26600, 439 .0 ©0,
" da | ww | 26628 467 | 0 0,
a5 | we | 267517 | 590 | *40, "+ 590
dc | wi | 26822 661 | 390 | 0, + 390;
A 02 + 661
5 | w | 26005 | 744 0, + 744 |
6 | m | 2690 | 780 A0, + 25390
7 m | 26987 826 387 05 + 390 - 3
7a | w | 21017 | 86 389 | 0,+390-1
7| we | 27052 | . 891 ' #40, + 891
8 | w |2ns | 1029 ~#0, + 1029 ’
8a | w | 27220 | 1059 | 788 | 0, + 2x390 + 8;
| 0% +.390 + 66148
9 s | 27321 | 1m0 | w4 neo
0 | w | 2333 | Nz #%0, + 3x390 + 2
10a| ww- '.,_27374j 1213 774 _ - 03+ 2x390 - 6
10b | v | 27401 | 1240 | 73 04 + 2x390 - 7
10c| vww | 27459 | 1298 0, + 1298,
N | vs | 27563 | ‘1402 **o]' + 1402
12 w | 27631 | 1470 **0, + 1470
12a| w | 27648° | 1487 40, + 2x744 - 1

LS

)



o

Table III.3 (cqntinded)

29351

**0]

No, |Inten- .Energy i} 'Av(Cm']) Assignment
sity _‘_] — -
v(em™ )} *0; 10, | 0

13| w | 27666 | 1505 **0, + 1505

1| w [ 17716 | 1555 0, + 1555

15 | vww | 17755 | 1594 1155 " 05+ 1160 - 5

16| s | 27952 | 1791 | **0, + 390 + 1402 -
17| w | 27996 | 1835 1396 ' 0, + 1402 - 6

17a] w | 28027 | 1866 *40, + 390 + 1470 + 6
18| w | 28052 | 1891 '**o] + 390 + 1505 - 4
19 w | 28341 | 2180 **0, + 2x390 + 1402 - 2
19a vww | 28381 | 2220 1781 05+ 390 + 1402 - 11 -
19b| www | 28595 | 2434 ' 0. + 1029 + 1402 + 3
20 W 28725 | 2564 0, + 1160 + 1402 + 2
21| m | 28963 | 2802 *%0, + 2x1402 - 2

22 | ww | 29039 | 2878 *%0, + 1402 + 1470 + 6
23| w | 29063 | 2902° *0, 4 1402 + 1505 - 5
26 | w | 29118 | 2957 **0, + 1402 + 1555

25| ww 3190 390 + 2x1402 - 4




Table 111.4 'F1-uore_scencé_ spectrum of anthracene in n-hexane at 4°K.

21

00-

No. {Inten-| Energy av(em™ ') Assignment .
sity 1 o —
= *°
viem™') 0] _02_ ‘
1 | vww | 23285 | 3201 *+0. - 1563 - 1638
2 |ww | 23365 | 3121 **0, - 2x1563 + 5
3 | vw | 23846 | 3040 *%0, - 1409 - 1638 + 7 -
4 | vw |-23522 | 2964 *%0, - 395 - 1164 - 1409 + 4
5 w | 23673 | 2813 **0, - 2x1409 + 5
6 | vww | 23812 2674 '**oi - 1265 - 1409
7 | vw | 23015 | 2571 **0, - 1164 - 1409+ 2
8 | w | 24455 | 2031 *%0, - 395 - 1638 + 2;
, ; *+0) - 627 - 1409 + 5
9 w | 24529 1957 *%0. - 395 - 1563 + 1
*%0) - 2x395 - 1164 - 3
10 | m | 24685 | 1801 | 1638 | *0, - 395 - 1409 + 3;
_ ' 0, - 1638 .
11| w | 24755 | 1731 | 1568 0, - 1563 - 5
1a| ww | 24824 | -1662 **0, - 395 - 1265 - 2
12| m | 24888 | 1638 #%0, - 1638
13 s | 24923 | 1563 | 1400 | **0, - 1563;
*+0) - 395 1 1164 - 4;
0y~ 1409 + 9
14 | vs | 25077 1409 **0, - 1409
l4a| vww | 25151 1335 | 1172 | 0, - 1164 - 8
15| w | 25221 1265 *+0, - 1265
“15a| vww | 25209 | 1253 *%0, - 24627 + 1
15b] ww | 25300 | 1186 *%0, = 3x395 - 1
16 | m | 25322 | 1164 *%0, - 1164
16a| vww | 25467 | 1019 x40, - 395 - 627 + 3
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Table 111.4 (continued).

No.|Inten-] Energy Av(cm']) Assignment -
. sity 1 ‘

vlem ') [ **04 0,
7l w | 25608 | 792 | *%0, - 2x395 - 2.
18 | vw | 25732 754 **Q, - 754 '
19 | ww | 25859 627 - %0, - 627
20| w | 25929 557 | 394 0, - 395 + 1
20al ww | 26063 423 **0, - 395 - latt
21| wvs | 26091 395 **0, - 395
21al ww | 26298 188 25 0, - latt
22| m | 26323 163 0 0,
23| m | 26862 24 0, - latt
26 | vs | 26486 0 -,
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Table II1.5 Fluorescence spectrum of énthracene in n-heptane at 4°K.

No, [Inten-{ Energy Av(cm'l) Assignment
sity T :
= . kK
vicm™") 0, 04 04 | **0g
1 | www | 22931 3285 | 2
2 | vw | 22938 13278 | *0, - 2x1638 - 2
3 | vw | 23177 3039 **0. - 1406 - 1638 + 5
4 | vww | 23249 2967 | **0; - 1406 - 1564 + 3 -
5 | ww | 23406 3201 2810 | %0 - 2x1406 + 2;
03 - 392 - 2x1406 + 3
6 | vww | 234971 ° 2725 | **0. - 1162 - 1564 + 1
7 1 www | 23550 2666 | **0y - 1265 - 1406 + 5 .
8 vw .| 23554 3053 | 2662 | 0, - 1406 - 1638 - 9
9 | vww | 23585 2813 2631:( 05 - 2x1406 - 1
10 ww | 23649 2567 .| **0g - 1162 - 1406 + 1
11 | vww | 23798 2809 2418 0, - 2x1406 + 3
: | *+*05 - 2x392 - 1638 + 4
Ma| vw | 24025 2191 | **0. - 2x392 - 1406 - 1
12| w | 24185 2031° | **0; - 392 - 1638 - 1;
A 07 - 624 - 1406 - 1
12a| vww | 24210 2188 2006 05 - 2x392 - 1406 + 2
137 w | 24258 1958 | **0; - 392 - 1564 - 2
144w | 24416 2191, 1800 | **0; - 392 - 1406 - 2:.
_ 03 - 2x392 - 1406 - 1
14a| ww | 24441 1957 1775 05 - 392 - 1564 - 1
14b] ww | 24555 1661 | **0. - 392 - 1265 - .
15 m | 24578 2029 . 1638 | **0, - 1638: 1
_ 03 - 392 - 1638 + 1°
15a| ww | 24603 1795 1613 05 - 392 - 1406 + 3
16 s | 24652 1955 1564 | **0. - 1564;
0 - 392 - 1564 + 1
17 m | 24659 1557 | **0. - 392 - 1162 - 3.

PR 5.1 TV N



Table II1.,5 {(continued},
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No. |Inten-| Energy | Av(cm']) Assignment
.1 sity 1 - -
(N fv{em™) 0] 02 03 04 ) **05
18 | vww | 24705 1511 | **0 - 2x757 + 3
19 | ww | 24765 1633 1451 | 05 - 1638 + 5
19a| w | 24788 - | 1428 | **0; - 1406 - 1att
20 | vs | 24810 1797 | 1406 | 0. - 1406;
: : 03 - 392 - 1406 + 1
21 w | 24837 1561 | 1411 | 1379 0, - 1564 + 3;
_ ‘ 0y - 1406 - 5.
22 | m | 2495 1656 1265 | **0; - 1265; _
: ‘ 05 - 392 - 1265+
23 m | 24961 1255 ?
26 | m | 24970 1637 |. 1246 0, - 1638 + 1
25 w | 24980° " as 1236 0, - 1406 - latt
26 m | 24988 1410 1228 05 - 1406 - 4
27| w | 25034 1182 | **0; - 3x392 - 6;
07 - 1162 - latt
28 m | 25054 1553 1162 | **0, - 1162;
‘ 05 - 392 - 1162 + 1
29 | w | 25137 1261 1089 | 05- 1265 + 4
30 | vw | 25172 | 1004 | 0, - 1406 - Tatt
31 | vw | 25180 1427 1036 0, - 1406 - latt
32 m | 25201 1406 1015 0, 1406 ;
v **0Z - 392 - 624 + 1
33 | vww | 25235 1163 - 981 0y - 1162 - 1
33a| vww | 25260 [1405 956 0, - 1406 + 1
38 | ww | 25345 | 1262 871 0, - 1265 + 3
'35 | ww | 25428 1179 788 | **0. - 2x392 - 4:
' 03 - 3x392 - 3
36 | w | 25442 1163 774 0, - 1162 - 1




Table II1.5 (continued).
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NO-;lnten- Energy sv(em™) Assignment
sity R -
- v(em ) 0, | 05 [ 0, [0,
37 | w | 25459 757 | *%0; - 757
38 w | 25502 628 05 - 624
38al vww | 25615 783 601 | © 05 - 2x302 + 1
39 | vw | 25806 _ 410 | +0, - 392 - Tatt
10 | vs | 25824 783 392 | *+*0; - 392,
0y - 2x392 + 1
4 | ww | 25853 | 395 | 363 4 - 392 -3
82 | w | 25082 416 | 2 | 0y - 302 - tatt
43w | 25094 404 222 | 0, - 392 - Tatt
s | w | 26007 391 209 | 05 - 392+
55 | w | 26061 ) 155 | 0
46 | m | 26198 18 | +*0g - Tatt;
o 03 - 392 - Tatt
47 | m | 26216 391 0 | *%0.: 0, - 392 + 1
48 | wu | 26248 0o |32 o ‘
49 m | 26372 26 156 ‘03'- Tatt
50 | s | 26384 14 168 | 0, - latt
51 | m | 26398 ) 182 | 0y
52 | w | 26579 28 t 13| o, - latt
530 m | 26607 0 391 | 0, |
54 | ww | 26665 -9 | o,

iy
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Tab1e II1.6. Fluorescence spectrum of anthracene in n-octane at 4K,

te

No.|Inten-| Energy :-: Av(cm']) o | Assignment
: sity | 1 - : :
. , = _
wlem) [0, [0, |0y |0, | o5k, [0, o
1 | w | 24033 2567 _- 2129 1] 0,-m65 - 1407 + 5
2 | w | 2427 : 2035 - =0, - 302 - 1602 - 1
. L . : %02 - 625 - 1407 - 3
3| w | 24199 | - | 1963 | #v0g - 392 - 1569 - 2
4 | w | 24209 ] 1953 | . 0, - 2x392 - 1165 - 4
5 | m | 24356 |8 | 0, - 392 - 1411 - 3
6 | w | 24499 ' : T 1663 |0, - 1842 - Tatt;
- | _ **0° _ 392 . 1260 - 11
7 m | 24520 1642 | *+0 - 1642
8 | vw | 24532 {1803 1630 0, --392 - 1407 - 4.
9 | w | 24573 _ | 1589 1404 | *%0, - 1569 - latt;
. u ' ' ©] g - 1407 + 3
0| s .| 24593 o 1569 | | |+, - 1569
n| o | 24602 1560 1411 0 - 392 - 1165 - 3;
: 05 - 1407 - 4
12 | vw | 24644 1956 - 1518" W0, - 2x760 + 25
05 - 392 - 1569 + 5
13 | vww | 24654 1946 | 1508 0, - 2x392 - 1165 + 3
14 | vww | 24677 [1953 ' | 1485 0, - 2x392 - 1165 - 4
15 | vww | 24731 - 1431 ' **05 - 1407 - Tatt
16 | v | 24742 1| 180 [0 - 1407 - latt
16a| vs | 24751 1411 **0c - 1411 '
17 | vs | 24755 ' 1407 **0, - 1407
18| w | 24773 1562 | | 1389 0, - 1569 + 7;
v 0f - 392 - 1165 - 5.
19 | w | 24800 1800 | | 1362 0, -392 - 1407 - 1"
20 | www [ 24872 1560 ] 1290 05 - 1569 + 9




Table II1,6

(continued).

~106-

No.:Inten, Energy av(em™1) Assignment
sity |. 1 7 )
= Pkl . .
v(em™) [0, | 0, 0y | 05 [*0g |0,
21 | w | 24893 1442 {1269 04 - 1407 - Tatt ?
22 m .| 24902 | 1260 **0, - 1260
23 w | 24928 1407 1234 | 0, - 1407
24 wo| 24936 11664 1226 0, - 392 - 1260 -12
25 m | 24965 1635 1197 0, - 1642 + 7 -
26 w | 24977 (1653 1185 #*0c - 3x392 - 9;
_ 07 - 1642 - 11
27 s | 24997 _ 1165 %0, - 1165 -
28 | m | 25039 1 1561 1123 0, - 1569 + 8;
I v 05 - 392 - 1165 - 4
29 | w | 25069 |1561 1 1093 0, - 1569 + 8;
- T s 0y - 392 - 1165 - 4
30 | vw | 25095 1067 ?
31 | vw | 25150 1012 **Q, - 392 - 625 + 5
32 | vww | 25179 1421 983 0, - 1407 - latt
33 m | 25198 1402 964 0, - 1407 + 5
3¢ | w | 25227 [1403 935 | 786 0, - 1407 + 4;
» 0, - 2x392 - 2 -
35 w | 25340 1260 822 0, - 1260
36 | w | 25352 ‘ 810 0 - 2x392 - Tatt ?
37 Wo| 25377 785 0, - 2x392 - 1
38 | w | 25402 787 | 760 **0, - 760;
0p - 2x3%2 - 3
39 | vww | 25419 1181 743 0, - 3x392 - 5
a0 | w | 25438 1162 724 0, - 1165+ 3
a1 | w | 25467 [1163 695 0, - 1165 + 2
42 | w | 25537 | 625 **0g - 625
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No.'|Inten-| -Energy Av(cm']) “Assignment
sity |- O T : ' '
v(cm™') 0, 0, 04 05 _ 06
43 | w | 25750 ne. **0, - 392 - latt
4 | vs | 25770 392 0, - 392
45 | wi | 25819 78] 343 0, - 2x392 + 3
46 | w | 25850 | 780 ' 32 0, - 2x392 + 4
a6a| vww | 25940 395 222 0, - 392 -3
47 | vww | 25977 185 Og
48 | w | 26013 149 0,
49 | m | 26130 - 32 }
Lo %3k
50 | m | 26142 20 Og - latt
51 | m | 26162 0 **0,
52| vw | 26189 an o -27 0g: 0, - 392 - Tatt
53 | m | 26209 391 47 0, - 392 + 1
54 | w | 26238 | 392 -76 0, - 392
55 1. vww 26314 21 -152 04 - latt
56 | w | 26335 0 2173 0,
57 | w | 26432 -270 05
58 | www | 26542 -380
59 | ww | 26559 -397 0, - Tatt
60 | w | 26580 20 418 _
61 | s | 26600 0 -438 0,
62 | m | 26630 | 0| -468 0
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n-hexane at 4°K.

. Table II1.7. Absorption spectrum of.[Dlo]-anthracene in

No.|Inten-| Energy Av(cm‘]) Assignment
sity -1 -
v(cm_ ) 0, **02
Oa | -- |(26397) ' 0o | -156 0,
S 0b [ .- [(26553) 0 | *0,
1 w | 26575 22 | **0, + latt
2 | w | 26766 369 | 213 | 0,+379-10
3 vs | 26932 379 | *%0, + 379
3a | ww | 26952 £ 399 | %0, + 379 + latt
3b | ww | 27244 691 | *¥*0, + 691
4 | w | 27309 756 | *%0, + 2x379 - 2
ba | ww | 27334 781 | *%0, + 781
5 m | 27386 833 | **0, + 833
5a | w | 27839 | 1442 | 1286 0) + 1443 - |
6 vs | 27935 11382 | **0, + 1382
7 vs | 27945 1392 **0, + 1392
8 w | 27960 1407 **0, + 1382 + latt
9 | vs | 27996 1443 | *%0, + 1443
10| w | 28051 | 1498 ?
mn w | 28075 1522 | **0, + 1522
Nal w | 28214 1817 | 1661 | 0, +379 + 1443 - 5
12 m | 28312 1759 | *%0, + 379 + 1382 - 2
13 m | 28320 1767 | **0, + 379 + 1392 - 4
14 m | 28371 1818 | **0, + 379 +1443 - 4

by
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Table II1.8 _ Absorption spectfum of [Dlo]-anthracene in n-hebtgne at 4°K,

No, {Inten- Energy.i | Av(cm']) ‘ ] Assignment
ity A ' . T
viem™ ') **O]' 02 03

1| vs | 26285 0 | S **bi
2 | vs | 26310 25 **0, + latt

da | -- |(ea67) | 182 | o | -0,
3 vs | 26661 376 | **0, + 376
3a | -- |(26675) 390 | o 0;
4 s | 26688 | 403 e **0, + 376 + latt
5 | w | 26854 | se9 | 387 | 0,36 4y

- ##0% + 569

6 W | 26973 688 **0, + 688
7 | w | 26989 704 | %0, + 688 + Tatt
8 s | 27037 2 | | w0, + 20376
9 w | 27047 762 : 372 05 + 376 - 4
0| w | 27070 788 | *%0, + 785
nl s | eni 829 R N I -2
Nal w | 27139 854 #%0, + 829 + latt

S Tb| w | 27354 | 1069 *%0, + 376 + 688 + 5
2| w | 2zare | 1134 | . | o0, + 3x376 + 6
12a) v | 27449 | 1164 | *%0, + 376 + 785 + 3
3| m | 27491 | 1206 : *40. + 376 + 829 + 1
14 | vs | 27672 | 1387 | w0+ 1387
15| s | 27686 | 1401 0, + 1401
6 s | 207 | w422 | **0, + 1387 + Tatt?
17 | v | 2727 | ea2 | w40, + 1442
17al w | 27752 | 1467 ‘ | w*0; + 1442 + Tatt
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"1 No.

