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ABSTRACT

I. PREAMBLE AND SCOPE

Brief introductory remarks, together with a definition of the

scope of the material discussed in the thesis, are given.

II. A STUDY OF THE DYNAMICS OF TRIPLET EXCITONS IN
MOLECULAR CRYSTALS

Phosphorescence spectra of pure crystalline naphthalene at
room temperature and at 77° K are presented. The lifetime of the
lowest triplet °B,,; state of the crystal is determined from measure-
ments of the time-dependence of the phosphorescence decay after
termination of the excitation light. The fact that this lifetime is con-
siderably shbrter in the pure crystal at room temperature than in
isotopic mixed crystals at 4.2° K is discussed, with special importance
being attached to the mobility of triplet excitons in the pure crystal.

Excitation spectra of the delayed fluorescence and phosphores-
cence from crystalline naphthalene and anthracene are also presented.
The equation governing the time- and spatial-dependence of the triplet
exciton concentration in the crystal is discussed, along with several
approximate equations obtained from the general equation under certain
simplifying assumptions. The influence of triplet exciton diffusion on
the observed excitation spectra and the possibility of using the latter to

investigate the former is also,conéidered.i Calculations of the delayed
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fluorescence and phosphorescence excitation spectra of crystalline
naphthalene are described. _

A search for absorption of additional light quanta by triplet
excitons in naphthaléne and anthracene crystals failed to produce any
evidence for the phenomenon. This apparent absence of triplet—triplet
absorption in pure crystals is attributed to a low steady-state triplet
concentration, due to processes like triplet-triplet annihilation, re-
sulting in an absofption too weak to be detected with the apparatus
used in the experiments. A comparison of triplet-triplet absorption by
naphthalene in a glass at 77° K with that by naphthalene-h, in
naphthalene-d, at 4.2° K is given. A broad absorption in the isotopic
mixed crystal triplet-triplet spectrum has been tentatively interpreted
in terms of coupling between the guest 3B1u state and the conduction

band and charge-transfer states of the host crystal.

III. AN INVESTIGATION OF DELAYED LIGHT EMISSION FROM
Chlorella Pyrencidosa '

An apparatus capable of measuring emission lifetimes in the
fange 9 x 107° sec to 6 x 10~3 sec is described in detail. A cw argon
ion laser beam, interrupted périodically by means of an electro-optic
shutter, serves as the eﬁcitation source. Rapid sampling techniques
coupled with signal averaging and digital data acquisition comprise the
sensitive detection and readout portion of the apparatus. The capa-
bilities of the equipment are adequately demonstrated by the results of

a determination of the fluorescence lifetime of 5,6,11, 12 -tetraphenyl-



naphthacene in benzene solution at room temperature. Details of
numerical methods used in the final data reduction are also described.
The results of preliminary measurements of delayed light

emission from Chlorella pyrenoidosa in the rangé 10-2 sec to 1 sec

are presented. Effects on the emission of an inhibitor and of variations
in the excitation light intensity have beeﬁ investigated. Kinetic analysis
of the emission decay curves obtained under these various experi-
mental conditions indiéate that in the millisecond-to-second time inter-
val the decay is adequately described by the sum of two first-order
decay processes. The values of the time constants of these processes
appear to be sensitive both to added inhibitor and to excitation light

intensity.
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PART I

PREAMBLE AND SCOPE
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The first part of this thesis describes several experiments
aimed primarily at providing a better understanding of the dynamics of
triplet excitons in organic molecular crystals. 1-4 The processes of
particular interest are those associated either directly or indirectly
with the existence of these mobile, neutral, electronically excited
triplet states of the crystal. In fact, it is principally the mobility of
triplet excitons that gives rise to much of the interesting excitation
dynamics, unique to the crystalline state, with which we shall be con-
cerned. Consequently, considerable emphasis is placed on room tem-
perature measurements since at temperatures in this range the
excitons are essentially free, whereas at low temperature they are
effectively immobilized due to complicated trapping effects. Only brief
mention is made of the process of generating triplet excitons, the prin-
cipal concern being with what befalls them after they are already in
existence. Specifically, the processes of first-order radiative decay
(phosphorescence), second-order radiative annihilation (delayed fluor-
escence), absorption of additional light quanta by the triplet excitons
(triplet-triplet absorption) and energy transfer (diffusion) are each con~-
sidered at length. Also finding their way into the discussion are the
ever-present, if somewhat less exciting, nonradiative decay mechan-
isms (quenching).

