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ABSTRACT

Energy transfer from solvent to solute in organic
single crystals is studied experimentally. Naphthalene 1s
used as a solvent and six other compounds as solutes, The
solute concentration ranged from 10~7 to 10-% mole/mole.
Fluorescence currents were recorded by a photomultiplier,

and readings were taken at two temperatures, 295°K and 130°K.

The results indicate that the efficiency of a
particular impurity in capturing the excitation cannot
be predicted on any simple basis. Also, it is found that
this transfer efficiency is independent of wavelength of the
exciting light in the region ( 2500 - 3000A°), and that it

is temperature dependent,
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The problem of energy transfer from solvent to solute
has been the subject of many investigations, Interest in the
problem grew continuously from studies of the anthracene -
naphthacene system, Bowen (1938) and Ganguly (1943) observed
that naphthacene, dissolved in small amounts in a solid
solution of anthracene fluoresces brilliantly with its charac-
teristic greenish-yellow color while the blue anthracene
fluorescence 1s quenched, The phenomenon was studied in
liquid solutions (Furst & Kallmann 1955) and in solid solutions
(Bowen 1949, Lipsett & Dekker 1954),

Though the knowledge of energy transfer in aromatic
hydrocarbons has increased considerably through numerous
experimental and theoretical investigations, it has not reached
a state of maturity., Many aspects of the problem have to be
studied more carefully, Few workers have studied the effect
of temperature, wavelength of the exciting line, and erystal
size on energy transfer from a host molecule to an 1mpur1ty13.
Also, little data i1s available concerning mean free paths of
excitons, and their interaction with defects, More and more
data would be worthwhile, This thesis is an effort in the
field, It is mainly concerned with solid solutions of aromatic

hydrocarbons, Naphthalene is used as a solvent (host crystal)
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and six other compounds as solutes (impurities). The fluores-
cence of naphthalene is partly quenched, and at the same time

the impurity fluorescence is observed,

The difficulty in working with solid solutions is that
at relatively high impurity concentrations ( ) 10-° mole/mole),
one might not get a true solid solution, The excess crystallized
undissolved impurity absorbs part of the excitation and part
of the host crystal luminescence and thus makes it very difficult
to pursue the study of energy transfer from the host crystal
to the inpurityl4. The lowest impurity concentration used by

6 was 10-5 mole/mole. Using naphthalene

Northrop and Simpson
of high purity it was possible in this work to go down to 10-7
mole/mole, Low concentration of the impurity ensures that
direct absorption of the radiation by the impurity is negligible
and insignificant, This is in addition to the fact that the
exciting lines are chosen in the region of strong absorption

by naphthalene (2000-3100 £), Irradiation in this region

generates excitons in naphthalene crystals,

The high efficiency of transfer2’5 and the use of thin
crystals (-~ 2_AL) rule out the possibility of attributing the
propagation of energy and its transfer to the photon cascade
process, Also, the results of Northrop & 31m.pson6 demonstrate

that "the theory of sensitized fluorescence is inadequate to



account for the final stage of transfer of excitation from
solvent to impurity." The exciton mechanism remains the most
probable process by which energy is transported through the

lattice and ultimately transferred,

The exciton concept was first introduced by J. Frenkell
in 1931, It was the result of calculating the excited states
of a non-conducting crystal lattice composed of atoms or
molecules. The wavefunction of the whole crystal for a state
in which one constituent is aﬁcited was found to describe an
excitation wave propagating through the crystal with a wave
vector'zz That is to say the excitation energy will not stay
at the locality where it was absorbed, but will be handed over
from one constituent to another, This transmission of the
excitation energy is analogous to the spreading over the
crystal of excitation waves, or excitonst', The mobile state
of the excitation energy is called an exciton. This picture
shows that the exciton mechanism is an interaction between the
excited atom or molecule and all similar units®, It is not
a single-step process in which interaction is between one
excited "sensitizer" and a normal "activator", but is equivalent
to stepwise propagation of excitation energy from one molecule

to another,

In good insulators, excitons can be generated when the
insulator is excited in its fundamental absorption band (first

electronic transition), Often such excitation does not lead
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to conduction’ (carriers are not freed). The non-conducting

excited states are called exciton states, In weakly bound

Conduction band
{.

Exciton states

Ground state

Schematic energy diagram

solids (molecular crystals), the exciton states correspond
closely to the lowest excited states of the constituent atoms
or molecules in the free state, In strongly bound crystals
(ionic crystals), they arise from the removal of an electron
from an atom. The resulting positive hole may be filled by
an electron from an adjacent constituent, and thus the hole
roams about in the lattice, The removed electron, however,
will not move freely in the lattice, but will be attracted
to the positive hole by a coulomb force, The hole and the
electron, bound together by a coulomb force, will, therefore,
move as whole in the crystal, This picture of a hole and an

electron coupled together in this way 1s the exciton picture
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of Wannier (1937) and Hotts. The exeiton, according to this
pilcture, can be treated as a hydrogen-like quasi-atom having
a series of stationary states leading up to a series limit,