Inten-| Energy Av(cm']) Assignment
sity -1 - - s
viem™") **0] 0,

18| m | 17802 | 1517 _ #%0, + 1517
19 | ww | 27848 1563 | 1381 0, + 1387 - 6
20 | ww | 27946 | 1661 0. + 24829 + 3
21 | s | 28089 | 1764 *%0, + 376 + 1387 + 1
22| 'm | 28063 1778 *0, + 376 + 1401 + 1
23 m { 28087 1802 0, + 376 + 1387 + latt?
24 | s | 28103 | 1818 %0, + 376 4 1442,
25 | vww | 28130 1845 *%0, + 376 + 1442 + Tatt
26 | w | 28188 | 1903 %0, + 376 + 1517 + 10
27 | vw | 28223 1938 | 1756 0, + 376+ 1387 -7
27a| vww | 28356 | 20m *%0, + 688 + 1387 - 4
28 | w | 2826 | 21:1 *0, + 2x376 + 1387 + 2
28a| w | 28456 2 **Q, + 785 + 1387 - 1
28b| ww | 28479 | 2194 : **0, + 2x376 + 1442;

, *40) + 829 + 1401 - 3
29 | ww | 28499 2214 **0, + 829 + 1387 - 2
30 | vww | 28512 2027 %0, + 785 + 1442
30a| ww | 28554 2269 0, + 2x376 + 1517;
_ w01 + 829 + 1442 -2
30b| ww | 28649 | 2364 **0, + 829 + 1517 + 182
30c| vvw 28804 | 2519 **0, + 3x376 + 1387 + 4
30d| w | 28885 | 2600 **0, + 376 + 829 + 1387 + 8
30e| ww | 28935 | 2650 *+0, + 376 + 829 + 1442 + 3
30| vww | 29025 | 2740 0, + 376 + 829 + 1517 + 187
3] m | 29065 | 2780 **0, + 2x1387 + 6




e

- Table III.8 (‘continued),_'

ST

No, [Inten-| Energy Av(cm"]) Ass"ivgbment .
sity BE , ’ '
v(;m 0) **01 ‘ _02 . O3

32 m | 29114 |- 2829 %0, + 1387 + 1442

33| w | 29144 2859 40, + 1387 + 1442 + latt

34 w | 29166 2881 **0, 2x1442 - 3
34a| vww | 29206 2921 **0, + 1401 + 1517 + 3

3b|- w | 29256 | 2971 **Q, 1482 + 1517 + 122

35 | w | 29438 -| 3153 **Q, + 376 + 2x1387 + 3

36 w | 29490 3205 **0, 376 + 5387 + 1442
37 | w | 29521 3236 *%0, + 376 + 1387 + 1442 + latt
38 | w | 29541 3256 **0, + 376 + 2x1442 - 4
38a| ww | 29621 | 3336 *%0, 376 + 1442+ 1517 + 1




Table III1,9 “Absorption spectrum of [Dlo];anthracene'in n-octane at 4°K

122

No. | Inten- Enefgy Av(cm']) Assignment -
| sity _]' v - :
vlem™) [**0y . | 0, .05
1 | s | 26227 o | **0,
2 | s |23 | 12 0, + latt -
3 w | 26263 36 '
o _artifact, see Chapter 4,
4, W 26300 73 .r§ section (d)
4a | -- |(26500) | 273 | 0 0,
5 | vs | 26602 375 *50, + 375
5a | ww | 26666 439 0 Oy
5b | vww | 26791 564 **0, + 564
S 5c | ww | 26873 646° | 373 0, + 375 - 2
5d | w | 26917 690 **0, + 690
"6 m | 26977 750 **0, + 2x375
S 6a | w | 27015 788 **Q, + 788
7 m | 27040 813 374 04+ 375 - 1
8 | m | 27056 |- 829 **0, + 829
9 w | 27432 1205 *%0, + 375+ 829 + 1
10| w | 27a91 | 1264 825 05 + 829 - 4
N vs | 27613 1386 *%0, + 1386
12 s | 27628 1404 **0, + 1404
13 s | 27651 1424 RXQ + 1386 + latt
14| vs | 27670 | 1443 **0, + 1443
15 m | 27757 1530 **0, + 1530
15a] w | 27787 1560 7
16| s | 27989 1762 **0, + 375 + 1386 + 1
17 | w | 28002 1775 2

&

T

5 J
d

U -\

(&

e e i st v e
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Table I11.9 (continued). .

No. |Inten-| Energy | av(en™h)

25 w | 29480 3253

**0]

Assignment
sity |- ) )
v(cm_ ) **0] 02 03

18 | ww |-28031 | 1804 0, 375 + 1386 + latt

19| s | 28042 | 1815 0, + 375 + 1443 - 3 -

19a] w | 28106 1879° | . 1440 04 1443 - 3

20 | w | 28131 1904 . *%0, + 375 + 1530 - 1.

20a| vww | 28362 2135 *%0, + 2x375 + 1386 - 1

21 w | 28817 2190 0, + 2x375 + 1443 - 3

2tal ww | 28445 2218 *%0, + 829 + 1386 + 3

21b| ww | 28482 | 2255 1816 05 + 375 + 1443 - 2

21c| ww | 28498 | 227 ' **0, 820 + 1443 - 1

21d| vww | 28815 2588 **0; + 375 + 829 + 1386 - 2
21| vw | 28875 2648 %0, + 375 + 829 + 1443 + 1
2f w | 29003 2776 0, + 2x1386 + 4 '

22 m | 29055 2828 **oT‘ 1386 + 1443 - 1.

23 w | 29107 2880 **Oj. 2x1443 - 6

24 | ‘ww | 29430 3203 %0, + 375 + 1386 + 1443 -

375 + 2x1443 - 8
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Table III,10  Fluorescence spéctrum of [Dyy]-anthracene in

. n-hexané:at 4°K,

No. |Inten-| Eneray | Av(cm"])‘ Assignment
sity 1 - . '
= * %
V(.C“" . ) | 9] QZ
1| www | 23536 | 3017
2 | ww | 23551 | 3002 %0, - 1389 - 1617 + 4
3 | w | 23627 | 2926 **0, - 1389 - 1542 + 5
4 | ww | 23750 | 2803 %%, - 2x1389 - Tatt
5 | vw | 23764 | 2789 *+0. - 1389 - 1402 + 2
6 | wi | 23779 | 2774 0 - 21389 + 4
7 | w | 2e857 | 1996 *%0, - 379 - 1617
8 w | 24631 | 1922 | 1766 | **0; - 379 - 1542 1
o _ : 0y - 379 - 1389 + 2
9 w | 24756 | 1797 **0, - 379 - 1389 - latt
0] w | 24771 | 1782 **0, - 379 - 1402 - |
M| m | 20788 | 1769 | 1613 | **0, - 379 - 1389 - 1;
o 0y - 1617 + 4
Na| w | 24866 | 1687 | 1531 0, - 1542 + 11
12| m | 24936 | 1617 **0, - 1617
13| s | 25011 | 1542 | 1386 | **0, - 1542;
0, - 1389 + 3
14| s | 25021 | 1532 *%0, - 379 - 1155 + 2
15 m | 25137 1416 **0, - 1389 - latt
16 | s | 25181 | 1402 **0, - 1402
7 | vs | 25164 | 1389 **0, - 1389
18 | vww | 25338 | 1215 *%0, - 379 - 835 - 1
19 | w | 25308 | 1155 *+0, - 1155

e
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Table ITI.10 (continued).

No. [Inten-| Energy Av(cm']-). | Nséii:gnment ‘

sity -1 -

v(em _) **0] 02

20| w |27 | 83 **Qy - 835
21| w | 25795 | ‘758 Q@ - 2x379
22 | vww | 25846 | 707 *4qy - 707
23 | v | 25054 | 599 | **Qy - 599
26 | w | 26019 53 | 378 | B, 379 41
25 | vs | 26174 379 | *0p - 379
26 | w | 26376 77 | @ 0 - Tatt
27| m | 26397 1% | o0 0,
28 | m | 26505 48 **Qy - Tatt.
29 | ‘vs | 26530 - 23 **Qp - Tatt
30 | ws | 26553 0 w0y
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Table I11.11 ?1uorescénce spectrum of {D]O]—anthraceng in n-heptane at 4°K

No. [Inten- Ene;gy av(em™) '.Aésignheﬁtv
sity B | 1 i .

v{em™ ") 02 0, 0y 05 | **0g4
1| v | 23125 3159 | *%0, - 380 - 2x1391 * 3
2 | ww | 2320 3079 | **0 - 2x1545 +11 ?
3 | vww | 23259 3025 | **0 - 1406 - 1619
s | w | 23276 3008 | **0g - 1391 - 1619 + 2
5 | w | 23350 12930 | %0, - 1391 - 1545 + 2
6 | vw | 23457 3010 2827 | - 04 - 1391 - 1619
7 | we | 2347 2813 | *%0; - 2x1406-- 1
8 w | 23482 2802 | *0¢ - 2x1391 - latt
9 w | 23487 2797 | **0g - 1391 - 1406
10| m | 23504 2780 | *0, - 2x1391 + 2
N | vw | 23720 2564 | *%0, - 1158 - 1406
12 | ww | 23735 2549 **0 - 1158 - 1391
13 | vw | 23004 2380 *%0g - 835 - 1545
14 | v | 23911 2373 | #%05 - 2x380 - 1619 + 6
15 | vww | 23985 2299 | *%0, - 2x380 - 1545 + 6
16 | vww | 24047 2237 | **0, - 835 - 1406 + 4
17| w | 24060 2224 | %0, - 835 - 1391 + 2
18] w | 24135 2149 | **0. - 2x380 - 1391 + 2
19 | vww | 24183 2101 **b6 712 - 1391 + 2
20 | w | 24287 1997 | %0, - 380 - 1619 + 2;

: *%0% _ 835 - 1158 - 4
21| w | 24359 1925 | **0, - 380 - 1545

"22 | w | 24480 1804 | *%0, - 380 - 1391 - latt

23| w | 24497 1787 | **0, - 380 - 1406 - 1
28 | w | 24514, 1770 | **0¢ - 380 - 1391 + 1




Table II1. 11 (continued)"
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No.|Inten-| Energy Av(cm']) Assignment
sity 1
NI EREN )
25 | m | 24665 . 1619} **0. - 1619
26 | www | 24692 1761 1592 § 05 - 380 - 1391 + 10;
: | f 07 - 2x380 - 835 + 3
27| s | 26739 1545 | *+0, - 1545, )
- **02 _ 380 - 1158 - 7
28 m | 24860 1424 - **0. - 1391 - latt
29 | s | 24878 1406 | *+0; - 1406
30 | vs | 24893 1301 *40¢ - 139]
31w | 24922 1 1545 1393 | 1362 0, - 1545;
v _ T 07 - 1391 - 2
32 | v | 22037 1395 1 11347 | 0, - 1391 - 4
33| ww | 25057 |1618 ' 1227 | 0, - 1619 + 1
3¢ | w | 25068 {1216 | **0, - 380 - 835 - 1
35 | w | 2508 | 1386 1203 | 03 -.1391 + 5
6| w 25126 [1549 1158 : *0. - 1158;
05 - 1585 -4
37 | vw | 25142 naz | 05 - 3x380 - 2
37al vww | 25188 L {1096 | =0, - 380 - 712 - 4
8 [ w | 25258 [1417 11026 ‘| 0, - 1391 - latt
39 | w | 25273 | 0.4 2
4 | w | 25287 |1388 997 | 0, - 1391 +3
a1 | mo| 25449 835 | =0, - 835
1 a2 { v | 25077 83 | 807 | - 05 - 835 - 3
43 | w | 25524 760 **0p - 2x380
4 | ww | 25572 112 | %0, - 712
45 | ww | 25682 602 | **0, -.602
46 | www | 25748 719 536 0, - 712 2 7




Table 1I1.11 '(continued).

No. Inten- Energy Av(cm']) : Assignmenf
Sity ) -1 y
: v(cm ) 02- 03 04 05 , **06
47| ww | 25837 | 838 - | a7 0, - 835 - 3
a7a] w | 25876 408 | %0, - 380 - Tatt
48'. vs | 25904 380 | **0, - 380
49 | ww | 25933 3824 351 0g - 380 - 2
50 | vw | 25952 - 380 | 332 0y - 380"
[ 51| w | 26076 391 | 208 05 - 380 - latt
52 | w | 26090 377 - 194 0y - 380 + 3
53 '_vvw 26110 174 010
54 | ww | 26131 153 0
UB5 | www | 26174 110 0g
55a] w | .26221 63 0,
56 s | 26263 21 | **0c - latt’
57 { s | 26284 0 | o,
58 | ww | 26296 | 379 12 |0, -380 + 1
59 | ww | 26315 0} -31 0
60 | vw | 26332 0 -48 0,
61 { ww | 26442 25 ass | 05 - latt
62 | w | 26453 14 -169 Oy < latt
.63 w | 26467 0 -183 0,
64 | ww | 26647 28 -363 0, - latt
65 | m | 26675 0 -391 0,
65a| vww | 26730 -446 0,

)
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Table III.12 Fluorescence spectrum of [Dw]-anthvracene fm n-octane at 4°K. .

No. [Inten-] Energy | Av(cm']) Rssignment
sity | -1 - - - ‘
v(em™)) o, [0y o | o
1 | vw | 23220 \ 3006 | **@ - 1391 - 1519'+ 4
2 | w | 2320 12934 | * - 1391 - 1545 + 2
3 | ww | 23428 2798 | **@ - 1391 - 1407°
4 | w | 23047 2779 | %Gy - 21391 + 3
5 | vww. | 23679 2547 | »@; - 1159 - 1391 + 3
6 | vw | 23745 2481 | **@g - 378 - 713 - 1391 + 1
7 | vw | 23999 2027 | **0g - 836 - 1391
8 | vw | 24080 2146 | g - 2x378 - 1391 + 1
9 | w | 2823 1995 | *@g - 378 - 1619 + 2
10 | w | 24307 1925 **0g - 378 - 1545 - 2
N ow | 2em 1915 | **0 - 2x378 - 1159
12 w | 28421 1805.| **0 - 378 - 1391 - latt
13| w | 28440 1786 | *Gg - 378 - 1407 - 1
14| mo| 24456 1770 | **Qg - 378 - 1391 - 1
15| w | 24607 1619 | **0g - 1619
16 m | 24681 1545 **Qg - 1545
17| w | 226% 1536 | @5 - 378 - 1159 + 1
18] m | 24801 1425 **0g - 1391 - latt
190 s | 289 1407 | **a - 1407
20 | vs | 24835 1391 | *+0g - 1391
21 | w | 24904 1262 1322 | 0, - 378 - 1391 + 7
22 | ww | 2501 1302 | 1215 | G, - 1391 - 13
. | *+0; - 378 - 836 - |
23 w | 25049 1617 N7l 0, -619+2
24 | w | 25067 1159 | **3 - 1159
25 vww [ 25108 1392 AR 1391 -1
26 | vw | 25125 1541 101 | 0, - 1545 + 4




Table I11.12 (continued).

No.|Inten-| Energy o Av(cm']);’ Assignment
sity | | : :
ey Loy - 1o, o5 |o, |o
27| w | 25135 ' 1091 | **0, - 378 - 713
28 | ww | 25252 11414 974 | 0, - 1391 - Tatt
29 | w | 25266 960 | 2° _
30 w | 25280 11386 946 0, - 1391 + 5
31| w | 25390 836 | **0g - 836 |
32 | vww | 25857 769 | **0; - 2x378 - Tatt :
33 | w | 25468 | 758 | **0, 2x378 - 2
| w | 25513 1153 713 | *%0, - 713; 0, - 1159 + 6
3% | v | 25624 602 | **0; - 602
36| w | 25830 836 396 | **0; - 378 - latt; 0, - 836
37 | vs | 25848 ' 78 |0 - 378 .
38 | vww | 25914 752 312 | 0, - 2x378 + 4
39 | ww | 26081 145 | 05
20 | vw | 26121 379 105 | 05 -378-1
.| w| 26207 19 | =g - latt:
42 | vs | 26226 0 | **0,
43| w | 2629 376 60 | 0, - 378+ 2
43a| ww | 26315 | 382 -89 | 0,-378-4
44 | vw | 26380 . 23 |-154 | 04 - Tatt
45 | w | 26403 0 |-177 | o,
46| w | 26500 0. 274 | 0g
47 | vvw 26623 43 -397 02 - latt
48 | w | 26648 18 422 | 0, - latt
49 26666 0 ;-440 0,
© 50 26697 0 2471 o)
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b) Vibrational analyses of the spectra

Before the expékimenta] data are disCusSed, if'may'be help-
ful to comment brief]y_on the natufe of the electronic transition
which is involved. .