Naphthalene was chosen as the model system for most of the
experiments although anthracene was employed occasionally. Both
molecules have Doy, symmetry, crystallize in the monoeclinic system

with space group Cgh and have two molecules per unit cell, so that



almost all of the concepts applicable to one apply equally well to the
other. _ |

A brief summary of the basic concepts of exciton theory, as it
applies to molecular crystals, 1,4 is presented here to provide a back-
ground for the more detailed discussions of various aspects of the
theory that appear in subsequent sections. Molecular crystals are held
together by weak Van der Waals forces, making it possible to regard
the intermolecular interactions as a small perturbation on the oriented
array of molecules. Due to these small but finite intermolecular
forces, it is impossible to construct a stationary state for a perfect
crystal in which one particular molecule is excited. Rather, the cor-
rect zero-order states for a crystal with one quantum of excitation
correspond to a delocalization of the energy over the entire crystal. It
is convenient to describe the quantum of excitation as an exciton of
momentum ﬁ?{ which propagates through the crystal with a velocity
detei'mined by the magnitude of the intermolecular interactions. Also
dependent upon the magnitude of these interactions is the eﬁ:tent to which
the molecular energy levels are altered in the crystal. When the inter-
molecular interactions are weak, as they are in molecular crystals,
the electronic energy levels of the crystal are traceable to parent
molecular levels. Consequently, there is a one-to-one correspondence
between the excited states of the free molecule and the neutral exciton
states of the crystal. It is therefore a convenient and commonly
accepted practice to label each of the crystal exciton states by the sym-

metry designation of the parent energy level of the free molecule. -



Using this designation we identify the ground state (lAg), the lowest
excited singlet state (’Bzu) and the lowest excited triplet state (3B lu)
of naphthalene. The ‘A - 'B,, and lAg - 3B, energy intervals, aver-
aged over the two Davydov components in both cases, are 31, 554cm™*
and 21, 209 cm-l, respectively. The corresponding energy separations,
1Ag - 'B,, and 1Ag - B, in crystalline anthracene are 25, 400 cm™
and 14, 750 cm™ ', respectively.

The Hamilfonian for a crystal containing N unit cells and h

molecules per unit cell can be written in the form

¥ 2y

¥ (1)
B kp<tv kpy, 8y

where the double indices ky and fv label different molecules, Hk“ is
the Hamiltonian for an isolated molecule and Vku, EV is the pairwise
intermolecular interaction. Since the coupling between molecules is
small compared to the intramolecular interactions, the Heitler —;London
formalism may be used. The ground state of the crystal, then, has the

form

‘ Nh
w-d 0og, (2)

ku=
where rpfm are the ground state antisymmetrized wave functions of the
individual molecules and & is the antisymmetrization operator per-
muting electrons between the molecules.
The symmetry adapted wave functions corresponding to the fth

excited state of the crystal are given by



h
L g
where
B\ £
& - [‘N‘) Z':)l exp(iR-F VL @)
and
A rogp (5)
mp mpu lyi?mu v

In constructing the exciton state's, Eq. (3), use has been made
of the fact that the Hamiltonian is characterized by the full symmetry
of the crystal, so that each of these states belongs to an irreducible
representation of the crystal space group. The coefficients B:L can be
found either by diagonalizing the hxh secular determinant or by using
the symmetry properties of the group of the wave vector. The functions
i

d)u are known as one-site excitons and ;m,u. is the vector from the

origin to the center of molecule mu. We observe that z‘bfn,u’ repre-
senting excitation localized on a single molecule mpu, are not
eigenfunctions of the crystal Hamiltonian, Eq. ‘(1)7, because of the pair-
wise intermolecular interaction term V.