11,12

Experiments with Cu20 crystals confirm this picture,

We can therefore see that different exciton models
are used for different crystals, In molecular crystals the
exciton is pictured as an excitation wave moving along the
crystal (Frenkel exciton)., In ionic crystals and semicon-
ductors, the exciton, having a certain radius large compared
with the lattice constant, is usually thought of as an electron
and a hole moving as two quase-particles bound by coulamb
forces forming a quasi-hydrogen atom, It should be noted
that an exciton is electrically neutral.,. In its motion it

transports energy, but does not transport charge,

Davydovl8 has shown that in molecular crystals two
types of excitons may be produced upon the absorption of
light, These are the free and the localized excitons. The
free excitons coincide with those we have been describing.
The excitation transfers from one molecule to another so
quickly that displacement of molecules to new equilibrium
positions does not have time to occur, The localized exciton
is a slowly propagating excitation, The excitation transfers
from one molecule to another so slowly that the molecules do

have time to occupy new equilibrium positions, The localized



exciton has a local deformation travelling with it. Free
excitons have a higher probability of being captured, and
are more important in the transfer process, The participation

17
of localized excitons in the transfer of energy may be neglected ,

The role of excitons in crystal luminescene is an
important aspect of its complex nature, This role has been
treated in detail in referencels. Since the production of
excitons in molecular crystals is associated with the funda-
mental absorption, it was postulated that the observed crystal
luminescence is due to transitions from exciton levels, This
is called exciton-type luminescence, But the authors in the
above referencels, after a thorough analysis of experimental
data, together with a theoretical treatment of luminescence,
conclude (at least for low temperatures) that "no luminescence
has been observed which exhibits the features and laws of
exciton-type luminescence" and that the observed crystal
luminescence” is actually caused by emission from structural
defects and impurities", This conclusion, however, does
not mean that exciton-type luminescence is absent, or that
excitons do not participate in the luminescence mechanism,

All it means is that exciton luminescence is strongly in-

hibited at low temperatures, and at higher temperatures its
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intensity may be expected to increase. But at the same

time non-radiative processes increase, and the result is
a reduction of the overall brightness, And the role of
excitons is the transfer of the absorbed energy from the
host lattice to defects and impurities at which emission

occurs,

The life of an exciton may thus be terminated by
one of a number of possible events, It may decay with the
emission of a quantum of fluorescence characteristic of the
solvent, or it may decay non-radiatively, or it may be
captured at an impurity center or at a defect, In the
latter case, the capture may be followed by emission of
the impurity flmorescence if the impurity itself is
luminescent,

Exciton migration in ecrystal lattices has been

inferred from many experiments,

1) It has been shown to account quantitatively for the

observed quenching of the host crystal fluareacences.

i1i) The work of Apker & Taft (1950) demonstrates how
excitons interact with F-centers in alkali halides, To

*
In the case of naphthalene with a minor impurity content,

Shpak and Shekal® succeeded in observing luminescence which

may be called exciton luminescence,
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iv)

vi)

A

explain their results they supposed that excitons,
give up their energy to F-centers, ejecting the

F.center electromsfrom the crystal,

Sidman® has shown from absorption and fluorescence
of anthracene, that excitons can be trapped at lattice

imperfections,

Agranovich & Kucherov & Faydish assumed a diffusion
character for the exciton motion in anthracene crystalg.
On the basis of this assumption they could explain
adequately the observed dependence of the gquantum

yield of anthracene fluorescence and of the impurity
(naphthacene) fluorescence on the impurity concentration
and on the absorption coefficient of the exciting
wavelength, The exciton diffusion displacement was

estimated to be 15008,

Simpson7 has demonstrated the actual migration of

excitons from one locality to another, and has been
able to measure the average displacement between the
points of origin and decay of an exciton. He found

a value of 1120°;.

The work of Gross'l and Nikitinel? on Cug0 crystals
and other ionic crystals provide a strong evidence for
the existence of excitons in these crystals,
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EXPERIMENTAL

SAMPLES

A, Purity: The naphthalene used in this work was first
purified by chemical processes and then zone-refined several
timeals. The impurity (probably anthracene) was reduced
below one part in 107 parts of naphthalene, The purest
naphthalene sample contained one impurity part in 108

naphthalene parts,®

B. Preparation: The samples are single crystals of

naphthalene grown from solution as follows: about 2,8 mg

of pure naphthalene are dissolved in 5cc normal hexane, The
amount of impurity needed for a given impurity concentration
is added to this solution, The solution is then poured gently
on the surface of distilled water contained in a beaker, The
beaker is covered with filter paper over which rests a heavy
load to slow the evaporation rate (the faster the rate, the
poorer the crystals)., When all the solvent evaporates
naphthalene crystallizes in the form of single crystals. Five
To six hours were found necessary to get these crystals, The

quality and the size of these crystals depend on many factors

*
This sample was specified to be of this purity by Dr, Zahlan,
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among which are concentration, surface area, evaporation rate,
and temperature variations, It was found that sometimes the
obtained crystals have to be discarded because of their bad
quality or of their small size, Handling crystals needs

care and patience,

Apparatus and Procedure:

A sketch of the experimental setup is shown in Fig, 1,

The sample is a naphthalene crystal enclosed between
two quartz disks, held tightly in a brass holder, The sample
8 1s irradiated with five lines whose wavelengths are: 3020,
2970, 2890, 2810, 2650A°, These lines were obtained from a
Phillips mercury lamp (type 93110E) and a Leiss Prism double

monochromater,

The glass filter G behind the sample was kept there to
stop any radiation that might not have been absorbed, This
glass filter transmits fractions of the naphthalene fluorescence,
and the impurity fluorescence. The two glass filters, F,F
are identical. The glass filter F is a corning glass filter
No, 3.75, It stops all wavelengths shorter than 37004°, Tt
passes a fraction of the impurity fluorescence, but stops all

the naphthalene fluorescence,
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The photomultiplier tube is an RCA tube No. 6342, It
is sensitive in the visible region, but has a very low sensi.
tivity in the UV region (region of exciting lines), The high
voltage power supply of the photomultiplier is a Hamner one
model N-40l. The photocurrent was recorded by a Keithley
Microvolt Ammeter Model 150AR,