" For anthracene, the lowest energy fkansition is the one, start-
ing at ca, 380 nm, studied in the"breséﬁffwork. The upper state has
]Blu+ symmetry in the point group Dzhisz* the transition is symmetry
allowed, and experimentally has a moderate oscillator strength, ca.

1.63

“The transition dipole 1iés along the short axis of the molecule,

- Another transition, symmetry forbidden, ‘is polarized along the long

axis, Whereas the latter (]Lb < A in Platt’s notation®d) Ties to
Tower energy in the case of benzene and haphthalene and is respon-

sible for the weak first band (f ca. 0.002), a further increase in

the number of benzenoid rings in the Tinear system causes a suffi-

ciently large red shift of the short-axis transition (]La.+ ]A)'to
réverse this order, |
~As is expected of a moderately allowed transition, the vibra-

tional structure consists largely of totally symmetrical (A, ) modes.

| 1g

However, as will be seen later, some B]g modes also participate,
Using the methods described in section 3(d), extraction and

analysis of data, values of vibrational frequencies for the anthra-

cene and [D]O]~anthracene molecules were obtained, in absorption and

*Because of a differént convention in defining the molecular axes, )

Pariser actually uses the symbol 182u+ in this paper. I have chosen

]B]u+ to conform with the description usually given for benzene,
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emission (i.e, for the upper and lower éiectronic states,‘fespective]y)

in'each of the three matrices;'n-hexane, n-heptane, and n-octane,
These values are listed withverrOr-estjmates'in Tables 111,13

and III.14: with each vibratiohal‘frequency is given'the intensity

of the 1ine, derived from fheimain origin, containing one quantum .

of that vibrational mode.

i) Correspondence of modes in anthracene and [Dib]~

anthracene, A number of criteria have been used in

establishing the corréspondente:

a) A giveh mode should be‘prESent with the same inten-
sity in the:spectfa of thé tw0 mo1ecuTes. This was the criterion -
used by Pesteil and co-workers in similar studies of the naphthalenes

15,16 L here a mode is stronglv present in ab-

and‘the-phénanthfenes;
sorption but not in emission, or XiEE.!SﬁéE;.this is a partiéu]ar]y'
valuable criterion. | |

b) In comparing the six spectra (absorption and emission
in each of:thrée matrices) of éach_mo]ecu]e, we might expect to see
a similar paftern of frequency changes in correspondihg modes, |

c) The frequency of'a mode in_the'deuterated molecule
will normally be lower than in the undeuterated molecule.

d) The values can be compared with calculated values. 

To my khow]edge there are no_experiménta] studies of thevvibrationa1k

modes of [D]O]—anthracene in the Titerature.

Figures 111,14 and III.15 show the frequency changes for the
modes of the undeuterated and deuterated mo1ecu1es, respectively,’

The symbols used in the abscissa on these figures signify:
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Figure II1,15, Vibrational freguencies of [D]O]_anthracene in ab-

sorption and emission in n-hexane, n-heptane, and
n-octane at 4°K., For description of this figure,
see text.
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._A6f--Absorption spectrum in n-hexane at 4°K
F6: Fluorescence spectrum in>n-hexane at 4°K
- A7: Absofption'spectrum inen-heptane at 4°K, etc.

The frequency of the first member of each "fingérprint" of a

. vibrational mode is given'in cmf]

and other‘fkequencies are related
‘to it. Intensities are also jndicafed.'
L From-these two figures'a'humber of'correspohdences were estab-"
11shed using cr1ter1a a), b), and c) mentioned above.

The exper1menta1 frequencies were then compared w1th theoretical

- values ca]cu]ated by Kralnov,56

as shownv1n,Tab1e IT1.15. His method
of calcufation s not clear from the brief account in the published
-paber it states that the interaction coeff1c1ents for the anthracene
mo]ecu]e were assumed to be the same as the (known) coeff1c1ents for
naphtha]ene, interaction between the two outs1de r1ngs of anthracene
was assumed ﬁegligib]e. Inversion of the interactiqn-coefficient:
‘matrix gave the force constant matrix,'whfch'was then used to solve
the secular equations. ”

Ih Table III,15, the experimenta] frequehcy values are averages
fof the molecules in the three mafrices which were used., As can be |
' seen, the agreement Qith cé1cu1ated values fs‘quite:good, except for
.modes'5;;7, and 8; The latter two are Very inteﬁée modes lying cTose

=1

‘to_one another in the region of 1400 cm™ ', 'Calcq]ation predicts

separations for the undeuterated and deuterated molecules of 61 cm']
for mode 7 and 130 cm -] for mode 8, whereas the experxmenta] separa-

-1

- tions are ca, 14 m ! and 6 cm respect1velv However, on the

basis of intensity there can be no doubt that the correspondence
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shown in the table is va11d at ]east to the extent that the pair

of frequencies 7,8 gorrespond. It mey be that the order of corres-

pondence of the pafr Shdu{d be'feversed. |

Those frequencies:for Whieh n0acorrespohdence could be‘estab-

| ]ished are ]istedrfn Table III, 16 There are 4 for the undeuterated
” mo]ecu]e and 1 for the. deuterated mo]ecu]e A1l .are weak or very
ieweak and so presumab]y the correspond1ng frequenc1es in the other

»mo]ecu]e are hidden under stronger bands.

Table III,16, V1brat1ona] frequencies of anthracene and [D O]-

anthracene for which no correspondence has been

Aestab]1shed.
No, Anthracene
Abs , "F]uorv
12 662 | —
13 890 —
| 14 1299 | ---
15 1466 C ia
."[D]O]-Anthracene
No. '
Abs _ - Fluor
16 690 711
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ii) Comparison of vibrational frequencies of anthracene with
| other values in the literature, The most direct com-

- parison which can be made is with the paper by Bb]otnikova;H who has

investigated the absorption and fluorescence spectra of anthracene in
n-heptane at 4°K, As will be seen, care has to be taken in making
the comparison, since there are many errorsvin:her Table 2 (absorption
spectrum), and some dubious methods of éitraéting fréqqencies from the
original spectrum; siﬁce thé“orig?na] f]UofeScente spéctrum'fs nbt_
tébu]éted ﬁh‘the paper, ndpcheck on ‘the vibratioha] frequencies er
tracted from it is possible, The justifications for these critfcisms
of Bo1oth1kova's papef will become evident frbm thé ensuing dis-
cuSsioﬁ. Table III.17 gives my data fof anthracene 1h n-heptdne
together with thevcdrresponding datavof Bolotnikoya (taken from her
Table 1), The numbers used to identify modes in the present table
do not correspond to those used in Table III.15.

There are c]early many difference§ between the two sets of data,
both with respect to the modes observed and the values of those fre-
quencies which appeér in both sets.

Frequencies observed by both authors

These are: #3, 4, 6, 13, 16F, 17A, 18 or 19, 22, 24F.*

The agreement in the values obtained for these modes is sometimes

poor (e.g. #4, 6A, 22A) and exceeds the error estimates for the present

work.,

*A numeral such as 17A refers to frequency #17_1n absorption,

"o " 17F " " " fluorescence, and. -

" 1t ]7 t n " both.

e g e
[
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Vibrational frequencies of anthracene observed in its
absorption and fluorescence spectra in n-heptane at 4°K.
Comparison of v?}ues reported by the present author and -
by Bolotnikova, (1A, etc. signifies absorption values ;
1F, etc. signifies fluorescence values).

'Frequency'(cm~]) A“T
Absorption o Fluorescence
. No. - No. : :

‘ This work | Bolotnikova _ This work | Bolotnikova
{1A) - 338 L (F) ©ae- | 338
(2A) - | 365 I e | .- 365
(3R) 390 394 | (3F) 392 394

(4A) 587 599 (4F) 624 606
(5A) 662 SN (5F) R
(6A) 743 754 ~ (6F) 757 756
(7A) 892 S - —--

(8A) oo 978 | (8F) —-- 974

“(9A) - 1004 { (9F) ——- ---

(10A) 1028 | --- | (10F) --- ---

(11A) —-- .- (IR - 1114

(12A) - N3 | (12F) --- 1135

(134) 1159 1163 (13F) 1162 1157

(14A) — | ns3 (14F) | .- 1181

(15A) ——- 1207 (15F) --- 1210

(16A) - 1251 (16F) | 1265 1266

(17A) 1303 1307 (17F) e 1309

(18A) 1397 {1395 S Q8F) | a6 | f 1402

(194) 1405 (19F) | { 1407

(20A) 1464 | o (20F) | - | -

| (21A) 1503 ST (21F) - -

(22A) 1550 1565 (22F) 1564 1565

(23A) - 1608 (23F) - 1603

(24A) - 1647 (24F) 1638 1647
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Examination of Teb1e 2 in ref 1 (ebsorntton spectrum) reveals
that 1t conta1ns numerous error< in the subtract1ons of lines from :
their or1g1ns in a few cases the ]1ne pos1t1ons themselves appear

| to be 1ncorrect since they do not fa]] within the monotonically in-

creasing energy sequence "There also seems to be little sense or

system to the method of specifying the values of the vibrational fre-

quencies., They appear to be "averages" of the values from various
multiplet origins,'Wetghted in some arbitrary manner to some of the
Tess intense originS} | | '-”

After errors have been corrected “and the frequenc1es from the i
most intense origin (wh1ch agrees with the main origin in my spectra)
are used, agreement (Table III.18) between the two sets of absorpt1on
data is extreme]y.good It was not possible to check Bolotnikova's

f]uorescence data since the or1g1na] spectrum was not given.

Of the two frequencies 18 and 19 observed by Bolotnikova at 1395

and 1387 cm 1, on]y one was observed by me, at 1397 cm ].' However
her value of 1387 cm'] cannot usefu]]v be d1scussed since the posi -
tion of the line giving rise to it is in doubt (see table). That
there may be two frequencies lying very c]ose together in my spectrum
ts indicated by the width of the line, and in fact two frequencies '
(1407 and 1411 cm“]) were observed in the fluorescence spectrum in
n-octane, and in 511 the spectra of [D]O]-anthracene. |

Frequencies observed in the present work only

These are: #5A, 7A, 10A, 20A, and 21A,
The lines from which these frequencies were extracted were all

observed by Bolotnikova also, It therefore becomes a matter of o
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Table III.18, Vibrational frequencies of anthracene in n-heptane at

4°K; values for modes ‘observed in the absorption spec-
“trum both by the present author and by Bolotnikova,!!

Bolotnikova's data altered as discussed in text, with

values before alteration in parentheses,

o Frequency (cm=1)

No. '

This work Bolotnikova

38 | 390 :"‘_ 390 - (394)

(4A) 587 580 (599)

(6A) o743 743 (754)
(138) 1159 1160 (1163)
(174) 1303 | 1304 (1307)
(18A) - | 1395 (1395)

wor | T

(19A) | | 1387 (1405)
(224) | 1550 1589 (1565)

*Uncertain, since the Tine giving'rise to.this frequency may be in

error (see text).

- comparing the assignments of the two authors. The line g1v1ng rise to
freqUenqy 7A, a]though.described'as ‘intense', is g1ven no ass1gnment
by Bolotnikova, The lines givfng'rise to frequencies 5A, 10A, 20A,
and 21A; described as 'medium', 'intense' "1htense', and 'intehse' |
respectively, are all assigned to modes der1ved from or1g1ns other

than the main one, even though these same frequenc1es only appear w1th
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an equal or Tower intensity when derived from the mainiorigfn.* --Be-~
cause of this the assignments made by Bolotnikova are, I believe,
~ incorrect or at best secondary, The assignments made in the present
work are justified as follows: | |
(a) The frequenciesAwere dbserved %h all three solvents (except -
- for #5A, which was very weak and was not observed in n-

- _hexane). This indicatesathat_the-]ines:are not derived
from seéohdaky origins, since these véry from solvent to -
so]veht. It also shows the advantage in measuring the
spectrum in several solvents, |

(b) The frequencies 1OA,_20A, and 21A were observed in combina-
“tion with other-anthracene'frequencies, showing. that the
lines were not associated with an impurity. Frequencies

5A and 7A were too weak to be_obsérved in combination,

Re-assignments made by me are compared with values from the

present work, in Table III.19, Agreement is extremely good.

*A specific example may‘make this clearer, The Tline which I éssignvto
**0 -
as ‘intense', Yet **O] + 978, the corresponding line derived from

the main or1g1n, is 'medium'. This conflicts with other lines de- _
rived from these origins; e. g 02 +.390 is med1um', while **O] + 390

is 'very intense',

1t 1028 is assjgned by Bolotnikova to'O2 + 978 and is deSCribed N
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-

Table III.19, Comparison of anthracene vibrational'frequencies 5A,
7A, TO0A, 20A, and 21A, extracted by the author from
‘hi;4ownldatguandﬁthqseuof,Bo}otnikova.

Frequency'(cm'])

o. . This. work Bolotnikova
(5) 662 o661
(7A). - 892 . 893
(10A) 1028 . - 1026
(20A) L 1468 1463
(1A) 1503 - 1504

FreqﬁenCies obserVed.by Bolotnikova only |

These are: #1, 2, 8, 94, 11F, 12, 14, 15, 16A, 17F, 23, and 24A.

Lines,giving rise to frequencies 2F, 8F, 14F, and 23F were ob-
served in the present work but were not given the éame assignmehts

as by Bolotnikova, A closer search of the present spectra for lines

which could have given rise to the remaining frequencies did reveal

several, close to the-threSho]d’of observation. These frequenciés

are #8A, 9A, 12A, 12F, 14A, 23A, and 24A. However, again the assign-

ment made does hot_a]ways agree with Bb]otnikova's. | f
Table II1.20 compares the two sets of data, gives the a]ternati&e

assignmentﬁ, and indicates whether or not,'invmy opinion, the mode |

has been observed. Where a ffeqUEncyvis derived from a secondary  :f1'

origin, and does not appear from the main origin, the assignment is
- v
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rejected, with the exception of frequency 24A, which is observed from
the main'origin in the present work. |

Notes on Table I11.20: ,

| (1) A1l frequencies derived from present work relate to the main
origin. This is not true of Bolotnikova's data,

(2) Va]ues in parentheses .are der1ved from lines on the thresho]d
of observat1on the Tines. are not 1nc1uded in the main data
tables (1111 - 111, 12) |

(3) The status co]umn 1nd1cates whether I cons1der that mode has
been observed by the Shpolskii tecnn1que It is not 1ntended

vto reflect on the va11d1ty of observat1ons made by other
techniques such as Raman. |

(4) Exam1nat1on of Bo]otn1kova s ass1gnments in fluorescence was

<not poss1b1e since the original spectrum was not given.

A cursory examination of th1s table shows that on]y two additional
frequencies are accepted by me, #9A at 1002 cn”!, and #12F at 137 an”!
The remainder are either reJected or con51dered unproved.

Comparison with Raman data -

Anthracene has been studied by ‘Raman spectroscopy, in. solution

by Manzom52 and by Abasbegov1c et al. 5]

and as the pure crystal by
Colombo and Mathieu.55 Abasbegov1c S paper 11sts 31 frequencies,
most of which were observed in all of the three solvents he used.

He also made symmetry assignments on the basis of polarization
measurements. Since his data are the most recent and the most

comprehensive, they will be used here for comparison with the present

work.
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Table III.21 gives this compariéqn, andeherevpossible a com-

parison with the‘theoretica] values of Krainov.56

Agreement between
the values obtained'from'f]uoréscence and Raman Spectralis quite
close; with the exception of the'éecond frequéncy listed, the dif-

ferences are <10 cm“].

Agreement between Raman and abSorptioh data

is of course much less c]oéé; §iht¢ the vibrations.how belong to a
different electronic state. Vfbrationa] frequéncies of the excited
electronic state are ‘typically 5 - 25'cm;]:1owér thaﬁ ih.thé'groundl
state, indicating a reduction in the degree of bonding,

| AbaSbegovic's symmetry assjghments.ére:baséd 6n_polarization
measurements, méde at rightvangles'to thé 1ncident unpo]a?iZed light.
Theory predicts (e.g. ref, 57, p. 52) that for non- tota]]v svmmetr1cv
vibrations the depo]ar1zat1on rat1o should be 6/7 for totally sym-
metric v1brat1ons the rat1o shou1d be lower, and in the 1imit of an -
1sotrop1ca11y po]ar1zab1e mo]ecule 1t shou]d be zero - In Abasbegovic's
'nomenc1ature vibrations w1th A]g symmethy should g1ve polarized Tines
wh1]e those with B type symmetry shou]d give depo]ar1zed lines. How-
ever, there is no quantitative data on depolarization ratios in his,
“paper and this makes'it hard to éssess the validity of his results.
| In.the case of Krainov's:theoretical'data, the symmetries are

“initial paraheters of the calculation, and it is the uncertainty in: 

the vibrational frequency values, and hence the matching of modes to:
| those obtained experimentally, whiéh>intfoduces ambiguity. For a |
number of the modes, however, the correspondence seems c]ear-;fn

particular the correspondence of the predicted A]g mode at 376 cm']‘§

to the observed mode at 396 cm'] (assigned as B]g symmetry), ahd-the
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Table III,21. Comparison*between_vibrational frequencies of anthra-

cene obtained‘in thé_presenf work, and-those obtained

by Raman spectroscopy. The calculated data of Krainov

are also- included. Frequencies are givén in cm'].