The exciton states (3) correspond to an elementary excitation
modulated by a plane Wa.ve, or simply to an elementary excitation

moving from site to site in the crystal. A rough estimate of the

excitation transfer time Tt between adjacent sites, provided the



magnitude of V is known, can be obtained from the uncertainty prin-

ciple,
r,oad (6)

Clearly, the velocity of the exciton is proportional to the pairwise
intermolecular interaction V. Finally, we note that if the "elementary
excitation' mentioned above happens to correspond to an electronic
triplet state, the resulting mobile excitation is a triplet exciton whose
dynamical properties are the subject of the first part of the thesis.
The remainder of the thesis is ‘-concerned with an experimental
investigation of the properties of light emitted from Chlorella

pyrenoidosa between 10 nsec and roughly 1 sec after termination of

the\excitation light. B Emission occurring in this time interval is cus-
tomarily qualified by the word "delayed" to distinguish it from "prompt"
fluorescence emission which is characterized by a much shorter life-
time, on the order of 1 nsec. All of this emitted light, prompt and
delayed, represents excitation energy that is not utilized in the com-
plex photochemical transformations which together constitute the
process known as photosynthesis. While this emitted light may be
viewed essentially as a useless by-product of photosynthesis, it has
been shown to be intimately coupled to the photosynthetic process.
Thus, a detailed investigation of the behavior of the emitted light is
almost certain to provide valuable insight into the workings of the

photosynthetic apparatus. The delayed emission is especially useful



in this respect since much of it is emitted over periods of time char-
acteristic of photochemical reactions. The 2 to 3% total quantum
efficiency for emission from Chlorella, though small, is of sufficient
magnitude to permit detection of delayed emission, which constitutes
only a small fraction of the total emitted light, even at excitation power
densities as low as 1pyW/cm?. Consequently, it is possible to conven-
iently study the properties of delayed light emission using excitation
intensities for which photosynthesis is known to proceed normally.

The measurements described in the latter part of the thesis are
the result of an effort to determine the complete time course curve of
the emission decay over the region from 10~8 sec to 1 sec. Reasonably
sophisticated instrumentation is required for this purpose, especially
for the measurement of emission decay components lasting less than a
microsecond. Up to the time of writing, an apparatus having sufficient
time resolution to permit measurement of emission lifetimes anywhere
in the range 5x10-9 sec to 6x 10-2 sec has been successfully constructed
and tested. Details of this apparatus and its operation are presented.
In addition, the interval from 1 msec to 1 sec has been subjected to
extensive investigation using a standard phosphoroscope, and the

results of these measurements are also discussed.
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PART II

A STUDY OF THE DYNAMICS OF TRIPLET
EXCITONS IN MOLECULAR CRYSTALS
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SECTION A

PHOSPHORESCENCE SPECTRUM OF PURE
CRYSTALLINE NAPHTHALENE

The following is the text of a paper published in the

Journal of Chemical Physics

[E. B. Priestley and A. Haug, J. Chem. Phys. 49, 622 (1968)]
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1. INTRODUCTION

It is of interest to detect phosphorescence from pure organic

molecular crystals since it would provide essentially the first direct
means of studying the dynamic properties of the triplet exciton in these

| systems. In the past, certain characteristics of the triplet state have
been inferred from an analysis of the delayed fluorescence, 12 con-
sidered to arise primarily from the annihilation of two triplet excitons
with the subsequent production of a fluorescing singlet exciton. How-
ever, it must be realized that at best delayed fluorescence provides
an indirect probe, and in this respect may be less relevant than
phosphorescence for determining the triplet-state behavior.

Formerly, it has been possible to detect phosphorescence from
aromatic hydrocarbons only if the molecules were in the form of iso-
3 4,5

topic mixed crystals at 4.2° K, " or else in rigid glasses at 77° K

The apparent absence of pure crystal phosphorescence has indeed been

the subject of considerable Speculationla’ 8

and, while plausible expla-
ﬁations can be advanced to account for its weakness, there is no
reason in principle that actually forbids phosphorescence emission
from pure crystals. Thé question reduces to whether or not the slow
phosphorescence emission is detectable in the presence of often over-
whelmingly fast processes that rapidly deplete the triplet state non-
radiatively.