In every experiment three observations were made:

i) The total fluorescence, i,e, naphthalene fluorescence
plus the impurity fluorescence, This is represented
by the total current obtained when both filters F,F

are out,

11) The impurity fluorescence alone with one filter F
in., The naphthalene fluorescence is stopped and g

fraction of the impurity fluorescence is recorded,

iii1) The impurity fluorescence when both filters F,F are
in, In this observation a fraction of the fraction
in (11) is observed and recorded, It will be explained
later how (i1) and (i1i) are combined to give the

total impurity fluorescence,

The experiment was performed for four different
impurity concentrations for each impurity, and at two

different temperatures., The concentrations were 10-4, 105
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10~6, 107, mole/mole, The two temperature were:

295°K ( room temperature ), and 130°K, The second temperature
was obtained by cooking the sample with liquid air, The cooling
apparatus is shown in Fige 2. The temperature was measured

with the aid of a Copper-Constantan thermocouple with one junction
scldered very near to the sample, and the other Junction kept

in ice at 0°C. The thermocouple emf was measured with a Leeds

& Northrup potentiometer type K-3, and the temperature read

from the calibration curve of the thermocouple,

Correction Factors:

A. Glass Transmission: The glass filter G transmits 61.5%

of the naphthalene fluorescence, while its transmission in the
fluorescence region of the impurities 1s constant and has a

value of 90%16.

Be Photomultiplier relative sensitivity: The sensitivity

of the RCA photomultiplier No, 6342 is not the same in the
regions of fluorescence of naphthalene and that of the
impurities, The relative sensitivity has thefefore to be
determined, This can be done by multiplying the fluorescence
spectra of naphthalene and impurities by the sensitivity curve
of the tube 6342, and taking the ratio of areas in each case,
But the sensitivity curve of the tube 6342 is so peaked that

it 1s difficult to use without making a large error, However,
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Fig. 2



-15-

such a determination can easily be made with the help of a
second tube that is almost equally sensitive in the different
regions, The Dumont photomultiplier tube No, 7664 has this

property,

Let us assume now that a naphthalene solution is placed
in the position of the sample, and with both filters F,F removed
two sets of readings are taken using both tubes in rapid
succession, It can be assumed then that the number of quanta
recelved by either tube is the same, The number of quanta
received by a tube is proportional to the current recorded
by that tube divided by its sensitivity, If we call the
number of naphthalene fluorescence quanta N,, the sensitivity
of the tube 6342 Sp, the sensitivity of the tube 7664 S;, and

the two currents recorded by the two tubes I, and I; respectively,

then:

LA RN RN NN ‘1)

e
g (g

Similarly if an impurity solution is placed in the
position of the sample, then:

!
N P |

|
S1 8y

(2)

where the 1 subscript refers to "impurity,"
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Combining (1) and (2) yields:

Sp =1, Iy Sh (3)
s = o
S Iy I, &

To get Sy, we make use of the spectral response curve ( S-13 )

&

for the tube 7664, The flourescence spectra of naphthalene

and impurities £0,81,

in solution are multiplied by ( 8-13 )e
The ratio of the reduced area to the total area in every
spectrum gives the relative sensitivity of the tube in this
spectrum region, The ratios for naphthalene and anthracenel6
S'l
are 0,72 and 0,96 respectively so that ( E? ) ashl = %f%g .
The ratios for the other impurities are shown in Figs, 3, 4,
S5 & 6, They are:

Pyrene

Chrysene

Tetracene 0,72
0.75

Benzo(a)pyrene 0,72
0.97
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S
To find the corresponding _® | solutions were prepared,
S4
and the experiment performed, Three exciting lines ( 2890,
2810, 2650A° ) were used although one line suffices. Data

and results as obtained from eq., (3) are shown in Table I.

Table I a

Impurity : Anthracene

Tube 6342 Tube 7664
Sn/83
Ix108amp | I;x108amp I, x108amp | Ijx108amp
3,7 546 BB 4,1 0457
4,6 4,7 345 2,5 0452
9.8 20,3 645 10, 0 0.55
349 4,5 3.8 3ed 0.57
4,9 K ] Se7 1.7 0.51
10,5 1642 646 B2 0457
ave, 0,54




Tsble I b

Impurity : Pyrene

Tube 6342 Tube 7664

Sn/84

I,x108amp I3x108amp Ix108amp I ;_xlosamp)
347 2,7 3.5 2,1 0463
4,6 2,1 345 2 | 0453
9.8 11,3 645 Se4 0456
349 2,9 348 243 0,62
4,9 2,2 347 le4 0.56
1045 12,4 648 Be4 0,60
ave, 0,58
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Table I c

Impurity : Benzo (a) pyrene

Tube 6342 Tube 7664
Spn/S1

I,x108amp I4x108amp I.x108amp I;x108amp
347 47,7 345 22,5 0,37
4,6 44,7 345 21,0 0.46
9.8 64,7 645 3040 0.51
349 64,7 3.8 32,0 0038
4,9 58,2 347 28,5 0,49
10.5 7742 648 3845 0,57
ave, 0,47