This work - Raman | Calculated
Abs. | Fluor, (ref, 14)° - (ref. 20)
30 | 393 |39 Blg | 376 Ay
595 625 - B0T Ay 623 Ay
662 . | -2 - 698? ‘
739 757 755 Mg 754 By
890 - - 834 By
1002 s 0007 A |
1025 el 1029 Ay
- 1137 | (1130)*

1158 ]164.‘ | 1j§5 A 1127 lq

- 1263 1261 Ay 1258 Ay
1299 --- 1304 - 1279 Blg
1397 1406 1403 Ay 1396 Ay
- 141 1414 Ay 1396 By
1466 - | MR By | 1499 A2
1502 Lae- (1520)* 1499 A7
1556 .| 1565 | 1561 Alg 1569 Ay
- 1639 RRLECI I 1633 By

52 |

*Observed by Manzoni,>¢ but not by Abasbegovic.
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~ correspondence of the two pkedicted modes, of A]g and B]Q symmetry

respectively, at 1396 cm“]
cm'] (both assigned Aig symmetry).

, to the observed modes at 1403 and 1414 |

It seems likely, therefore, that some of the symmetry assign-

ments made by Abasbegovic are in error,

c) Hypothesis of fluorescence before vibrational relaxation

~is complete

This was described in the introduction to this part of the

1

thesis. Briefly, Bolotnikova observed'' in the f]uoréscehce sbectrum

of anthracene in n-heptane at 4°K, that there was a line displaced to

high energy of the main origin by exactlvy the amount of one of the

most intense vibrational frequencies.of ahthracene. I made the hypo-

‘thesis that the line represents emission from molecules which still
possess one quantum of vibratfona] energy, i.e. molecules which have

failed to relax.

i) Attempt to cbnfirm‘BdlotnfkovaFS bbsekvétioﬁ. The ab-
sorption and fluorescence spectra of anthracene‘in n-heptane at 4°K -
were taken. Figure III,16 shows the strip-chart recording of the
fluorescence spectrumvin the region of the main origin. The numbers -
used to index lines are the same as thbse in the main data tables,':i

section (a) of this chapter.

The main origin, line 47, is easily identified by its relation

to the spectrum as a whole, and by comparison with the absorption

spectrum, Line 46, at about 20 cm'] Tower energy, and of comparab]efg

intensity, is believed to involve lattice vibrations, as are lines
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52, 50, 49, 43, 42, and 39, For a discussion of these lines see

section -(d) of this chapter; on the nature of the multiplet structure.

~Line 53 confirms Bolotnikova's observation: it is 391 cm™! to
the high energy side of the main'origin, in ciose égkeemeht with the
first intense vibrationa] line of fhe'épectrum'(#4O)VWhich is at
392 Em'] to the Tow energy'side. Strfct]y; the comparison should 7
be made with the vibrdtional'quantum ihvébﬁorption (390'cm"]) since
we are considering vibrétiéha]venehéy in the‘Uppe? electronic state;

Therévare other features whiéthére hof evidént’frbm BbTotnikova*s

paper, ‘since details were not givén’of théifluoresténce'épettrum. The -
most notable of these is line 51 (with its satéT]ite lattice lines),
182 cm']’tb the high energy sidé'ofvthe majﬁ origin, and more intense
than eithEr’the'main origin or ]iné 53.% '391 cm"] to lower energy
from line 51 is line 44, If Jine 44 is a sécquary origin (i.e. is
for molecules in a secondary's%té) ]iné,S]iwou]d'cprrespond tovemis-' 
sion from vibrationa]Ty'excited mplgCUlés jn thisisecondary site; 1f,'
on the other hand, Tline 51‘1sva seéondatyvérigin;vline 44 wbu]d be a
normal vibrational line of its sbectrum, corrésponding to émiss{on
from a pure upper electronic state to a vibrationajlv ekcited Tower
state. The absence in the absorption spectrum ofvanvorigin at the
position of line 44 suggests that the Tatter explanation may be the -

correct one.*™ If so, this demonstrates that secondary origins to

*For a discussion of intensities in the region of overlap between ab-
sorption ‘and fluorescence spectra see section (d) of this chapter,

**Note that no information can be gainéd by using this argument in the .

case of line 53, It is just the existence of a line at 391 cm-! from
the main origin that has posed the question in the first place., No

observation of a vibrational line of line 53, if it were a secondary
origin, is possible, since this would be obscured by the main origin.
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. considerably h1gher energy than the main or1g1n are poss1b1e, and
reduces one of the arguments aga1nst 11ne 53 being a secondary
or1g1n. This remerk about 11ne}5] applies a fortiori to the weak
- line 54, | ,

- Obviously, every line in the spectrum assigned to the main
origin-can.also be given an exp]anat1on in terms’ of. 11ne 53, as |
‘ thesevdiffer'by one 392 cm -1 quantum, In add1t1on there are a
number of ]ines-re1ated to line 53 by other vibrationa1_modes only
(e.g. lines 36, 33, 32; see Table IT1I.5 in section (a) of this
chapter), VThis is to be expected whether or nqt!]ine 53 represents

emission from vibrationally' excited molecules.

- 11) Selective excitation experiments ,/ Svishchev25 showed

'that when he selectively excited one component of the multiplet (in
th1s case a douo]et) of coronene (F1gure ITI. 17), on]v the portion
'of the spectrum der1ved from that component appeared 1n em1ss1on
Th1s is cons1dered a major piece of evidence in support of the hypo-
thes1s of separate sites (see part I, and also_sect1on.(d) of this

‘“chapter).

thure ITI,17. Ceronene,
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I carried out thisvexperimehf oh'anthfabeneiin nehéptane; using
a narrow siit on the excitation monéchromator_td give avbadeidth of
ca. 200 cm']} When the excitation bahddwas éentered around the main
origin, lines attributable to 1ine}53; including line 53 itself, dis-
appeared. ' (The Tlatter, of tourse;riSfa neceséary'consequéncé'of
energy cbnservation.) ‘ , | | |

When the excitation was'centered around line 53, Tines derived
from line 53 ggg;from thé main okigin were observéd, aithough those
defived from Tine 53 were more inténse than they had been in broad
band excitation experiments. For exémpie, the 1ines:répre$entingb
one quantum of the.1406vcm'1.que~had intensities ‘in the ratio 0,38
when broad band excitation was used, and 0.47 whén line 53 was selec-
tively excited. |

Partial relaxation of Vibrationaiiy excited molecules would
allow both systems of lines to be observed, but so would the exis-
tence of two moiecuiar environments in this particular svstem, becaﬁse

re-absorption at the other site and subsequent emission is made pos-

sible by coincidence (Figure III.18),

i11)  Search for higher excited vibrational levels, Broad

bang excitation at a suitably high energy was used, and with the am-

plifier sensitivity 10 times that norﬁal]y used for recording fluores-
cence spectra, a search was made for emission to the high energy side
of the main origin, particularly in the region of the spectrum around
1400 o™ (an intense vibrational frequency) from the main origin, Ho

emission was found beyond line 54 (449 cn™! from the main origin),
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_Figure 111,18, Two schemes to explain thé results of selective exci-

' “tation experiments; (a) Vibrational_re]axation be- -
fore emissioh;v (b) Reabsorption at another site
followed by emission.
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iv) ¥Eectra of anthracene in n-hexane and n- octane at 4°K.

In n- hexane anthracene d1sp1ayed no f]uorescence on the high energy
side of the main or1g1n | 2

In n-octane, the p1cture'was more cohp1ex.w-Fi§ure 111.19 shows
schematically the. f]uoréscence sbeotra* to'the“high’energy side of
the main‘Origih of anthracene in n- heptane and in n-octane. Lines

wh1ch are believed to involve 1att1ce v1brat1ons are not shown

e

As can be seen, 1n.n-octane there is no obvious Tine at 391 em™
above the main origin, However, suoh'a Tine would, Uhlees very.in-
tense, be difficuit to -observe beoause of fhé'1$£t1¢e vfbratioha].
bands assoo%ated with Tine 61 These bands have maxima at 380 397,
and 418 cm‘] above the ma1n or1g1n A .

"On the other hand, in the pairs of Tlines (62, 54)'andh(6], 53)
; wehhave_the 39]‘cm'1 v ‘

the same choice as we had with the pair'ofh]ines (51, 44) of the

spectrum in the néheptane matrix. Lines 62 and 61.could be secondary '

origins and Tines 54 and 53 the first vibrational bands of their
respective fluorescence spectra;va]ternatively, Tines 54 and 53
could be secondary origins and lines 62 and 61 fluorescence from :
vfbrationa]]y excifed levels related to them, A search of the ab-
: sorption spectrum of anthracene in n-octane revealed that there ahe
Tines resonant with lines 62 and 61 of the f]uorescence}spectrum,

but none resonant with lines 54 and 53; "This reduces the likelihood

that the Tatter two are secondary origins but it does not comp]ete]v N

remove it, since lines in.the region of over]ap of the absorptlon

spacing (see Figure II1.19b) and are faced with _

— "x. e

e e - -
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| Figure 111,19, Anthracene in (a) n-heptane and (b) n-octane,

Diagram of the fluorescence spectra at 4°K, in

the region of the main origin. . Frequencies are .

referred to it.
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and f]uorescence spectra are somet1mes very difficult to observe
because of re- absorpt1on | |
o To sum up the resqlts of’thi; éubusection,‘vibrationa11y_ex-
cited:fluorescence of anthracene does not occur in a n-hexane
matrix, and it is doubtfu]'whether itvoccufs in a n-octane matrix:
if it does, it |S more 1ntense w1th reSDect to secondary or1g1ns

than w1th respect to, the main or1g1n

v) Tne,Sbectrum'of [D16]-anthnacene'in'nénggtane:at 4ok,

Of'the'various matrices which werevstudted, n-heptane'is the one of .

greatest interest in the context of the hypothesis of Vibrétiona]]y

excited f]ubrescence, since it was'the'speetrum of undeuterated

anthracene in this matrix which gave rise to the hypothesis in the
first place. The spectra of deuterated and undeuterated antnracene..

in n-heptane at 4°k;are$hown séhématiéa]]v in Figure III, 20,'wntch -

shows the reg1on to the high energy side of the main or1g1n

There is an 1mmed1ate and str1k1ng resemb]ance between the
two spectra. When the main origins are brought into coincidence
(as they have been in this figure) Tines 54, 53, 51, 48, and 47 of

the undeuterated molecule spectrum coincide with ]1nes 65a, 65, 63,

59, and 57 respectively of the deuterated molecule spectrum, as is -

shown in Table III.22,

The postuTéte madevprev10us1y that lines, 54, 53, and 51 of

the undeuterated molecule's spectrum might represent fluorescence

from vibrationally excited molecules in various sites, is now un-

ambiguously shown to be wrong, since.lines in the same positions
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Figure 111,20, (a) [D]O]-anthracene, and (b) anthracene, both in

n-heptane at 4°K. Diagram of the fluorescence
spectra to the high energy side of the main origin.
Frequency'scaie is referred to the main origin.
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Table 111,22, ComparisOn df lines observed abbve the origin in the

f]uorescence spectra of anthracene and [010] anthra-l‘

cene in an n- heptane matrix at 4°K. Energies are in’

cm'] and are g1ven with réspect to the main origin,

T

AnthraFene .-; . [D]O]—Anthracene
o,  w o, N
54 449 . 652 '446
53 391 ”, _t; - 65 391
51182 i. .83 . 183
48 Cx 593
47 0 sm o

occur in the spectrum of the deuterated mo]ecu]e, in spite of the

fact that the size of the v1brat1ona1 quantum has been reduced

from 392 to 380 cm ], as shown by the vibrational structure of

the spectrum in th1s and also in other matrices, More spec1f1ca]1y,
the position of line 53 in the spectrum of the undeuterated mole-

cule, 391 cn”]

to the high'enehgy side of the_maih origin, is shown
~ to be quite unrelated to a vibrational quantum; since line 65 of

the spectrum of the deuterated molecule also appears in just this
position. |

So these high energy Tines appeer to be secondary origins of

the 'usual type encountered in Shpolskii spectra, in spite of their
4
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Targe displacements from the main origin, and in spite of the re-
markable coincidence with the vibrational quantum in the case of
]1ne 53. The c]ose agreement between the pos1t1ons of secondary
origins of the two mo]ecules is a]so found in n- hexane and n-octane
matrices (see next sect1on) |

’Figure I11,20a shows tw0'1ines not seen in the'spectrum of the
undeuterated mo]ecu]e._'Line 66, of very Tow intenSity; is thought
to be a»secondary Ortgin,‘presumably tooeweak'to be observed in the
anthracene spectrum.h Line Sg’ion'the other hand, is the first
“vibrational band of the,secondarycorigin (line 65).v The corres-
ponding 1ine in the case of the undeuterated molecule is of course

Tine 47, whlch by co1nc1dence is a]so the main origin,.

.‘d) The multiplet structure |

| Before goingvon to discuss the multipiet structure a
genera] comment 1s ‘necessary on the appearance of spectra in the
region of overlap between absorpt1on and f]uorescence ~ Because
of the highly scattering nature of the matr1x, it was difficult
~to avoid the measurement of some emission during intended absorp-
vtion_measurements,Aand vice versa. ‘In the experiments described
here, no particular effort was made to minimize this ditficu]ty,
since their prinicpal purpose did not,require-accurate intensity
measurements .. The effect is particular]y marked where 11nesrare
.exact]v.resonantiin'abSOrption‘and emissiong secondary origins WereE
generally observed with reduced 1ntensity or in some cases not at

all, even when vibrationa] Tines derived from them could be detected.
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i) Lattice vibrations, One of the most obvious features

of the spectra»ié that intense lines have a satellite structure
which Tfes.to high energy in ;bsbbptioh and to 1ow energy in emis-
sion. A typical e*amp1e is shown in Figure III.21, for -anthracene
in n-heptané at 4°K, (a) being the group of lines around the main
origin in'absorbtion, and (b) being in emission.

That these satellite 1ines are not'sécohdary origins fof mole-
cules in different sites is clear from the fact that they:are hdt
resonant in abéorption and emissijon, bUt'ﬁh.facf have an'appkdxi-
mately mirror relationship, suggesfihg«that they‘rép?ésent some
kind of additional excitation, associated with the upper state in
thevcése of absorption, and the ground state in the case of
emission. ' |

In sbite of this, these 1fnés'aré repeatedly'cTaSSified in
Russian publications (e.g., refs. 10, 11, 17) as secondary origins,

If'the'noh-resonant satellite lines do represent some excita-

tion of non- e]ectron1c quantum states, these can not be v1brat1ona1

states of the guest molecule since they are of much too low energy.

For anthracene, the lowest energy vibrational modes are of the order

of hundreds.cf wavenumbers, whereas the 1ines under discussion.start

at about 25 cm”! from the parent line,

There remains the possibility of e1ther 11brat1ona1 movement
of the molecule w1th1n its solvent cage or of Tocalized 1att1ce
vibrations,

This explanation has also been put forward by Spangler and -

Ki]mer3 for similar lines observed in the spectrum of benzene in

a low temperature cyclohexane matrix. -



_153_

(a) - v(26218)
L 0

25 -

-
T

v (f:m'])

(b) = o (26216)
0.
e

o
s

_vv>(cm'])

" XBL 696-4293

Figure‘III;2],‘ Anthracene in n-heptane at 4°K. Lattice vibrgtiona]
bands associated with the main origin.v_(a) in ab- °

sorption, and (b) in fluorescence,
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The appearance of distinct peaks in this satellite structure

is of interest: the theory of Shpolskii eoectra~predict527,that :

where there is a high’probabi]ity of phonon]ess.transttions, there

is a]so-an'appreciab]e probability of transitions'inuo]ving small
changes in the'quantum numbers of-]Oca]ized lattice modes, and
that this probab111tv 1ncreases w1th the average Stokes energy
Tosses aSSOC1ated with the trans1t1on Localized modes, being of
re]at1ve]v high energy, wou]d tend to g1ve a d1screte structure

The satellite structure does not remain constant throughout
the spectrum, 1nd1cat1ng that d1fferent v1bron1c trans1t1ons

couple differently to the phonon modes of the 1att1ce v|yp1ca11y9
N

the first lattice band is ca. 25 cm from the parent line., It is -

1nterest1ng that the” appearance of 1att1ce modes is much 1ess pre-
va]ent in emission, part1cu]ar1y as sate1]1tes of vibronic lines

'rather than of pure electronic Tines. Figure III.22,'for'examp1e,

shows for anthracene in n-heptane at 4°K the Structure around the -

390 cm"] fundamental of the mode in absorption-and emission.