Recently, several papers have appeared in the literature7"9_

reporting phosphorescence from anthracene crystals at 'temperatures
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ranging from 4. 2° K to room temperature. There are, however, two
main reasons why naphthalene is more suitable for a study of phos-
phorescence from the crystalline state than is anthracene. First of all,
naphthalene can be highly purified by known techniques10 while no
reliable method, aside from extensive zone melting, is known for the
purification of anthracene. A more rigorous purification procedure
that reduces impurities to about 1 part in 107 has been developedlo’ 11
for benzene and naphthalene. It should be noted that for these mole-
cules even extensive zone melting by itself does not lower the impurity
level sufficiently to permit reliable spectroscopic studies of pure
crystals. Secondly, the ground state to first triplet state interval is
significantly larger in naphthalene (21,209 cm=!) than in anthracene
(14,750 cm~*), which, according to the theory of Robinson and Frosch,12
should result in considerably smaller nonradiative losses from the
triplet state in the case of naphthalene. Consequently, one expects the |
radiative decay to be more intense in n_aphthailene than in anthracene.
The purpose of this paper is to report the phosphorescence
spectrum and also the lifetimes of the phosphorescence and delayed

fluorescence decays from pure crystalline naphthalene both at room

temperature and at 77° K.

2. KINETIC ANALYSIS

The rate equation for the concentration of triplet excitons in the
crystal is well knownl’ é and, replacing the source by the initial value

condition n = n, at t=0, can be written
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-dn/dt = gn +yn? - S eym, (1)

where B is the unimolecular decay constant (3-! being the triplet state
lifetime), v’ is the rate constant for triplet-triplet annihilation, and
a is the fraction of triplet-triplet annihilation events that ultimately

gives back triplets. 13 Rewriting Eq. (1) in a slightly different form
yields

-dn/dt = Bn + yn? , 2)
where y= (1 -a/2)y’. Solving Eq. (2) leads to a triplet concentration,

n = Bn,/[ (B+¥n,) exp(Bt) - yn,] . (3)

For long times, i.e., for t > -1,

n,
n = (mm) exp(-pt) . (4)

If a fraction A of the first-order decay is radiative, the phosphores-

cence intensity Ip is

ABn, '
Ip = Afn = (W) exp(-Bt) . (5)

Furthermore, assuming that a fraction B of the triplet-triplet annihi-
lation events result in the production of a fluorescing singlet exciton,
we can write for the intensity of delayed fluorescence,

2

n
Idf = %(B}/)ng = 3(By) (l_m] exp(-2pt) . (6)
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Evidently, comparing Eqs. (5) and (6), a plot of the logarithm of inten-
7 sity vs time for phosphorescence and delayed fluorescence should
yleld slopes that differ by a factor of 2 for times long compared with
B~t. Assuming that steady state is reached during the duration of the
excitation interval, it can be shown that the initial concentration of

triplet excitons n, is given by,

A (1+47klo/32)1/2 o
Dy = B( ) ’ (7)

2y

where k is the rate constant for production of triplets and I, is the
incident light intensity. Combining Eqgs. (3) and (5)-(7), we have for
t=0, |

(ag/ Ty = (B/AAN (L+4yKT,/g2)/2 -1] (®)
Equation (8) reduces, in the case of low light intensity, to
(Ig/ ey = (B/2A)01,/87) 9)
and, in the case of high light intensity, to
(o Ty = (B/2A)0K1, /g% . (10)

The ratio of the delayed fluorescence intensity to the phosphorescence
intensity is seen to be dependent on the incident light intensity in both

limits.
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3. EXPERIMENTAL

Light from an Osram 6500-W xenon arc lamp was passed
’through a 5-cm quartz cell containing a NiSO,-CoSO,-water filter
solution14 and the filtered light was used to excite the crystal, located
at the center of a cylindrical phosphoroscope. The phosphoroscope
was 20 cm in diameter and through reduction pulleys could be operated
at several speeds from about 30 to 1725 rpm with less than 2% drift in
the frequency. | The excitation and observation periods were of equal
length and ranged from 0.9 sec at the lowest speed to 15.9 msec at the
highest speed. Dead time between excitation and observation varied
from 83 to 1.4 msec over the range of phosphoroscope speeds. For
spectral measurements the highest speed was used, whereas in the
case of lifetime determinations the speed was chosen so as to give
excitation and observation intervals equal to more than three lifetimes
in all cases.