Table T d

Impurity Naphthacene
Tube 6342 Tube 7664
Sn/s1
I,x108amp I4x108amp I;x108amp I1x108amp

31,0 345 15,0 0,50

1186, 3¢5 52,0 0.56

3845 348 19,0 0.49

131 347 61,0 0.59

0eE3



Table I e

Impurity : Chrysene

Tube 6342 Tube 7664
Sn/S1
Inx10%amp  I3x108amp Ix108amp  I}x108amp

347 20,6 345 10,8 0.44
4.6 27,6 345 13,5 0450
9.8 842 645 4,2 0,60
3.9 3046 348 15,0 0440
4,9 40,6 347 19,0 0,49
1045 11,0 6.8 540 0454
ave, 0,50
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As it 1s clear from Table I, the values of S,/S4 for
different impurities are very near to each other. This 1is
expected since the fluorescence spectra of all impurities
are nearly in the same spectral region. Therefore, we can
use one value for S,/S; in our calculations without intro-
ducing a serious error. This value is the average value of

Sp/S; over all impurities, i,e,

0e54 + 0458 + 0447 + 0,53 + 0,50
5

Sp/83 = = 0,52
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RESULTS

Most of our work is concerned with the study of energy
transfer from solvent to solute, and how this transfer varies

from impurity to another,

Grown single naphthalene crystals containing regulated
concentration of impurities were examined, The glass filter
G was kept in its place during all measurements, The corning
glass filter F was inserted in whenever it was required to
prevent the naphthalene fluorescence from reaching the photo-

multiplier,

When the sample is irradiated by the exciting light,
the emission 1s composed of naphthalene fluorescence and

impurity fluorescence,

Let the total current (recorded when both filters

F,F are out) be called I;, then :

Where of, =~ glass transmission of naphthalene fluorescence.
oL 1 - n n n impur ity n

naphthalene current,

H
=}
H

-
e
1

impurity ™



If now one filter F 1s inserted in, the naphthalene
flourescence is stopped, and a fraction of the impurity
flourescence 1s transmitted, If we call the current in

this case, I,, then:
where f - corning glass filter transmission of impurity

flourescence,

Let the second corning filter F be inserted, Then,

1f the recorded current now is called I,, we have:
12 = : 9% fo(i Ii = f2 0(1 Ii (6)

Combining (5) and (6), we obtain:
&, Ty w of
. R | 1/ 12 (7)
If this result is inserted in (4), we get:
Xn In= Iy — I?/Ig (8)

So that: 2
Iy - I:,_/:c2 Xy

(9)
In Iy — If/Ip %y




The fluorescence yileld J (in quanta) is proportional
to the current divided by the tube sensitivity, Therefore

the naphthalene fluorescence is

Sn

Jn:m,

and the impurity fluorescence is

Iy

Jg ~v L

Sq

so that

3 /7, = _1i Sh
Ts B

substituting from (9), we get:

2
5/5 - _T/1p S & (o)
Iy - I§/I, %1 8

It I, Ip are the three measured currents, Xn, i, Sy

S§ are constants whose values are:
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Xn = 61.5%

*1 = 904 (same for all impurities since glass
has a constant transmission (90%) for

all wavelengths longer than 37004°),
Sn/s:l = 0,52 ™

Substituting the values of these constants in

equation(10), we get:

12/1
Ji/Jn = 0,85 22 (11)
Iy - IS/1
1/1g

In Table II, a complete set of the original data is

given, together with J1/Jn as ealculated from equation (11),

The results in each set of readings are arranged as obtained

for the exciting lines : 3020, 2970, 2890, 2810, 265040,
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Table II: A complete set of the original data arranged as

obtained for the five exciting lines, 3020, 2970,

2890, 2810, 2650A° respectively,

Impurity : Anthracene
Conce : 10% mols/mole
lst crystal
Temp. 295%°g 1 Tempe 130°K
x108amps x108amps

It 1 Iz J/in| Iy I1 Iz I1/3n
3650 1670 975 1,21 1490 710 410 1.57
1680 760 440 1,21 690 325 187 1,78
440 203 119 1.25 182 8745 50,0 1.76
400 177 102 1,09 153 73,0 4240 1456
490 222 129 l.18 151 7340 42,0 1.69

7-10 sets of readings like the above

were recorded, and the average value

of J3/J, for each exciting wavelength

was found at both temperatures,

A similar data was obtained for

more than one crystal at each impurity

concentration, The results are:
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Table II a

93/

Conce = 10~% mole/mole

i ) Anth,

295°K 130°%K
First 2nd 3rd Average First
crystal of 3 crystal
crystals
1.26 1.15 1s1l7T 1.19 l.54
1,16 1.12 1,09 l.12 1l.82
1,27 1,14 1,20 1.20 1l.68
1,17 1,08 1,10 i 1,56
1.28 1,26 1,09 1,21 1,56
1,17 ave,
Conce = 10-° mole/mole
0679 0,91 - 0485 1,08
0.83 0,80 - 0.82 1.29
0487 0482 - 0.84 1,14
0482 0.86 - 0084 1,05
0486 0,78 - 0.82 1,18

0,83 ave,




Table ITI a - cont.,.