Thje di fference can be exp]ained.if we assume that the solvent
cage surrounding a guest molecule cannot, because it is a solid |
matrix accommodate itself to changes in the state of the guest
The cage formed 1tse]f or1g1na]1y around a molecule wh1ch was in
its ground e]ectron1c state. An absorption transition is there-
fore one to a non-equilibrium environment and - the consequent
"Stokes energy pressure" encourages the creation of Tocalized

phonons‘26 Emission, on the other hand, is to an electronic
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bands associated with the first molecular vibra-

tional band (a) in absorption, and (b) in fluores- R
cence, '
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state in equf]ibrium w%th ifs_envirdnment-and 15_1essi}ike1y:to
| create phonons. -This arguwent would not, :of‘ceurse app]y-to
liquid so1vents, as the1r structure can -relax dur1ng the 11fet1me |
of the eXC1ted state, _

“As to why v1bron1c_transftionsihaye Tower intens{ty.satel— ,
lites than do pure e]ectron1C'tranSitiens, it may be that the
change.1n_the'vibratioha]gstafe of the guest moiecu]e is able to

' compensate. to some degree for the “Stokes energy_pressure" caused 1:
by the e]ectronic.trahsition, although it is hard_to,seelin detail

how it would do so.

' fi)' Res0hance:between absbrptidﬁ aﬁd‘f1uorescence. As has
been observed for the Sﬁpejskji spectra of many other sVstems,'e -
number ef'iines, in the regionﬂof'thevma{nvorfgin; are found to be
resonant (coineide) 1n absorpt1on and en1ss1on These have been
descr1bed as mu1t1p1e 0r1g1ns for mo]ecu]es in different. s1tes in

the host crysta] and th1s descr1pt1on has been ‘confipmed by ‘the
| se]ect1ve excitation exper1ments of Sv1shcnev 25
Table III.23 Tists the or1g1ns observed in absorption and

fluorescence f6r anthracene and [D]O]—anthracene in the various

matrices., Values in;parentheses were not observed directly, but

-their existence was inferred from the observation of vibronic lines - -

derived from them, As can be seen from this table the obéérvation j}j

of weak secondafy origins is much harder in absorption: many could
not be detected. It was particularly difficult to detect ofigins~

which were imbedded in the lattice structure of another intense

origin.
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- Table III.23, Mu]tip]e;orjgins observed in the absorption and.f]uor--

~escence spectra of anthracene and [D,.]-anthracene in

various matrices. at 4°K., Energies are in cm

n-hexane ' - n-heptane = . - n-octane
AbS . Fluor,  Abs,  Fluor. __ Abs. - Fluor.
D Anthracene o | !
(26323) 26323 o 26061 - 25977
26447 —-- - 26218 = 26216 - 26013
26487 26486 oo 26248 26161 26162
‘ 26264 - - 26189
26402 . 26398 .- 26335
e 26607 (26432) 26432
--- . 26665 . 26600 26600
- » 26630 26628

£qu] Anthracene

(26397). 26397 —-- 26170 - 26081
(26553) 26553 --- 26131 26227 26226
- 26178 e 26403
~-= 26221 (26500) 26500
26285 - 26284 . 26666 26666
—-- 26315 —-- 26697

- 26332

(26467) 26467
(26675) 26675
--- 26730

N.B. This table is intended forzcbmpariSOn'ofvabsorption and fluoﬁf
eséénce withﬁh-a given solvent only, There is no significanéé
to origins, from different solvents, placed on the same hor1-
‘zontal line of the table, - .
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iii) Mu]tib]et structure of anthracene and [D10]'

anthracene.in’different environments,  The degree

of similarity between ‘the mu]t1p1et structures of anthracene and
[D; O] -anthracene is remarkab]e ' In this context dlfferent matr1ces
and multiple sites within a g1ven ‘matrix. can be thought of in the
same way, name]v as d1fferent hydrocarbon env1ronments The main
origin of [D]OJ-anthracene in n—heptane at_4°K lies 68 cm;]'te
higher enefgy than that for enthracene,‘ By referring each origin
for the molecule to the main origin in nfheptane, we obtain a
"multiplet structure“ cdvefing all three metrices. This is shown
for both mo]etu]és-in'Figuhe III;ZB; With minor exceptions, the
structure is identical. | V
| The shift in the origin upon deutehat1on 15 a resu]t of changes
in the zero-point energy of the upper and ]ower eIectron1c states.
Figures III.14 and III.15, used to f1nd the correspondence between
the Vibrationa] modes of the two molecules, showed that for the
‘modes observed (admittedly only a shal] fhaction of the,tota] con-
tributing to the zero-poiht energy, which inciudes all modes re-
gardless of symmetry) changes in the values of the vibrational

quanta of a given state as a function of environment were not

Targe (generally 5 - 10 cm']), and the changes undergone‘by anthra-

cene and [D]O]-anthracene were similar, Nevertheless, the virtual

identity of the multiplet structures of the two moleculesvis

surprising,
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Mu]t1p1et structure in the f]uorescence spectra of

‘ anthracene and [D]O] anthracene in var1ous matr1ces B
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1

The shift of 68 cm” .to ﬁigher,ehergy for anthracene upon .

deuteration agrees with the trend shown by benzene (ca. 200-cm™ ')
y 59
)

»

and naphthalene (ca, 100 em”]

iv) MuTtiplet structure in the various matrices. Since

the multiplet structUres'of anthracene and [D]O]-anthracene are so

similar (see section ﬁii), only that of anthracene will be dis}
cussed heke; " o .‘}' o o

Figure I111.24 shows fhé ﬁu1tfp1ét structh%es>bf énthraéene.
in néhexane, h-heptane, ahd.n-bctane at 4°K, with posifioné re-
ferred to the main origin in.each_Cése.' There is an increase in
the multiplicity as the chain 1en§th of the sblvént molecule in;

]7vthaf fOtationa]

creases. This may lend support to fhe:tﬁeory
isomers of the solvent molecules in the crystal create different
environments for the solute, | |

There is some similarity in the multiplet structures of the

threefso]Vénts. Intense origins tend to be at about 400, 200, and

-]50'cm”] from the main origin. Weaker origins are often found

close (<50 cm']) to the intense ones. This suggests that two types

of environmental variation may be present.

However, it must be said that neither this-study nor any other

that I have encountered has ihdicéted with any certafnty the pre-
cise nature of the environmental variation which is responsible

for the multiplet structure of the guest. A detailed study of n-

alkane crystals would seem to offer the best prospect of c]arifyingf7

this matter,
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‘Figure 111,24, Multiplet structure of anthracene in various n-
| alkane mat%ices. Frequencies are referred to the .

main origin in each case,
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Conclusions

(1)

(iii)

The apparatus and prd;eduré for the taking .and analysis of

low temperature abSorption and f]uorescence spectra was
satisfactqhy. Some éftempt to-reduce re-absorptiqh'wou]d

be desirab]e_if'Tnteqsitw,measurements were critical.

Absorption and’fiuorescente spectra of anthracene and [D10]'

anthracene at 4°K wére taken 1n‘n-heXane, n—heptane, and
n-octane, A vibrational ana]ysislofia11 these spectra was
made. Several new,modeS'wefe assigned fdr aﬁfhrapene, énd"
all the data for [D]O]—anthragene are new... The vibrational
analysis_of anthracene published by Bolotnikova w§s foundx‘
to contain aAnUmber of omissions and errors. Agreement

of the present work with data obtained from Ramah'spectra

was good,

Correspondence bétween the vibrational modes of the undeu-
terated and deuterated moiecu]es was established in most
cases. The changes in the value Qf a-mode in absorpt{on

and fluorescence in the vafious matrices was used as a

guide in estab]ishihg the correspondence; assistance was
also obtained from the calculated Va]ues.of.Krainov. Many?i
of these values agreed well with experiment, but there weré;

some substantial discrepancies,
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Vibrational symmetry assignmente made by Abasbegovic

vfrom po]ar1zed Raman data are thought in some cases to

be wrong, for some modes where Kra1nov s ca]cu]ated

energies agree we11 with exper1ment.

The observat1on by Bo]otn1kova of a Tine 391 cm -1 to the
high energy side of the main or1g1n was conflrmed The
hypothesis was put that the line might represent fluores-~

cence from molecules which had retained a quantum of

- vibrational energy, since one of the most intense -modes

~ of anthracene has just this energy, After several ex-

periments (different matrices, selective excitation)
which gave somewhét’ambiguous support to the hypothesis,

it was clearly shown to be incorrect when a line was

B found in exactly the samevposttiOn (with respect to the

main origin) in the spectrum of the deuterated molecule,

in spite of the fact that the vibrational quantum in

question had a value of 380 cm™ .

As is usual in Shpolskii spectra, a number of 1ines were
observed which could not be assigned as vibronic bands
derived from the main origin, A distihction was made

between those lines which had an approximate]y mirror

breTationship in absorption and fluorescence, and those

which had a .resonance (coincidence) relationship. The

former were ascribed to localized lattice vibrational
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‘modes of the lattice, or perhaps to Tibrational modes of

the guest;: the. 1atter were ascr1bed to emission from

guest mo]ecu]es 1n d1fferent 51tes in the crysta] host.

| The d1st1nct1on between the two types of ]1nes has not

been made in the Russ1an 11terature wh1ch conta1ns most

of the work 1n this f1e]d

The existence of discrete peéks'intthe'1attfce bands con-

firms the theoret1ca1 pred1ct1on that excitation of

]oca11zed modes 1s preferred

The highest degree of 1att1ce excitation is observed for'

pure e]ectron1c trans1t1ons in absorpt1on the-]east for

v1brat1ona1 bands 1n f]uorescence. These variations are

- ;eXpiained in terms of the frozen-in ground state ehvirons

ment of the_1attiee;'

Many origins were found resonant in absorption and f]uores-

~cence, although weak ones were hard to detect particu-

larly in absorption, or when masked by lattice v1brat1ona]

bands,

The multiplet structure of [Dlo]—enthracene in all three.

matrices is shifted 68 cm™) to higher energies from that = .
of anthracene, This shift agrees with the trend shown -

by benzene (ca. 200 cm"]) and naphthalene (ca. 100 cmfl)f
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(x1) ~Apart from the shift, the multiplet structures- of the
two mo]ecu]es are virtua]]v identical. Even ‘though

large d1fferences were not ant1c1pated the degree of

~ matching is remarkab]e

(xii) The{maih'purpose bf‘thié wo}k'Wésuté substantiate the
hypothesfs of fluorescénce from vibrétidnaily excited
" anthracene. Had tﬁis been Succéssf01 the 1mportance,
.of the work- to those 1nterested in radiationless energy
- transfer would have been cons1derab]e. The hypothes1s
was showﬁ to be false, but there is at least the satis;
faction of a question being.sef£1ed conclusively; another
‘outcome of the Work is the Qsefu] warning that unlikely
coincidences do sometimes occur,. The work also repre-
sents a more systematic'study of Shpo]skii’spectra than
s usually found in the Titerature, and has Drovxded new
data, including a v1brat1ona1 analvsis of deuterated

anthracene,
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_ - 'APPENDIX A

List of Equibmént Mode] Nuhbéks'éﬁd'Méhufaéturers or Suppliers

Ligh£'$ource: 450 watt h?gh-pressd?e xenon arc‘1amp, XB0-450, Osram,
| ex‘Geo; W, Gates and Co. - |

Lémb'housfﬁg: “mode1 C-60-50, ex Oriel Optics Corp.

Lamb p6wer sdpply'énd fgn1ﬁer: model C—72f50, ex Oriel Optics”Corp.

Optical Dewar: model 8DT with two interchangeable tail assemblies:

(i) rectangu]ar'two-window design,.danis Research drawing 6-2046A,
and (1) cylindrical three-window design, Janis Research drawing
10-19-7A. A1l ex Janis Research Co.

Epoxy: Baké]ite #2774 Eboxy,:ex Union Carbide,‘and Versamid #140

1Hérdener,vex General Mills, Ratio to be used, 11:15,

" Rapid‘cduprhgs: Tri-Clémp series, ex Ladish Co. , Kenosha, Wisc.

Liquid helium transfer tube: model FHT, ex Janis Research Co.

| Témperdture coﬁtkoT]er: model TC-101, ex Cryogenic Research Co.

Cryogenic 11quid Teve1 fndicator: model LP-6, ex Cryogenic Research Co.

Thermocouple vacuum gage: model DV-3M, with 623842 power supply, ex

Hastings Co,

Micro—thermocougyg: model C0-C0-003, ex Omega Engineering Inc. Out;

 put measured by model 2733 potentiometer, ex Hoheywe]] (Rubicon,
Instruments),

Vacuum pumps: Duo-Seal, models 1400 (pump A) and 1402 (pump B)}.ex

Welch Scientific Co.



168~

Analyzing monochromatof: '25¥ﬁ50 One-meter'Czerhy-Turenef scanning

_spectrometef-spectrograph3with,]2 speed electrical drive, cose-

cant scanning, having a screw’accuracy of plus or minus ‘1

micron, with direct Tinear wdﬁefnumber readout, ]]5v.v60 Hz,

78-472 Dua] unilateral entrance and ex1t slit assemb]v

w1th curved Jaws open1ng from 5 to 400 m1crons height adgust-

able from 1 to 20 mm,
78-474 Mirror:sysfem ferdef]ecﬁing exit bea@ to side-
mounted camera, - - |
78-477.Camera mbUntfng pfate;”
15-200 Cémera adapter, |
15—209 Spacef. o
980-43-20-18 Grating 1180 grooves/mn blazed for 3ooo A,
_980- 43 20~ 22 ditto, blazed for 5000 A,
11-033 Grat1ng ho]der
MgF2 coating ofvopticél surfaceﬁ.
15-201 Graflex 4 in x 5 in plate-holder.
15-210 Polaroid 4 in x 5 1n cut film back.
78-468‘Shutter, mahua]]yvreleésed, 1/400 sec to "timgF.

Photographié materféTsf

Polaroid 4 in x 5 in film, tvpe 57, speed ASA 3000.
Kodak 4 in x 5 in Spectroscopic plates, type 103-0.
Kodak D-19 Developer,
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Kodak Rapid-Fix. A
‘Kodak Photo-Flo Soiﬁtioh.

.Ca]ibration sources ¢ Spéctfa] Cai}bration Set, model C-13-02, con-
- sisting of argon, he11um krypton ‘neon, xenon, and mercury arc
lamps with two appropr1ate power supplies, all in case, ex
“ Oriel Optics Corp. o o
Photomu]t1p]1er tube: EMI mode] 62565 ex Gencom Wh1ttaker Corp.

Photo tube power supply: mode] ]544 ]-3 kv, ex Power_Des1gns Pacific
Inc c., Palo Alto, Ca11forn1a. |

Cooled tube housing: mode1'78, ex Pacific Photometric Instruments,“

| Berkeley,

Amplification system: S
| Model 131 Lock-in Voltmeter, |
Model 261 Pre-amplifier, ,
Model 312 Chopper, with appropriate b]ades for the chosen
frequency boards, A1l ex Brower Laboratories, .

Recorder: Moseley Autograf model 680 ex Hewlett, Packard

Excitation monochromator Beckmann DK,

| Lenses: ex Oriel Optics Corp,



g e

_17‘0_‘ '
| CAPPENDIX B S
'lTypica]lOperatingfconditibhs;Used in MeéSuking tHe'Spectra | i
| ' in Part I of fthAis Thesis |
Solute: Acridine. |
Solvent: n-heptane. . -  ‘ﬂ S o , : ?
Concentration: 4,9 x 107° M.V: E
Temperéture: 77°K. | | é
Spectrometer: . Cafy 14MR | ;
Sample'path length: 1.5 mm. | g
bLight source: High 1htensity»fungsten lamp, operatingvat_Tine vo]fége. o g
Wavelength range scanned:v»420i- 320 nm, :V o .." : %
Photomultiplier gain setting: 2.
Time constant: 1 sec, , 4
STit confrbi: 15, - , ‘ , .  ‘ ' ?

S1it height: full.
S1it width: 0,07 mm,
Scan speed: 0.5 A/sec.

Filter: 1.0 0.D. neutral density,
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. - L "“APPENDIX c

. e Typ1ca] Operat1ng Cond1t10ns Used in Measur1ng the Spectra’

in Part III of th1s Thesis

Table 1. Absorption spectrum;-photo-electric detection,

Light source

BIower on, fIap 1/2 open, range select m1dway between posi -

t10ns F and G

Solute Aﬁtﬁracener '
Solvent | n-Octane
Coneentration . 2.5vx 107 M
Pathlength | 4 mm |
| Temperature“ S 4%k
 Dewar |

Vacuum jacket pressure << micron
Sample chamber pressure 200 ‘mm

Analyzing monochromator

S1it height 20 mm
STit width 50 microns
Scan start 0.0k
Scan finish . 25.5 kK

Scan rate 100 cm']/min
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Photomultiplier tube

Temperature . Dry ice (-78.5§C){
Dynode-potenfia]' B ' -2 k?
AmpTifier

‘ Chopper'freéuency 95 Hz
Trigger mode o EXT 4

Phase . S0
Risetime | 1 sep,'doubTé filter
Center zero  ~ Off |

~ Zero offset . | ;'1'Off ;5 _
Sensitivity 2,5 x 107 and 5.0 x 106 amp

- Chart recorder

Range 0 - 100 mv
Chart speed v 1 diy/min
Scale of spectrum . 100 cm']/chart div

Table 2, Absorption spectrum, photographic detection.