Conce = 10~% mole/mole

2950K 130°K
First 2nd 3rd Average First
crystal of 3 crystal
crystals
0,31 0047
0429 0.51
0630 0«50
031 0e49
0631 0.51
0430 ave, 0,50 ave,
T
Conce = 107 mole/mols
0.080 06 075 - 0,077 04110
0, 065 0,072 - 04069 04 085
0,060 0,069 - 0. 064 0,087
0,060 0,069 - 04 064 0,087
04 067 04,069 - 0. 068 04105
0,068 ave, 0,095 ave,




Conc, = 10~4 mole/mole

- 3% o

Table II b

(71/Tn) Naphthacene

295°K 130°K
First 2nd 3rd  Average 1st 2nd 3rd Average
crystal of 3 of 3
crystals crystals
784 Bel5 6413 7,37 - o 1649 o=
6482 6405 6,80 6,56 - o< o< o=
7410 8030 6420 7,20 e o< = e
8.19 6065 5490 6,91 - 2747 o< o
6458 Ted42 5,25 6442 - 39,2 o< o
6,89 ave,
Conce = 10=5 mole/mole
4,00 3422 3,67 3463 - 5,85 6423 6e 04
2,40 2480 2,68 2,63 - 4448 4,55 4,51
2485 S¢10 2,90 2,95 - 5488 4,72 5,30
3410 3010 3,92 3,37 - 8420 5,70 6495
3403 ave, S5.61 ave,




Table II b conttd,
Conc,, = 10~6 mole/mole
295°% 130%
First 2nd 3rd Average 1st 2nd 3rd Average
crystal of 3 of 3
crystals crystals
1.64 1.56 1,53 1,57 5467 3,96 3,78 4,47
1,28 1,43 1,23 1,31 3457 4,76 3,40 3491
1,33 1.49 1,40 l.41 3460 5,25 3,92 4,26
1,19 1.33 1,37 1.30 3433 4480 3,78 3497
l.44 1,47 1.45 1,35 4,06 5450 4,20 4,59
1,39 4,24
Concs = 10-7 mole/mole
0.48 0.68 0,33 0,46 1l.69 1,54 0.82 1,35
0447 0,81 0,29 0.42 l.39 1,27 0.81 1,16
0.48 0455 0.29 0,44 1,33 1,32 0.82 l.22
0.46 0650 0428 0.41 1,34 1,35 0,80 1,16
0.48 0.55 0630 0.44 1,39 1,68 0.84 1.27




Table II c

(Ji/Jn) Chrysene

Conce, = 104 mole/mole

295°K 130°K
1lst 2nd 3rd 4th Average 1st 2nd 3rd 4th Average
Crye.
1,30 1,73 1,91 1,52 l.61 le44 2,44 2,68 2433 2422
1,32 — l.44 1.40 1.39 l.84 2,23 2,14 2,84 2,26
1,21 2,30 1.,49 2,06 1,76 l.62 2,98 2,11 2,19 2422
l.,14 1,87 1l.71 1.84 1.64 Le36 3,20 1,97 2,43 2,24
1,10 1.91 1.82 1.88 _1.68_ 1e37 3430 2,70 2,10 2,37
1.62 2,26
Conce, = 10=% mole/mole
0454 0.48 0452 0,55 0.52 0e64 0.68 0,68 0,70 0,67
0.48 0647 0453 0,50 0,50 0460 0,63 0468 0,66 0,64
0445 0e47 0450 0,53 0449 0e58 0.74 0,72 0,71 0,69
O.48 0443 0452 04,50 0.48 0s61 0467 0,71 0,66 0,64
0e47 0449 0450 0,58 0,50 0,85 0472 0,69 0,71 0,69
0,50 0.67
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Table II c

con'd,

Conce = 10-5 mole/mole

29509 130%
1st 2nd 3rd 4th Ave. 1st 2nd 3rd 4th  Average
cry,

0.14 0011 0411 0,092 0,11 0622 0,21 0,21 0,16 0.20
0413 0e1l 0O4l1ll 0,10 0,11 0s23 0,21 0,18 0,15 0.19
0413 0.11 0.10 0,10 0,11 0623 0421 0018 0,15 0,19
0.14 Owll 0410 0,10 0,11 0s21 0422 0418 0,15 0.19
0.13 0el0 0410 0s10 _0411 | 0422 0,22 0,18 0,15 0,19
0ell 0.12
Conce = 10~7 mole/mole
0,069 0,063 0,061 0el0 0,13 Os11
0.052 0,060 0,056 0ell 0,13 0.12
0.049 0,056 0,052 0s1l 0,12 0.12
0,049 0,056 04053 0,11 0.12 0.11
0.049 0,053 0,057 | O0ell 0412 0,12
0.055 0,12
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Table II d
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(Vn) Benzo (a) pyrene

Concs = 10-%4 mole/mole

295°K 1300

1lst 2nd 3rd 4th Ave, 1st 2nd 3rd 4th Ave,

CI'Ve

0.27 0.18 0,14 0e15 0,19 0.46 0,28 0.21 0.24 0630

0427 0e1l8 0015 0014 0.18 0647 0.29 0.24 0.24 0.31

0.28 0,17 0,15 0.14 0.18 0.51 033 0e25 0.26 0.34

027 0,18 0,15 0014 0.19 D49 0e31 0.24 0427 0s33

0.25 017 0415 0q14 0,18 0e48 0428 0623 0e26 0e31
O.18 0,32

Conce = 10°° mole/mole

0,063 0,060 0,049 04,056 0,057 0,10 0.12 04,09 0,10 04,10

0,070 0,060 0,053 0,077 04,0865 0.13 0413 0,14 0.13 0,13

0,070 0,056 0,049 0074 0,062 0,18 0,13 0.14 0.13 0,13

0,070 0,056 0,049 0,077 0,063 0613 0,13 0,15 0,14 0,14

0,063 0,056 0,046 0.060 0,066 0,12 0,12 0011 0,12 0,12
0e 061 0.12




Table II d conttd,

Conce = 10-6 mole/mole

295° 130%

1lst 2nd 3rd 4th Ave, 1st 2nd 3rd 4th Ave,

cry.

0,045 0,039 0,039 0,053 0,044 0,084 0,056 0,077 0,100 0,079

0,045 0,031 0,039 0,049 0,041 0.10 0,056 0,090 0,100 0,086

0,042 0,031 0,035 0,049 0,039 0,10 0,053 0,088 0,100 0,085

0,042 0,031 0,039 0,049 0,040 0,10 0,056 0,088 0,100 0,083

0s040 0,031 0,035 0,049 0,039]| 0,095 0,053 0,084 0,100 0,083
0,041 0.084

Conce = 107 mole/mole

0,035 0,046 0,028 0,036 | 0,070 0,077 0,063 0,070

0,039 0,046 0,028 0,038 0,090 0,080 0.074 04081

0,038 0,046 0,028 0,037 | 0,084 0,077 0,070 0,077

0,038 0,042 04028 06036 | 0,090 0,080 04073 04081

0.035 0,042 0,028 04035 | 0,080 0,077 0,070 0,076

0.036

04077
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Table II e
(Ji/Jn) Pyrene
Concy; = 10~% mole/mole
205°% 130°K
First 2nd 3rd Average 1st 2nd 3rd Average
crystal
0,039 0.049 0,053 0,047 0,060 0,074 0,067
0,032 0,056 0,053 04047 0,074 0,095 0.084
0,035 0,063 0,049 0,046 0,070 0,091 0,080
04039 0,056 0,053 0q 049 06,070 04095 0,082
0,046 0,049 0,046 0o 047 0,082 0,088 04075
04,047 04077
Conce = 10° mole/mole
04 035 0,028 0,046 0,036 0,056 0,039 0,080 0,058
04035 0,032 0,042 04,036 0,067 0,046 0,091 0,068
04035 04025 04039 0,033 0066 04,046 0,095 0,069
04032 060256 0,039 04032 0,066 0,046 0,095 0,069
06032 04,025 0,039 0032 0,063 0,046 0,095 _0,068
0e 034 0. 066
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IT e

Table

conttd

Conc, = 10"‘6 mole/mole

295% 1309
First 2nd 3rd 4th 5th 6th lst 2nd 3rd 4th
crystal
04024 0,042 1,23 0,032 06077 0,09 04060
0,025 0,042 1,34 0,032 0,088 0,12 0.074
0.024 06039 1,52 0,028 0,100 0,12 0, 074
04025 0,039 1,20 0,028 0,100 0,12 0,073
04025 06039 1,40 0,028 0.088 0,11 04070

/T\\
Conce = 10~7 mole/mole
04039 0e13 2,45 0423 0,23 0,18 0423 0.56
04049 0a14 2,62 0,25 0e23 0,16 0.24 0.58
0,049 0413 2471 0,23 0423 0,16 0.23 0.58
0,049 0,13 2,84 0,24 0,25 0,15 0.22 0.56
06,039 0.13 2473 0424 0,24 0,16 0.23 0459




- 42 o
Table II f

J
( i/Jn) Coronene

Conce = 104 mole/mole

2950y 130%

1st 2nd 3rd 4th Ave, 1st 2nd 3rd 4th Ave,

Cry.

0,039 0,049 0,049 0,042 0,045| 0,084 0,084 0,074 0,081

0s039 0,046 0,046 0,042 0,043 | 0,095 0,098 0,095 0,096

0,039 0,042 0,042 0,042 0,041 04098 0,088 0,091 0,092

06039 0,042 0,042 0,042 0,041 | 0,098 06091 0,091 0,093

0,039 0,046 0,042 0,042 0,043 ( 0,091 0.088 0,084 0,088
0,043 C. 090

Conce = 10=9° mole/mole

0,039 0,046 0,042 | 0,063 0,11 04086

0,032 0,049 0s040 0,066 04,13 0.098

0.032 0,049 0,041 | 0,087 0412 0,094

0,032 0,046 04,039 | 0,063 0,12 0,091

0,032 0,046 0.039 0.067 0412 06093
0.040 0.092

Conce = 106 mole/mole

0,059 0425 04034 0,11 0,60 0,10

0,056 0425 0,029 0,12 0,71 0,12

0,063 04,25 0,028 0012 0,69 0,11

0,053 0,26 0,028 0012 0.70 0,12

0,063 0425 0,028 0,11 0,62 0,12
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DISCUSSION

— — —— — — — — — -

Numerous investigations have shown that the luminescence
of molecular crystals is connected with the defects in the
crystal lattice which may be formed by minor impurities or
structural disturbancesls. The introduction of impurity
molecules in the crystal will result in the distortion of
the crystal lattice, Impurity molecules will cause local
deformations in their vicinity, and a loss in the regularity
of the lattice, thus disturbing the perfection of the lattice,
This diatortion might be due to the fact that the impurity
molecule 1s different in size from the host molecule. Con-
sequently different impurity molecules are expected to distort
the lattice to different degrees; moreover the distortions
must increase with increasing the impurity concentration.