(Conditions of light soukce,'samp]e and dewar as in Table 1,)

Analyzing monochromator

S1it height "4 mm (Hartmann diaphragm)
STit width 50 microns

Scan drive position 30.0 kK
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Photographic ) ;J 
(i) Polaroid, type 57, ASA 3609
.Exposure' , i o :1 SéC'.
(ij),ConventionaI_plafes
.EXpOSUre _\1/2;f1,.2,’and 4 sec
’jéélibrétionKSOUrces Neoh, exposure 2 sec

‘Helium, exposure 5 sec

Table 3, Fluorescence Spectru,'phbto-eTectric detection

(Conditions of 1ight source,'éamp]é; deWar, photomultiplier
tube, and chart recorder as in Table 1.) .

Excitation monochromator

STit width - 2.0 mm
Wavelength ' 350 nm (28.6 kK)

Analyzing monochromator

S1it height 20 mm

STit width 100 microns
) Scan start | 26.8 kk

Scan finish 23.0 kk

Scan rate N 100 cm']/min,

Amplifier (As in Table 1, except:)
Sensitivity | 5 x 1077 amp
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TabTe 4.  Fluorescence spectruh, photdgraphicldetectionv

_(Conditions,bf 1ight_source;”§émp]e gnd dewér as 1n~Téb1e 1.)

(Conditions of excitation monochromator as in Table 3.)

Analyzing monochromator

S1it height '_4 mm (Hartmann diaphragm)
STit width 50 microns
Scan drive position 26,8 kK
Photdgraphic

(i) Polaroid, type 57, ASA 3000
"Exposure bi min
- (i1) Conventional plates _
Exposure ' /2, 1, 2,:and 4-min
Calibration sources Argon, 3 sec
- ‘Hé]ium, 5 sec

Krypton, 30 sec
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Table 5. Processing of phbtbg?aph1C,p1ates’

T;pé of plate . - Kodak Specfroscopic 103-0
| Safe]fght o -  'Wratten #2 (dark red) _.
Proéessing . ) - '
temperature': Z]AC. |
Developer - _ v'D'19;,4 min
- Stop bath 2% acetic acid, 1/2 min’
“Fixer - Rapid Fixer, 4‘min
| _Washv - ' 30 min

‘Rinse - Photo-flo so]ution,.BO sec
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. APPENDIX D

Computer Programs

For each program the data deck set-up w111 be g1ven

by the source ]1st1ng and some samp]e output

followed

1. Program RREDUK

(i) Data deck set-up

A, Title card
~Columns 1-80, field 16A5: WORDS, anything.

Example:

bRMMb382bFLUORbANTHRACENE/NQC6b4bDEGbKbMACNABbZBbOCTOBERb1968bbb, etc.”

B. Corrections card

Co]Umns 1-35: Same as last cardAof stendards deck.

Columns 36-42, field F7.5: MOLCOR, the correction

to be made

to a 3-punched molecular line screw

reading (see molecular deck).

XL = MOLCOR,

Columns 43-49, field F7,5:. COR, the correction fo

a 8-punched standard (ca]ibretion)_line

screvw reading (see standards

SCREW = SCREW - COR,

Fip indicates blank.

XL =
be made,to

deck),
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Columns 50-55,<fié]d F6.4: DISCR, the distriminantlin ang-
-stroms; all LAMBDA RESIDS larger than
':DISCR will be deleted when the second
*'Teast.quares routine is called, and
N.G. will be printed in the remarks
‘column.
Columns 56-59, field 4X: Blank.
- Column 60, field IT: N, the degree of the polynomial in the
least squares routine; if no N is given,.

an eighth degree polynomial will be used.

- Example:

bbbbbbbbDbIbA4468bbbAGEbBDIEES . 3bb-bbbbT3b, Tbbbbbbb, etc.

| C. Standards deck

Columns 1-24 are punched by the AMP comparatdr (see jProfessor

~ Phillips, Astronomy Department), as follows:

Co]umﬁs 1-5, field 5X: Blank. v _
Column 6, field I1: NETAG, 9 if no correction needed,
- 8, if COR needed.
Columns 7-11, field 5X: Blank.
Column 12, fie]d Al: SYMB, see program,
'Co1umns 13~18, field F6.5: SCREW, screw reading on comparafdr.

Columns 19-24, field F6.0: XIN, density of line.
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Cotumns 25-35,-f1e1le11i3} LAMTRU, the true waveTEngth in
angstroms. If the program is being
‘run only tb'identif&'étéhdards,'on]y
~ the First and Tast standards will con-
tain LAMTRU, I
Exampte: |

bbbb59bbbbbgb55634bbbT34bbb4376;1bbbbb,,eté;‘ )

D.'§Jahk'card

Sentinel card to fndicateVend'of'§tandardé deck.

E. Transfer card

(a) If program is being run to 1dént1fyléfandards only,
bbbbbbSTANIDbbD, etc,
(b) Otherwise, blank cardiAI

F. Molecular deck, ifE s 6ption (b)
Punched by AMP comparatof, as for standards deck,_except
Column 6, field I1: 4-pun¢h if no correction needed,

3-punch if MOLCOR needed.

G. Blank card, if E is option (b),

sentinel to indicate end of molecular lines.

. H., Transfer card

(a) If more sets of data to be processed, bbbbbbNEXDATbbb,:étc.

(b) Otherwise, blank card.
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I, If H is option'(a), return to A. »

© (i1) Source 1isting and sample output

"See overleaf.
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PROGRAM RREDUK (INPUT, OUTPUT'TAPES)

c
] c- THIS IS A SIMPLIFIED VERSION or REDUKT e i .
. : c . : =
000052 DIMENSIoN A(10910) e
000052 -~ DIMENSION WORDS (16)
000052 ODIMENSION NETAG(100)s XIN(100)+e 1NT(100)- LAMTRu(loO)o SGMA (100},
1LAMLIN(100) s NOTE(100) ‘s
000052 OIMENSION SCREW(150)s DELTAL(150)¢ T(150)s 2(150)+ WT(150) v
000052 ¢ DIMENSION HADES(500) s BIN(500) SINK(500) VACUM(SOO’.INTMOL(SOO) ‘
000052 COMMON sanu. DELTAL. wT. T 'z -
000052 COMMON 4 N e o .
c
000052 REAL - LAMLIN, LAMTRU, LAMTRR, NOTE. COR,. MOLCOR, pIScR SCREWW, ) |
1SCREW, XLy XINN, RINy HADEsv WTs DISPy SGMs» SgMAs V) VACUMs o : i
_ 2RFRCTNy Ty Z» SYMBB, SYMBs ZAMs DELTALs Fo SUMy SICK+ SMEANI1s co 1
 3SMEAN2, BIN, SINK
c
000052 INTEGER I, Jy K, KJ, KJL, KMy NETAGG, NETAG, NETA, ~. NPLUS, NTH, .
- _ 11GORs INT, INTMOL.MOREv YES o
000052 ] DOUBLE pagctsxou A N : o :
c . . :
000052 . DATA REMARK, STaNID, YES, BLANK/4HN,G,, 6HSTANID, GHNEXDAT, _
1 44 - /
c o i
c : . . .
000052 1 CONTINUE ) v L . /READ
000052 800 FORMAT (16AS) . AND
000052 _ READ 800+ (WORDS(])y I = 1916) . . e PRINTY
000063 801 FORMAT. (1H1) : ' - TITLE .
000063 PRINT 891 : - o e . CARD
000066 PRINT 800+ (WORDS(I), I‘- 1.161;‘
000077 802 FORMAT (1K //) . e ;
000077 PRINT 802 .
[+
- ¢ CORRECTIONS CARD IS ALSO LAST STANDARD oo e /READ
000102 805 FORMAT (SXs I19 SXo A}y F6e5¢ F6e0s F11e30 2F7.5, Fésby 64X 11) - CORREC
000102 READeos.NeTAes.sVMaa.SCRewR.xINN.LAMTRR.MOLCOR.COR.DISCR.N : TIONS
000127 IF (NETAGG « 9) 24342 e CARD/
000131 2 SCREWW = (SCREWW = COR) /COR 1IF :
’ c 8 PCH,/ |
c FIXUP READS SYMBB (OUTPUT OF MICROSWITCH ON COMPARATOR) ™ AND : :
[~ DETERMINES WHETHERy EoGs J 49692 SHOULD MEAN SCREWS®049692 OR 149692
000133 3 CALL FIxup (5YF@Bs scaEuw v /FIXUps
. c e . /READ
. 000135 806 FORMAT (5Xs Il» 5Xy Als F6eSs Fe.o. F11.3) : FIRST
1000135 READ 8069 NETAG(1)y SYMB, SCREW(1) s XIN(1)e LAMTRU(I) . stAND,/
000152 IF (NETAG(1) =79) 445.4 /COR IF
000154 . 4 _SCREW(1) = SCREW(1) = COR _ e 8=PCH./
c
000156 c- S CALL FIXUP (SYMBe SCREW(1)) e . /FIXUP/
) [ OBTAIN _INEAR DISPERSION /01SP/
000160 ' DISP = (LAMTRR = LAMTRUH))/!SCREHW ="8CREW(TYY ~ T T T -
c . ;
000164 T 7T DO 12 UETlL1000 T ToTTmmTmTT T T e U JREAD ) ;
000166 WT(J) a1, i e __CORe #
000170 o s J s 1 ot E Comm T T FIXup
c INDEXING SECOND CARD CORRECTLY ResT ofF
000172 ° READ 8069 NETAG(R)e SYMBs SCREW(K)s XIN{K)+ LAMTR UTKY— T STANDS./

c SENTINEL FOR ENp OF STANDARDS DECK v ' -



000207
000211

000214

000217
000222

000224
000224
000226
000235

000262
000244
000254
000261

000266 .

000266

000273

000275
000277
000301
000302

000303

000311
000312
000313

000314
000315
000320
000322
000324
000326

©.000330
000332

000333
000334

000337

000341

000343

000351

00035]

000351
000354

000357

000357

OO0 o [+ 3
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IF (XIN(K)) T01,702,701
701 IF (NETAG(K) = @) €976,
6 SCREW(K) = SCREW(K) « COR

T CALL FIXUP (SYMg, SCREN(K))
12 CONTINUE

0BTAIN INTENSITY (INT), LINEAR WAVELENGTH (LAMLIN), CORRESPONDING
WAVENUMBER (SGMA)s AND DEVIATION FROM LAMLIN (DELTAL]

702 CONTINUE..
DO 706.1 = 10J.

703 INTAI) & IFIX((1000s « XIN(I))/1004. ¢ 0.5)

~ . LAMULIN(Y) ® LAMTRU(1) ¢ (SCREW(I) = SCREW (1))#Q1SP__
CORRECTION TO IN VACUO VALUES
SGM a 1.0E4/LAMLIN(I) .
RFRCTN=69342842949814/(1460~5SGM “'2)‘2556o/(41.°SGM “e2)
SGMA (1) = 1,EB/(LAMLIN(I) o LAMLIN(I)®RFRCTN/]ET).
Toé DELTAL(I) e LAMTRU(T) = LAMLIN(I)

IF PURPOSE OF RUN IS TO IDENTIFY CALIBRATION LINES == STANID
706 FORMAT (6X» Ag) ) o

READ 7069 PASWD

IF (PASWD,EQ.STANID) GO TO 707

13.IF (N EQ,0) N =& Q:
N = N o)
NTH = N
NPLUS = N'o )

CALL SQARE (Ns J» SCREWs DELTALy WTy Ty Zy a)
F a0, .

SUm = g, . . .

1GOR = 2 ) ] - . ,

D0 15T = 14J
SICK & ABS(T(I))
FaF « 1, _
- SUM = SUM ¢ SICK : -
NOTE (1) = BLANK -
CIF (SICK = DISCR) 15+15:14
14 NOTE(I) = REMARK
- WD s 0, ' : R
IGOR = {
15 CONTINUE

SMEAN] = SUM/F
IF (1GOR.EG.2) GO TO 35

ONLY CALLED IF BAD STANDARDS PRESENT
CALL SQARE (Ny o SCREW, DgLTALv WTe Ty 29 4 -
36 FORMAT (120W = SCREW WEIGHT ‘ SIGMA quMBDA -
1) LAMBDA OELTA LEAST LAMBDA LINE ‘REMARK
C..2 L S .
37 FORMAT (1201 MEA§QRE TAG . LINEAR LINEAR
1/) TRUE . LAMBDA SQUARES - "RESIDS ... INTY __ COLUMN
2
.35 PRINT 36 . . o e e e
PRINT 37

C JFIXUP/

/WANT
STANDS.
ONLY/

/LEAST
SQUARES
ROUTINE/

/FIND
8aD

STAND
ARDS/

/FIRST
AVERAGE /

/LEAST
SQUARES
MINUS

REJECTS/

/PRINT
STAND
ARDS
NORMAL/

38 FORMAT (2PFBe416Xe1146X90PF10, lv7X0F 9-2!7x!£10-év5X!F7-4cSXoF7ch

10XoFT0444X014,6X0A4)
16 PRINT 38o(SCREH(I)oNETAG(I)oSGMA(l)nLAMLIN(!).LAMTRU(I)-DELTAL(I).



000413

000414
000414
000414
000417
000422
000425
000430
000430
000452

000453
000453
000456
000457

000460
000461
000463
000465

000671

000474
000476
000476
0005}1
000511

000526
000530
000530

000543

000545

000547
000555
000557
000561
000563

000571
1000573
000575

000615
000623
000625
000635
000640
000663
000645
000647

000651

000653

000656
000656
000661
000664
000664
000704
000724

200724 .

000727
000727
300727
300734

300736
300737
300741

oo
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1Z41)y T(I)e INT(Idy NOTE(D)d I w 19J)
GO TO 709 . . - L o

.

707 CONTINUE

715 FORMAT (38H FOR IDENTIFICATION OF STANDARDS ONLY)
PRINT 715 o . .
PRINT 802 o
PRINT 36 S L L
PRINT 37

708 FORMAT (2PF@,4+ 6Xg I1s 6X90PFlnels TXs F 9.2, S8Xs 14) -
ZSINE 708 (SCREW(I)s NETAG(I)s SGMA(TI)s LAMUIN(I)s INT(I)y ISled)
70 143 - S '

709 CONTINUE ’ . S
18 PRINT 892. 2 -

00201 = 1,4 ) e - .
IF (WT(1)) 19420019 - . i :
19 F = F ¢ 1, . ‘ o
] SUM = SUM « ABS (T(I))
-20 CONTINUE

SMEAN2 ‘= SUM/F -
810 FORMAT (16H FIRST AVERAGE.®F9.6, 18H SECOND AVERAGE af9,6,
1 16H. DISCRIMINANT =F7+4y 21H LINEAR DISPERSION ®«2PF9,6)
" PRINT 910+ SMEANls SMEAN2, DISCR, DISP ) . L
811 annnr (30H COEFFICIENTS OF POLYNOMIAL & 5(D16,8,2X)/28X+5(D1648,
1 2x)) . k :
PRINT 811+ (A(I,NPLUS) s I = 14NTH) ’

104 00 108 Kk = 14500 . ) .
814 FORMAT (5Xs Ils SXy Ale F6eSs F640) s
©" READ 8149 NETA» ZAM, XLy HADES(K) .. s :
SENTINEL FOR LAST MOLECULAR CARD -
IF (HADES(K)) 11691370116

116 CALL FIXUP (ZAM, XL)
113 BIN(K)=a (1sNPLUS)

) IF (NETA. = 4) 71047110710
710 XL = XL = MOLCOR

711 SINK(K)sXL

INTMOL(K) = IFIX((1000s = HADES(K)) /100 ¢ 045)

00 152 KJ=2,NTH
T KJLaK)=t : )
152 BIN(K)=BIN(K) +A (KJyNPLUS) #XL®aKJL
BIN(K) = BIN(K) ¢ LAMTRU(1) ¢ DISP®(XL » SCREW{(1))
Va1 .E4/RINIK) o
RFRCTN=64342842049814/(1460=V092)42554,0/ (4] 4-y®#2)
VACUM (K) SRFRCTN@BIN(K) /1 ,E7 . )
VACUM( K 1%1.EB/(BIN{ K YeVACUM( K ))
IF. (NETA = 4) 118+1084118
118 BIN(K)aaBIN(K) o ’ )
108 CONTINUE o !