And at high concentrations of the impurity, its molecules
might not be uniformly distributed, but clustered in groups
thus leading to a change in the emission spectrum of the
impurity due to the direct interaction of its clustered

molecules,
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A. Slze Effect

Below is a tabld® of the crystal data for the aromatic

hydrocarbons used,

unit cell dimensions No. of size per
molecules molecule
Compound a b c (A per cell (A3)
oL € ¥
Naphthalene 8,24 6,00 8.66 2 180

20° 122,90 9Q°

Ba456 6,04 11.186 2 237
Anthracene
90° 124,7° gp°

798 6,14 13,57
Naphthacene 2 305
(Tetracene) 980° 112,4° 92,5°

13,60 9.24 8437
Pyrene 4 260
90°  100,2° 90°

Be34 6,18 25,0
Chrysene 4 290
90° 115,8° 90°

16,10 4,70 10,15
Coronene 2 360
90°  110,8° 90°

Benzo(a)pyrene 7,59 7,69 22,38 4 320
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Fige. 7 is a plot of J;3/J, VS size/molecule. It shows
that there exists no obvious simple relation between the
fluorescence yield of the impurity and the size of its molecule,
Ji/Jn is highest for tetracene although the size of its
molecule 1s not the largest. The size of the anthracene
molecule is least, while (Ji/Jn) anth, 18 higher than for
some other impurities with bigger molecules, Our results,
therefore, illustrate the fact that other factors have to be
taken into consideration, It 1s plausible that the larger
the molecule the larger is the deformation caused and the
larger 1s its cross-section for capturing an exciton, But
this 1s true only when the impurity molecule enters the
naphthalene lattice, 1,e. when 1t forms a solid solution,
Impurity molecules which occupy substitutional sites in the
host lattice are said to be forming a solid solution, and
are referred to as guest molecules, Therefore the solid
solubility of the impurity in crystalline naphthalene in the
sense that it enters or fits In a certain manner in the naph-
thalene lattice should be an important factor in the process,
The detalls of why certain pairs of molecules form substitutional

solid solutions while others do not are not yet known23

L
Impurities, that do not dissolve in crystalline naphthalene,
form their own microcrystals; and if an impurity fluorescence

is observed it is due to direct absorption by the impurity not
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to energy transfer from host to guest and therefore must be

very weak, On the other hand, impurities that do dissolve

are either difficultly soluble (low distribution coefficient)

or easily soluble (high distribution coefficient), Difficultly
soluble impurities and easily soluble ones both occupy subs-
titutional sites in the host lattice, The fundamental difference
between them i1s that the former ones do not fit properly in

the lattice sites and lead to greater departure from ideality,
Therefore the difficultly soluble impurities are expected to
cause more serlous local deformations, and the probability of

trapping the excitation energy 1s increased according1y24.

Our results ssem to support these inferences, Pyrene
and Coronene (both of the condensed type hydrocarbons) show
very weak fluorescence at high concentrations, At concen-
trations of 104 gng 10-° Pyrene'in Naphthalene, Ji/Jn = 0,04,
A similar result was obtained for Coronene, Remembering that
J3/Tn = 0,03 for naphthalene with no added tmpurityl® e can
conclude that the emission of Pyrene and that of Coronene are
absent at high concentrations, At low concentrations, how-
ever, different results are obtained, The fluorescence yield
of the impurity from naphthalene erystals containing 10~6 ana
10'7mole/mole Pyrene varies enormously, The values of Ji/Jn
for different crystals with the same impurity concentration
are widely different, The values range from 0,04 to 2,70,
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Crystals wilth Ji/Jh = 0,04 have no appreciable impurity
fluorescence; and when the front surface of the crystal is
observed visually while it is being excited, no emission can

be seen, Crystals with J1/Jn = 2,70 show an intense green
fluorescence when observed visually, crystals with Ji/Jn = 1,30
an intense green fluorescence, crystals with Ji/J, = 0,25 a
weak green emission, and crystals with Ji/Jn = 0,13 a bluish

vollet fluorescence,

Naphthalene crystals containing 10-6 mole/mole Coronene
showed similar effects, Those with Ji/Jn = 0,05 or 0,03
exhlbit no emission when observed visually, while those with

J1/J, = 0425 show a weak green color filling their surfaces.

In view of the fact that, for impurities soluble at all
concentrations such as anthracene, the higher the impurity
concentration the higher is Ji/Jn, the above results may be
explained as follows: At high concentrations (10-% mole/mole
and greater) Pyrene and Coronene do not enter the naphthalene
lattice, i,24 do not dissolve in naphthalene, or no solid
solution is formed, and the question of energy transfer does
not arise, This tendency of the above two hydrocarbons not
to dissolve in naphthalene and form their own microcrystals
might have an explanation in the condensed nature of their

molecules,
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At low concentrations (10~° mole/mole and smaller)
Pyrene dissolves in most of the naphthalene crystals, And
when it dissolves 1t enters the crystal either in the form
of a monomer or in the form of & dimer, the second form
being more probable, The monomer emission is in the blue
(3700 - 4200A°) and the dimer emission is in the green (broad
band around 4760° A)lo. Coronene at a concentration of 108
dissolves in some crystals, and when it does its weak green

emission is observed,,

The other four impurities do not show the effects shown
by Pyrene and Coronene, They display the concentretion
dependence of J;/J, established by other workers for the
naphthalene-anthracene systemls, and for the anthracene -
naphthacene9 system, The ratio Ji/Jn increases with increasing
the impurity concentration, This indicates that these
impurities enter the naphthalene lattice and form solid
solutions with naphthalene at all the impurity concentrations
studled, The variation of Ji/Jn from one impurity to another
for a given impurity concentration must therefore be connected
wlth physical properties of the impurities such as their
molecular sizes, the orientation of their molecules in the
naphthalene lattice, or the affinity of their molecules to

cluster together, Unfortunately the distribution coefficients



-51 -

of the impurities in naphthalene are not known. But it is
Jnown"% that difficultly soluble impurities have a higher
probability of trapping the excitation energy due to the more
serious deformation they cause., Our data therefore can be
used to compare the deformations in the naphthalene lattice
produced by introducing different impurities, Such a com-
parison is only possible at low impurity concentration, since
at high concentrations some impurities (Pyrene & Coronene)

do not form solid solutions and therefore comparison looses

its meaning,

At low concentrations (l'C)"6 and 10“7)’ naphthacene has

the highest value of J3/J,, although (3;4/3 for one

n) pyrene

crystal is higher than (J3/J;)papnthacenes @ fact that
1llustrates the complex nature of the deformations that are

very difficult to predict on any simple basis,

Thus, naphthacene 1s expected to cause more serious
defects in the naphthalene lattice than other impurities, and
must therefore be least soluble, Anthracene comes next, and
S0 one An experimental test of these conclusions seems to be
interesting, Such a test lies in the measurement of the

distribution coefficlents of these impurities in naphthalene,



B. Wavelength Dependence

Fig. 8 is a plot of J3/J VS. Wavelength of the exciting
light for grown naphthalene crystals with two impurity concen-
trations, Except for the first line with the longest wave-
length (3020A°) in the cases of anthracene and tetracene, the
variation in J1/J, is not large  for a given impurity concen-
tration, It is not more than 10%. It is however, difficult
to make a precise estimate of the errors involved because of
the many corrections that have to be made, and of some uncone
trolable complications such as non-uniformity in the distri-
bution of the impurity, structural defects, and surface effects,
It i3 thought therefore that this variation falls within the
limits of experimental error, and that the transfer efficiency

is Independent of wavelength of the exciting light below 3000A°,

This result agrees with the result obtained by Cohen and Weinrebzz.

The value of J3/J, for the line 3020A° is higher than for
okher lines by an amount not falling within the limits of
experimental error when anthracene and tetracene are used as
impurities, This result might be explained on the basis of the
prediction of Agranovich and Faiydishg. They have shown that
the ratio J;/J increases as the absorption coefficient of the
exclting light decreases, It 1s known that the absorption
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coefficient for naphthalene decreases with increasing wave-
length in the region 3200 - 26004°, The value of the
coefficient for the line 3020A° is approximately half its
value for the other lines whose coefficients have values
that are not far from each other, This perhaps, may be

the reason of why the effect 1s more easily observable with
the 3020A° 1ine,
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Ce Temperature Dependence

Our data is not complete enough to enable us to give a
detailed picture of the temperature effect on the transfer
efficiency. Ji/Jn 1s measured at only two temperatures, 130°K
and 295°K, Measurement of Ji/Jn over a wide range of temperatures

1s necessary before a thorough interpretation can be made,

With the present data, however, it is possible to compare
the transfer efficiency at the two temperatures, The data shows
that the value of J3/J at 130°K is considerably higher than
its value at 295°K for all impurities at all concentrations,
This inecrease in Ji/Jn (at the low temperature) is more pro-
nounced for some impurities than for others, For example the
increase is about 40% when anthracene is used as an impurity,
and greater than 100% when naphthacene 1is used, In all cases
this increase was due to a relative increase in the impurity
current, a fact that leads to the conclusion that J; is greater
at the low temperature, 1In other words the transfer efficiency

is higher at the low temperature,

This increase in the transfer efficiency at the low
temperature might perhaps be explained as follows, As previously
mentioned, there are several competitive processes for the

ammihilation of excitons:
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An exclton may decay giving up a photon (exciton luminescence).

or it may decay non-radiatively
or it may be captured by an impurity center where emission
occurs,

=
The first process is greatly inhibited at low temperature}°

The allowed optical transitions are those in which the exciton
wavevector i?is equal to the light wavevector'a'(momsntum
conservation), But since'a'is very small for visible and UV
light the point.§’=_a;is very close to & = Os Theoretical
analysis shows that the lowest exciton band possesses a
complicated structure and that the bottom of the band is
located at X # 0, The excited state possesses excitons

with different values of iﬁ but the majority of excitons

will be close to the bottom of the lowest exciton band since
kT 1s small at low temperatures, The concentration of excitons
with ¥ = 0 1s then small so that luminescence without phonon

participation is considerably attenuated,

Non-radiative transitions are those in which the
absorbed energy is transformed into heat, This transformation
may take place in different wayslaz the excitation energy
may be converted to lattice vibration energy with the aid of
the interaction forces between molecules, or it may be converted

to vibrational energy of the atoms making up the molecules and
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this vibrational energy of atoms in a molecule to vibrational
energy of molecules in a lattice, The probabilities of these
brocesses are expected to decrease when kT is small, since the
displacements of molecules from the equilibrium positions are

small,

Therefore it seems plausible that the probability of
capturing excitons by impurity centers increases at low
temperatures, thus producing an increase in the impurity

emission,
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