IGNORE SENTINEL AS MOLECULAR CARD
117 KMsKe] i
PRINT 841 :
712 FORMAT (48H MMS LAMBDA . SIGMA
PRINT 712 S,
PRINT 892
713 FORMAY (2PF8e494X10PF9e29 6Xs FOele 6Xo 14) .
PRINT 713+ ( SINK(I)y BINC(I)y VACUM(I)s INTMOL(I}s [ ® 1sKM)

WRITE (8¢713) (SINK(I)'BXN(I)|VACUM(I)vINY"OL(I’o leleKM)
716 FORMAT (B0HOOR0aNoRcaateaseattoNcnenenesstoestootennndonsnassnosone
1*000sac00ac000Raiiensoans)

WRITE (5s716)

INTY )

143 CONTINUE
714 FORMAY (6X» AS)
READ 714+ MORE -
IF (MORE.EQ,YES) GO TO 1

CALL EXIT
RETURN
END

/PRINT
STAND
ARDS |
WHEN FOR
STAND,
IDENT,
ONLY

/SECOND
AVERAGE/
/PRINT
POLY=
NOMIAL
DATA/ -

/READ
MOLE=
CULAR
LINES/

JFIXUR/
‘/MOLCOR
IF. 3 PCH

/INTENS=
Iry/

/OBTAIN
LAMTRY
FROM
POLYe"
NOMIAL/
/0BTAIN
MOL o
DATA/

/SHOW. 1F

3<PCH,/

/PRINTy
PUNCH
MOL
Davas

/REPEAY
PROGRAM -
IF MORE
DATA/
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00515

DIMENSION. A(10s30)9ZAXL20) S S R
007515 - DIMENSION X (150) DELTAL(ISO); H(ISO)o Z(ISO)' T(lso)
-007515. .. .. _COMMON xo. DELTALSs We_-Te 2. . ——
007515 COMMON A ) o
007515 ..DOUBLE PRECISION Ay 24X : o e e
007515 DO 15 UslylY :
007817 .....18 . 2LJ) .= DELTALJJ) M. B S e e e
00752% NMaNey - .-
007527. 00 16 MaleN. .. ... . . .
007530 DO 17 K=l oNM :
007531 17 AfMeK)aQe. . - . . S . R
007543 16 CONTINUE . :
007545 SMPUsNeNel . L
007547 00 18 Msl.MPL
007550 18 ZAXIMY®OS.. .. . . e
007556 DO 19 KMm)l1IT
007560 D0 20 Me2,MPL_ - . e e
007561 MDEC=Me]) )
. 007563 . STOREasM (KM).. . ... .. . . U e e
007565 CARRYzX (KM) - i
. 0071847 _SHOVE=mZ (KM)_ . . e
007572 20 ZAX(M)azAX(M)osTOREuCARRvn*MDEc _ )

. .00761)... . . ZAXLliszAxil)¢SIORE - e
007617 00 21 LO=2N: . . :
007621 LOWzLOwy e

007623 21 A(LOINM - )nA(L09NM )oSTORE'SHOVEOCARRY¢“LOH
007667 . . . __ A(14NM _)mA(1sNM - ') 4STORE#SHOVE . .. e
007663 19 CONTINUE
007665 . . ... NLESsN=y. . . ... . e - R
007667 - DO 22 NDp=1sNLES
001670 ... .DQ 23 KIDsY4ND.__ . . . .. e
007671 LUG=ND+ 1eKID
007673, _ o AUKIDNLUGISZAX(ND)
007703 KIx=NMwK1D v
007705 .. UXaNMet U6 . e e
007707 JAN=MPL + 1=ND
L00TTIL o 23 A(KIXeLUX)®BZAX (UANY) S
007724 22 CONTINUE .
007726 . . . 00.26 KIDEl N . . o
007730 LUG=Ne j=KID
007732 24 AKIDLUGIBZAX(N) . . P
007744 D0 401 IN=1,N
007765 . JK=INel . e e e e e
007747 DO 402 IMaINN
001750 . D0 603 TLEIKINM .
007752 IF (A(IMeIN)) 403410000403
. Q07760 - 403 A(IMv1L1=A(LMJIL)/A(IMJINIHW.»”,_“_w“m_,“ﬂ-______ﬁ___
010004 402 CONTINUE
..010006 IF (INaN) 407, 488807 .
010007 407 DO 404 1J=IKWN
~010011 00 405 ILEIKWNM R
010013 405 A(IJvIL)BA(IJoIL)nA(INoIL)
010035, _ . 404 CONTINUF B
010040 401 CONTINUE ,
.-010042 488 00 408 INmR,N
010044 IKaN¢1 =N :
010046 _IMelKel S _ _
010047 DO 409 IL=IMeN .
010050 QOQHA(IK!NMI?A(IKJNMQRA(IK;ILl:AjIL.NML [
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. SUBROUTINE. SQARE(N! ITe Xo DELTALe Wo Ty Zo A)

LEAST SQUARES FOR POLYNOMIAL OF DEGREE N~}
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010102  °.408: CONTINUE . -
- 010104 . 41 DO 42 JulslT
010106 42 Z(IIBA(LINM |
010123 . . 00 43 JUnlaly o -
010125 . D0 48 Kym2WN s :
010126 . . - KJL=Kje] ' o
010130 44 z(J)ez(J)oA(KJ.NM CeX(J) ek L
- 010155 43.CONTINUE .. LR
010187 .00 46 y=loIT - 0 o T L
A'Qﬂloléou1m.“;A6mIJJ)it"DELTAU(Q)_ ANV ;
010170 - 60 10 199, - v ol S
- 010170 ~. 1000 PRINT 209 . . "~
010177 ~ PRINT 207+IMeIN

----0102Y2._ . . 199 -CONTINUE ,
010212 . 207 FORMAT (3H A(,I2+2H '.Ia.SH 180,) .
--i--010212. . 209 FORMAT_ (16H SINGULAR MATRIX//)
010212 ~RETURN - ‘
--..010213 . END_

S5 ... . SUBROUTINE. rlep csvmaoL. SCR)
. 010347 T REAL Jay:
D .030347 - . . . DATA JAYs ONE: /1HJ. 1Hl -/ o
7010387 T @ w0, . : =
010350 - 1F (SYMBOL, EQoJAYoAND.SCR LE..9a) Q.=

1010361 - IF (SYMBOLEQ.ONE¢AND+SCReGE++90) Q = |,
010372 © . IF (SYMBOL.EQ.ONE<AND, scn.Lt..9o) Q =7,
© ' 010403 .- . SCR = SCR ¢ Q
~-e-D10605  RETURN -
010405 END
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. 900038 .
9.0474 .
941145

) 9.6509
~ .l003014

" 104408}
© 100436)

3140639
11e1618%"

T . 11.3606
© 113844
114220

1144530 .

.7 1145928
,_1109613

11.9825"

1240276

(01200451

12,1863
126265
13,5778

13.653] .

14,1177

14, 1877.7"

- 8,9837

811,75

- 3810,09

1773806,59.

3758409
- 3705,78

- 369720 7 .
: 3696,94

3644436 .

"3636,47..

1362046

”f3618.5091;

© 3615,46

3871,87
3570,15
- 3566,50
356508

'3553,8) 1

. 3517.98.

_3440,78.

. 3434,66.
" 3396,90

"3801,20: . -

5.3612,96 -
 =3601,67 .+

391 zo“'

2622702
26238,7

2630040

25601.7"
26977.2°

T 270398
27056,.3

T_276l3al

27627,9 . .

276511
2775700

2804148

2813007 ¢

28417,3

26262.8 -

27431.8
27491,4.

2767042 -

 27988,6
2800240 .
- 28030,7 .

29106,6 .
2943042 . ¢
29479,6.
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2. Program VIBRAN -

(i) Data de¢k set-up A -

A, Title card . v
Columns 1-80, field 16A5: WORDS, anything.
Examﬁ]e;

bRMMbFLUORbANTHRACENE/N-C6b4bDEGbKbMACNABb28bOCTOBERb]968bbbb, etc.

B. Molecular lines

These cards are the punched output from pkog}am'RREDUK.

Columns 1-27, field 27X:.- Contéin data, butvare ignored by‘
| " VIBRAN.

Co]umns“28-3é, fie]d_FQ.]: Nuu; frequenqy of line in en !,
column§'37-42, field 6x;. Blank.

Co}umnsv43—46, field 14:. INT, intensity of line,

EXamp]e:

»bb6.61265bbbbb4293.32bbbbbbbb23285.4bbbbbbbbb3bbbb, etc.

C. Blahk card

Sentinel to indicate end of molecular lines,

D. Transfer cérd

(a) If more sets of data to be processed, bbbbbbNEXDATbbbb, etc.
(b) Otherwise, blank card. |

E. If D is option (a), return to A,

(1) Source listing and sample output
See overleaf,



_ FRCGRANM VIBRAN (INPUT,

nUT PUT,
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TAPE sr'

C_PROGRAM USING RREDUK OUTPUT TO OBTAIN AND SORT FREQUENCY DIFFERENCES

C UbTHL&N SPECTRAL LINES.

G0C0N52 DIMENSTON WORDS(16) .
€002C52 ° DINMENSION NUUL 70}, NU(-70), INT( 70), S( 70) ; —
CeCe52 BIMENSTION  DELNU(2500), NUHI({250C), NULO(2500), INTHI (2500},
"1 INTLO(2500), EN(ZSOO). JAY (2500)
¢00C52 REAL NUY, WURDS
OLEYE - INTEGER "FoT,dy K.L.M.N.ScJK.INT.NU.DELdU.DnELNU.NUHI.NULD'INTHI.

1 INTLD, EN,JAY,TEMP, MORE, YES . o o
000752 ° CATA YESTEHNEXDATZ
23052 7 CCNTINUE
T _READ AND PRINT TITLE CARD. _
39¢052° 01 FCRMAT (1HL)
00052 L _PRINT RC1
002C055 ~ 300 FORMAT (164A5)
000655 READ BCC,(WORDS(I) I = 1,16)
000066 PRINT BC2y (4ORDS(I),1 = 1,16)

000077

832:FCRMAT . (1H

/7)

PRINT 52

T T READIN FREQUENCY AND INTENSITY OF LINES.

09u0l02 B0 1 I =1, 70

CAC104 6 CCNTINUE

00104 802 FORNMAT (27X, F 9.1, 6X, [4)

09C1C e N FEAC 8(C3 sy NUUCT), INT(IY -

030113 StI) =1 ) o R,
00CI1S T TTTRU(TY S IFIXANUUTT + 0.5)

) C SENTINEL. '

qcc12¢e TF (NUG(I) )L, 02,1

T00Cc122 1 CONTINUE e e
000124 702K =TI

C PRINT -LINE INDEX, "FREQUENCY, AND INTENSITY. -

ncel2e | 8C4 FORMAT ( 51H LINE L INE LINE INTERPRETATIGN)
- BIT26 305 FORMAT (334 WNUMBER FREQUENCY INTENSTITY)

020126 806 FURMAT (2X, LHU, I3, 1H). 6Xs 15, 9X, 12} - - —_ I
Q0C126 77 T U PRINT gy T )

260131 PRINT E0S e e .

0Cc134 PRINT Bo2° 77 .

00137 FRINT 06y (S(I}s NUCId, INT(I)y I = 1,K )

: C SUBTRACT EACH FRE SOUENCY FROM SUBSEQUENT FREQUENCIES; KEEPING ALL DATA IN STEP.

003155 M= KTex

020157 F =0 o ~ }
n0Cl16Q CC2 J=1,M77

00C161 JK = K = J ~
€00163 DO 3L 144K

000164 N = J+ L e
conTes T T R R F YT

90167 CELNU(F) = NUIN) - NU(J) o
03cT73 7 T T TTNOHTUET TN

000175. NULC(F) = NMU(J)

00C177 INTHI(F) = INT(N)

n3C202 INTLULF) = INT(J) _
ADN20% T ENTFY =7\

€5N206 JAY(F) = 4
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020207 77 3 EENTINIE
00C212  ~ 2 CCNTINUE

C CCNPM\E FREJQUENCY ’)II—FEREN(ES AND DRDER THEM, KEEP ING ALL CTHER
C DATA IN STEP,

0Cc214 . _kK=F

030215 TN E RS

0ce21e BC s d =, _
030220 TR KT

00r222 DC 5 L = 1,

000223 N=J o+ L _

€0n225. ___IF_( DELNUIN) - DELNU(J)) 7n3,5,5 }
090230 T3 TEMP = DECWU(N) : .

00232 DELNULN) = DELNUL(Y) o _
006235 " 7T TTTRETNUTIY = TCAP

5J0236 TEVP = NYHI (N}

aln240 NUHTIN) = NUNT(J)

__ NUKI(J) = TeMp ' - ~
TEMP = NULG(W)
NULCIN) = NULD(J) -
T ORULCHdY FTEAR
TEMP = INTHI(N)
"OLZSl INTHI(NY = INTHI(J)
INTHI() = TEMP
TEMP = INTLOUN)
CINTLOANY = INTLOCY)

A INTLGUJ) = TEmp T T
fon2er TEMP = EN(N)
CC262 FN(N) = EN(J)
00264 T ENLJ) = TEMP S N
Ny2Zes " T T T MPT =T JAY (NI
0266 JAY(N) . = A e
NC02707 7T T TYAYT ) RV EMP .
00c272 & CONTINuE o
36275 4 CCNTINUG

C PRINT FFiOUFVCY DIFFERENCES TOGETHER WITH FRE CIES AND INTENSITIES
C OF CUMFUNENT LINES, ~ o .
ACr27T PRINT 891 o S
0072302 0 PRINT 8C2, (LORDS(I),I = 1,16} . .
n3313 7 PRINT 802
o3y e 307 FURMAT (15X,  74HUPPER LINE UPPER LINE  LOWER LINE.  LOWER LI
1NE FREQUENCY DIFFSRENCE INTERPRETATION)
I0031 4 378 FURMAT (15X, T4HFREQUENCY INTENSITY FREQUENCY INTENSIT
1y BETHEEN (PP ‘ :
.oer31e > FCRMAT (75X, 10HLOY
0C0316 T FORMAT TCTHC, T3, 3H)<T, 13, LHTs 6Xs 15, 16X, 12, 11X, 15, 1CX,
1 12, 12X, 15) B o ~ :
J0G31¢ FRINT 807
nee321 PRINT acq _ R 3 e e
¢IC324 . PRINT go9 =TT T
nOn327 FRINT 302
500337 PRTNT @17, ("Q(Il,JAY(I).NUHI(I).INTHI(I).NULO(I).INTLC(I):
L DELNUCTY, I=1,K) n o o
ool COCHECK IF MORE SPECTRA HAVE TO BE PROCESSED. o
0Cr360 7 714 FCRMAT {6X, AG}
000360 READ 714, MORE
00¢365 IF (MORE.EQ.YES) GO TO 7
000357 e CALL EXIT N
3376 T T TRETURN T

°?€372”“MwwAwmhﬂfNQ
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ANTHRACENE (D1G)/N=C8 ABS

4 DEG K DEC 17

1563 MACNAB

LINE INTERPRET AT ION
_INTENSITY
e s -
( 2) 26239 4
. 3) 26263 5
{4 2€30¢ 5 .
TSy T 26602 2
€ 6) 2e577 5 . ) i
B A 2704¢ T oy T e e e e
(_ 8) 27(56 4
 9) 7422 6
oo Laey 27451 2o e .
(111 27€13 2
(12} 27€28 3 . o -
13) 27651 7 T
( 14) 2767C 2
TTUTUIEY 27757 3
{ 16) 27¢89 ) 4
(17} 28002 T g T oTTT T T T o
( 18) 26C3] 4 o . -
19) 28047 R
2oy 28131 4
(21 28417 4
22y 26C55 - 3o . I
( 23) 26167 4
( 24) 264730 4
( 25} 25488 T TG ) o
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3, - Program WISHFUL

(i) Data deck set-up
A. Title card _
Columns 1-75, field 15A5: WORDS(1) to WORDS(15), anything.
Colums 76-80, field T5: WCRDS(]G)Q"#f if absorption spec- i
‘ - trum being synthesized, -1 if fluores-
_- cence spectrum‘beihg syqthesized.
Example:-

bRMMb 446bANTHRACENE (D10) /N-C8bABSbb4bDEGHKbDECh17bb1968bMACNABbbbbDD]

B. Origins deck

“Columns 1-6, field A6 ORNAME , name of origin.

Columns 7-8, field 2X: Blank.

Columns 9-13, field I5: ORIGIN, position of origin in cm™

Columns 14-18, field 5X: Blank.

.cO1umnf19, fier“I1;,_ORINT, intensity of origin: value
| between 0 and 5.
-Examples: | _
**H01bbb26227bbbbb5bbbb, etc., asterisks indicaiing-that this is the _ .
main orfgih; bbb02bbb26500bbbbb1bbbb , etc. f | |

C. Blank card

Sentinel to indicate end of origins deck.

D. Vibrational modes deck

Columns 1-4, field -A4: MODE, name of mode.
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Colums 5-6, field 2X:  Blank.
Columns 7-10, field 14: SET(1,I), frequency‘of mode in cm’].
Columns 11-15, field 5X: Blank.
Column 16, field I1: INT(1,I), 1ntens1ty of mode: value
' ' between .0 and 5, ~ o
Example: _
NU4bbb1386bbbbb5bbbb, etc.
E. Blank card
Sentinel to indicate end of vibratioha1 modes deck.,

F. Transfer card

(a) If more sets of - data to be processed, bbbbbbNEXDATbbbb ,etc.
(b) Otherwise, bland card.

6. If F is option (a); return to A,

(i1) Source Tisting and sample output

See overleaf,



000037
000037
000037

000037

000037

000037

000037
G0QC37
000037
000C42
000042
000053
000064
0000¢4

000067
000067
000071

000102
00C1 04
000106
000110

000112
000112
00011¢%
000120
000136
000141

000144
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PROGRAM WISHFUL ( INPUT,OUTPUT)

T C THIS PRUGRAM SYNTHESISES A SPECTRUM FROM ASSUMED VALUES OF DRIGINS AND”HEM

C VIBRATI)INAL MODES. COMBINATION LINES HAVE NO MURE THAN THREE VIBRATIONAL

" C QUANTA, AND ONLY APPEAR IF THE INTENSITY {(CAUCUUATED BY’EHPTRYCAL COMBINATION
C RULES) Is5 GREATER THAN OR EQUAL TO ZERO.

COMMCN  MULT, HIINDEX
COMMCN  /BLK1/NO,YES
EQUIVALENCE (MULTI,WORDMUL) o L e
DIMENSION WORDS (16) yORNAME {150, CRIGIN(151, ORINT(15)yMODE(12),
1 SET(69100), INT(69100), NUMSET (6),MULT(6,100,12),TOTSET(200),
2 TOTINT(200),MULT I(350, 12)9SUPSET(350)vSUPINT(SSO),SUPMULT(BSOylZ)
3,0KRIG{350) yWORDL(350,12),WORD2(350,12),FORM(18) ;WORDMUL(350,12),
4 ASTRISK(6), HIINDEX(100), NUMBER{15):

INTEGER NORDS,HRNAME,ORIbIN ORINT ¢NUMORS s I ¢4MODE+SET ,INT , NUMSET, N,
1 NNUMSET,NUMSET1 sMULT,KyN1,N2yMyB,PASWDNDO,YES,LTOT,TOTSET,»d,
2 TOTINT yMULTI,SUPSETsSUPINTORIGsSUPMULT yTEST,SUPTOT,NLESS»JPLUS,
3 TEMP,ASTRISK,WORDI, NORDZ'PLUSSP,NURDMUL,VOID ZILCH,FORM,HI INDEX,
4NUMBER, MORE,NEXDAT

DATA NEXDAT/6HNEXDAT 7/, (ASTRISK(1) -,1
-10H ZZ,10H IZZZ,10H z s10K  ZzzZzzzz ,
1OHEZZ =ZE /9 (FORM{I) 3 1=1,101/2H{242HX

2HAL g 2H Oy 9 2HEX 92He 1 42H5 3 s 2HE X, 2H o A32HE ¢ /4 (FORM(T)y [ = 12,17/
2HOAY2H2y y2HAL s2HeAy2H4) 3 2H) / 4PLUSSPyVOID,ZILCH/2H+ 41H ,

2H /9y INUMBER(I) yI=1,15)/1HL,1H2 y1H3,1H4, IH5, IHE 1HTy 7

2H 342H 9,2H10,2H11,241242H13,2H14,2H15/, FOPM(IS)/OOOOOSS/

TSN

C READ AND PRINT TITLE CARD-

36 CONTINUE

801 FORMAT (1H1)
PRINT 801

800 FORMATI1545,I5)
READ 800, (WORDS{I)y, I = 1,16)
PRINT800, (WORDS(I)y I = 14160

802 FORMAT(1H //) ’
PRINT 802

C READ ORIGIN NAME, POSITION , AND INTENSITY.
803 FORMAT (A6, 2X, 15, §X, I1)
b0 1 I = 1,20 . . .
READ 803, CDRNAME(T), ORIGIN(IV, ORINT(I)
C SENTINEL.
IF (JRIGIN(ID) 1,2,1 o . T e
1 CONTINUE .
I =1+1
2 NUMORS = [ -1

C PRINT ORIGIN NAME, POSITION, AND INTENSITY.

804 FORMAT {24HORIGIN POSNe INTENSITY) =~ ~7 77 07 fwr—wos—ommems oo s

PRINT 804
PRINT 802 . B B
PRINT 803, (ORNAME(I), ORIGIN(I), ORINT(I), I = 1,NUMORS)

PRINT 802 . . g
PRINT 802

C READ VIBRATIONAL MODE NAME, FREQUENCY, AND INTENSITY. '
805 FORMAT (a4, 2X, I4y 5Xy I1) ' ’ i -




i

R

® o

L
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000144 DO 3 1 = 1,20

CO014s © RZAD 805, MODE(E)y SET(L,1), INT(1,I)
C SENTINEL. i : i
000163 IF (SET(L1,1)) 3,4,3
000165 3 CONTINUE : e
000167 !
000171 4 NUMSET(1) = I - 1
000173 NUMSETL = NUMSET (1)
C PRINT MODE NAME, FREQUENCY, AND INTENSITY.
0GC1 74 806 FORMAT (21HMODE FREQ INTENSITY)
000174 PRINT 806 '
000177 . PRINT 805, (MODE(I), SET(l,I), INT(1,I), [ = 1, NUMSET])

000221 PRINT 801

C MEMBERS OF FIRST SET HAVE SIMPLY ONE QUANTUM OF ONE MDDE- MULTIPLICITY OF
C THAT MUDE SFT TO ONE, OTHERS SET TO ZERO.

000224 DU 5 I = 1,NUMSET]
000226 00 6 -J = 1,NUMSETL
000227 IF (1.EQ.d) GO TO 7
000230 MULT (1414d) = ©
000235 GO TD &
000236 7 MULT(L, D400 =1 o o
000244 & CONTINUE

000247 & CONTINUE )
C FD#M REMAINING SETS. EACH IS MADE FROM SET(1) AND CNE OTHER PREVIOUSLY
C CONSTRUCTED SET D:TERMXNED BY: tCRITRNt. :

000251 DO 9 K = 2,5 . . N
000252. CALL CRITRN{K,M1)
000254 M =0 :
000255 NNUMSET = NUMSET{N1)
0002¢7 DO 10 1 =1, NUMSET1
0002¢1 DO 11 J = 1, NNUMSET
C EMPIRICAL INTENSITY COMBINATION RULE.
000262 B = INTU1,I) + INT{NL,J) - &
C IF INTENSITY IS NEGATIVE, OR IFf #PASWD# SAYS.THESE PARTICULAR MEMBERS SHCULD
C NOT BE COMBINED (TO PREVENT DUPLICATION) COMBINATION IS REJECTED.
. 000271 IF (BeLTe0sORePASWD(KyI yJyMULT,HI INDEX).EQ-NO) GO TO 11
000303 M =M+
000304 IF (KeEQe4) GO TU 31 :
000305 GO TU 32 '
000307 © 31 HIINDEX (M) = J
000311 32 SET(KsM) = SET(1,I) + SET{Nl,J})
000322 INT(K,M) = B .
000326 DD 12 L o= 1,NUMSET1
000327 12 MULT(KyMysL) = MULT(L,1,L) + MULT{NL,JdsL)
200347 11 CONTINUE ’ v I N
000252 10 CONTINUE
500354 NUMSET(K) = M
C EXIT IF SET [S TOO LARGE.
J003%6 IF {NUMSET(K).LE.1CO) GO.TO ¢
2003¢1 810 FORMAT (THNUMSET(,I1,44) = ,13)
300361 PRINT B10, K, NUMSET{K) -
100370 G0 T3 33
300371 9 CONTINUE
C LIST SETS 1 THROUGH & AS ONE TOTSET,
00373 TOT = 0 e
)00374 DO 13 K = 1,5
300376 NNUMSET = NUMSET(K)
300400 DO 14 I = 1,NNUMSET



000401
000403
CCo4c7
000411
000413
000425
000430
000433
000435

000437
000441
000441
000446
000447

00C447

0004517

000453

000456
000460
000462
000463
000471

000473

000474
000475
000476
600502
000503

000504
000512
000514
000517
€00521
00023
0CcCs3F
000840
© 000542

00C544
000E 46
000546
000553

000554

000556 -

000t 60
000562
000%¢3
000567
0CO0E7Y
0008 74
000575

N =1+ TOT
TOTSET(N) = SET(K,I)
TOTINTIN)Y = INT(K,I)
DO 15" J = 1,NUMSETI

MULTI(N,J) = MULT(KsI,d). -
is .CUNTINUE T T
14 CONTINUE L
. TOT = 70T + NUMSET(K)

13 CONTINUE S

EXIT IF TOTSET IS TOO LARGE..

IF (TOT.LE.200) GO TO 34
8L1 FORMAT (&HTOT = ,13) '
PRINT 811, TOT

G0 TO 33 o S

34 CONTINUE

START MAKING SUPSET‘(VIBRATIONAL COMBINATIONS WITH ORIGINS). FIRST MEMBERS
" ARE'PURE DRIGINS. VIBRATIONAL MULTIPCICITIES WMUST BE SET TO ZERG.

D028 I =-1,NUMORS - '
SUPSET(I) = ORIGIN(I)
CTEST = ORINT(I) + 1 L
CONVERT INTENSITY TO GRAPHICAL FARM.
SUPINT(I). = ASTRISK(TEST) _

ORIGTI} = ORNAME(TY - R o
DO 29 L = 1,NUMSET1

29 SUPMULT(I,L) = 0 -

28 CONTINUE

BY COMBINING TOTSET WITH ORIGINS 4 COMPLETE SUPSET.
N .= NUMDRS X LT W. n -
bu-16 [ =-1,NUMORS
DO 17 4 = 1,T0T
TEST = ORINT(I) + TOVINT(J) - €
IF (TEST.LT.0) GO TO 17
N = N+ 1

WORDS(16) DETERMINES WHETHER WE ADD "UR 'SUBTRACT TOTSET

I.E. ABSORPTIUN OR FLUORESCENCE.

SUPSET(N) = ORIGIN(I) + WORDS(16)*TOTSET(J)

TEST = TEST + 1 ~ .
SUPINT(N) = ASTRISK(TEST)
ORIGIN) = URNAME(I):

DO I8 t = 1,NUMSETL

18 SUPMULT(N,L) = MULTI(J,L)

‘17 CONTINUE

16 CONTINUE
SUPTUT = N

EXIT IF SUPSET IS TOO LARGE. )

JIFTUSUPTOT.LE.350) GO TO 35 o T

812 FORMAT (9HSUPTODT = ,13) :

PRINT 812, SUPTOT
GO TO 33

ARRANGE SUPSET IN ORDER OF INCREASINE ENERGY.

FRDM’DRICTNS’"””“”’

35 NLESS = N - 1
DO 19 J = 1,NLESS
JPLUS = J + 1
00 20 K = JPLUS,N

IF (SUPSET(J) -SUPSETIK))» 20,20,21 T

21 TEMP = SUPSET(J)

TSUPSET(J) & SUPSET(K) =~ ~TTTTTom B
SUPSET(K) = TEMP :
TEMP = SUPINT(U)




o
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000577
000601
000602
000603
30060%
0006C7
000610
200¢ 14
000¢17
000¢€24
000627

000631
000633
000634
000641
000&46
C00650
000651
000654
000624
0006¢€1
000663
000664
000605
000672
000673
000675
000700

000702

000702

1000702

€0070%
000710
000713
000715

000717

000747
000747
000755

Qog78s
000752
0007£2
0007¢¢
0007¢5
000707

SUPINT(J) = SUPINT(K)
SUPINT(K) = TEMP
TEMP = ORIG(J)
ORIG(JY = ORIG(K)
ORIGIK) = TEMP

DD 22 L = 1,NUMSET1
TEMP = SUPMULT(J,L) - |
SUPMULT (J,L) = SUPMULT(K,L)
22 SUPMULT (K,L) = TEMP
20 CONTINUE
19 CONTINUE

e THIS SECTION PREPARES DATA IN FOR
DO 23 K = 1,SUPTOT
DO 24 L = 1,NUMSET1
CIF (1 - SUPMULTI(K,L)) 25,26,
25 WORDL(K,L) = PLUSSP
WORD2(KsL) = MODE (L)
TEMP = SUFMULT{(K,L)
WORDMUL {KyL) = NUMBER(TEMP)
GO TO 24
26 WORDL(K,L) = PLUSSP
WORD2(K,yL)= MODE(L)
WORDHMUL (K,L) = VOID
- 6D TO 24
27 WORDL(K,L) = ZILCH
’ WORD2(KyL) = ZILCH
WORDMUL (K,L) = VOID
- 24 CONTINUE
23 CUNTINUE

C PRINT SYNTHESISED SPECTRUM.

807 FORMAT(39HINTENSITY ENERGY

808 FORMAT(S50H (CM-1)
PRINT 807
PRINT 808
PRINT 802
FURM(11) = NUMBER{NUMSET1)
D0 30 K = 1,SUPTOT

LWORD2{Ky L)y L = 1,NUMSET1)
809 FORMAT (1H /)
30 PRINT 8G9
33 CONTINUE
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MAT ‘DESIRED" FOR

27

PRINTOUT

COMPOSITION)Y

(ORIGIN)

(VIBRATIONAL QUANTA))

C OBJECT TIME FORMAT STATEMEVT DTERMINING HOW MANY VIBRATIONAL MGDE COLUMNS ARE
C REQUIRED.
: ' PRINT FORM, SUPINT(K),SUPSET(K),OR[G(K).(HDRDI(KpL)'NORDNU“TK'L), o

C CHECK IF PROGRAM HAS TO BE REPEATED ON FRESH DATAL™

813 FORMAT (6X,A6)
READ 813, MORE
IF (MORc.EQ.MEXDATY G3 TO 36
CALL EXIT )
RE TURN
END



;_] 98_. o

SUBROUTINE CRITRN (KyN1)

047327 IF (KeNE«2) GO TO 701
047331 v N1 =1
047332 ST 60 T 71 :
047332 701 IF (K.NE«3) GO TO 703
047334 - Nl = 2
047335 GU TO 711 . .
047335 "703 IF (K<NE<4) GO TO 705
047337 . Nl =1 o
 C4T340 . G0 TR TLL
047340 705 IF- (KeNE«5) GO TO 707
047342 Nl'= & i
047343 GO0 TO 711
047343 707 N1 = 2
047344 711 RETURN

047348 END

-

t

K2 L

gt



o~

0473¢6
047366
047366

047366

0473€6
047370
047371
047373
047373
047375

o 06737ET T
047377

047405
047406
6474C7
047411

047411
047413
047414
047416
047416
047420

047420
C4aT422
047426
047427
047427
047431

047431
047436
047440
047440
047442

047444

047456
047456
0474€6

027456

1
il
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INTEGER FUNCTION PASWO(KyI+JsMULT,HIINDEX) ~~ °

COMMON  MULT, HIINDEX
COMMON  /BLK1/NU, YES

TTTDIMENSION  MULT (6,100,127, HI'TNDEXT100)

INTEGER KylyJyMULTHIINDEX

C SET{2), OBTAINED FROM SET(L) AND SET(1), OF
IF {KeNE«2) - GO YO 701 S
IF (I.EQ.J) GO TO 702
PASWD = NO ’
GO T3 711
702 PASWD = YES
GO T 711

TYPE NUL .+ 2NUl.

C_SET(3), OBTAINED FROM SET(1) AND SET(2), OF
701 IF (K.NE«3) GO TO 703 :
IF (MULT(24J41).EQe2) GO TO 704

PASWD = NO
GO TN 711
704 PASWD = YES
GO 10711 -
C SET(4), UBTAINED FROM SET(l) AND SET(1), OF
703 IF (K.NE.4) GO TO 705
IF (I.LTe«4) GO TO 706
PASWD = NO
: GO TO 711
" 706 PASWD = YES
G0 TO 711

C SET(5), UBTAINED FROM SET(1) AND SET(4), OF
705 IF (K.NE.5) GO TO 707
IF ([.GT.HIINDEX(J)) GO TO 708
PASWD = NO
GO T3 711
708 PASWD = YES
60 T 711

C.SET(6), OBTAINCD FROM SET{1) AND SET(2), OF T

707 IF (MULT(2,J51).EQe0) GO TO 710
PASWD = NO
GO TO 711
710 PASWD = YES
711 RETURN
_END

TYPE NULl .+ NU2.

TYPE (NU4) + (NUl + NU2).

BLOCK DATA
COMMON/BLKL/NO,YES

" INTEGER NO,YES =~ ~
DATA" NO,YES/2HNO,3HYES/

SEND ! : et
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RMM 446 ANVHRACENE(qu)/N—éﬁ ABS 4 DEG K DEC 17 1968 MACNAB

ORIGIN PGSNe

*% QI 26227

02 26500
c3 26666

INTENSITY

4
d

5
1
3

MODE FREQ INTENSITY

NU1 375
NU2 690

"NU3 - 829

NU4’ 1386
NUS 1530

 NULO 1443
NULL 813

wHwVHNOWM
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INTENSITY ENERGY "~ COMPOSITION . e
. (CM-1) (DRIGIND  (VIBRATIONAL QUANTAY @ = =

o

02 - . A P R i i SRR DR LU

zzzzzzizas : C ee 01+ NUL - - e
03 -
3 20875 02 + NUL e e
223z 26917 %% 01 + NU2 : : -

26977~ A% 01 ¥ 2NUT

27040 *%x 01 . ‘ ) N o TOUTETNUIL T

=328 27041 03 +  Nul.

270506 *% 01 T+ NU3
27259 02 .+ 2NUL ‘ o
= 27292 *%x 01 & NUL + NU2
27329 n2 o + NU3 Com e e e
zzzzzi 27352 xt 01 + 3NUL '
27356 03 T+ NU2

=iz 27415 *% 01 + NUL . R 1T} §

27416 03 + 2NUl

TIZZES 27431 %% 01 + Nl ) -+ NU3

Iz 27479 03 T T TNUTT
IFIT 27495 03 o+ NU3 V '
TIZIZIZIIZ | 27613 #% 01 ‘ S+ NUe ‘
: f2.7667 Rk O; + 2NUl + Nu2- emm e e
27670 01 - T T NUla”_"'“"“"

- ) 27746 ** (01 + NU2 +« NU3 7 T T T

IITTEZE 27757 *x 0] © 77 m [ S V11

= 27790 *x Q1 + 2NU1 [ S 118

2= 27791 03 + 3NU1¥

e ez 27806 =77 ®% 017+ 2NUT 7 CUTWTNUI T

¥ . o 27353 *x 01 o UL T T TR ANUTT

i~
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