The crystal emission in the region from 4500 to 5400 A was
passed through Corning glass filters C.S. 3-72 and C.S. 3-73 and
focused onto the slit of a Jarrell-Ash Model 82-000, 0.5-m Ebert
scanning spectrometer. This instrument was equipped with a grating
blazed at 5000 A in first’order, having a reciprocal linear dispersion
of 16 A/mm and effective aperture ratio of £/8. 6. The slitwidth was
set at 0.4 mm.

Light emerging from the exit slit of the spectrometer was col-
lected on the cathode of a dry-ice cooled EMI 6256 SA phOtorﬁultiplier
by means of appropriate condensing optics. The photomultiplier out-

put was fed intc a Victoreen Model VTE-1 electrometer where it was
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amplified and the spectrum was recorded on a stripchart recorder.

In determining the lifetime of the emission at a given wave-
length, the photomultiplier signal was first amplified to about 1 V and
then fed into the time base unit of a Nuclear Data Model ND 180 multi-
channel analyzer system operated in the averaging mode. This uﬁit
was triggered synchronously with the phosphoroscope by means of the
output from a photodiode activated once per revolution at the beginning
of the observation period. After averaging the raw signal over 105
counts, the resulting almost noise-free decay curve was plotted on a
Hewlett-Packard model 7590C X-Y recorder. _

Measurements, both of the spectrum and of the lifetime, of
delayed fluorescence were also made. For these measurements it was
necessary only to remove the Corning glass filters C.S. 3-72 and
C.S. 3-73.

Greaf care had to be taken in all experiments‘ to minimize
scattered light. To this end the phosphoroscope, spectrometer, and
photomultiplier were enclosed in a light-tight box to eliminate scattered
light from around the room. Moreover, within the light-tight box, both
the excitation light and the em'itted.light were confined inside metal
tubes that also housed the required optics. The following independent
checks for'scatteréd light were made bcth in the presence and absence
of the Corning glass filters C.S. 3-72 and C.S. 3-73 to ensure that the
precautions takén were sufficient to permit detection of the weak signals.
For these checks, an empty sample cell was substituted for the sample
in order to simulate the actual exp.erimental conditions as closely as

possible.
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(1) Kodak 103a-0 plates, taken using the second order of a
600-line/mm Bausch & Lomb grating in a 2-m Czerny-Turner mount
(effective aperture ratio f£/11) showed no darkening on exposures up to
1 h.

(2) Not even a dc level was evident when 108 counts were made
with the multichannel analyzer. |

(3) Spectrometer traces made by scanning the 0. 5-m spectro-
meter through the 'spectral region of interest exhibited only a straight

baseline.

The crystals were melt grdwn from naphthalene that had been
purified by a process developed in our laboratory and described else-

10,11

where. Crystals from three independent purification lots all

exhibited similar lifetime and spectral characteristics.

4, RESULTS

a. Phosghorescence Sgectra

The phosphorescence spectrum of pure crystalline naphthalene
at room temperature and at 77° K is shown in Figs. 1 and 2, respec-
tively. For the purpose ‘of comparison, the phosphorescence spectrum
of a 7.4x10-3 M solution of naphthalene in 3-methylpentane at 77° X is
presented in Fig. 3. The spectra of the glass at 77° K and of the
crystal at room temperature are seen to be qualitatively the same
except that the maxima of the former are shifted té higher energy by

about 70 cm™*. All the spectra have been reproduced just as they were



Figure 1. Typical phosphorescence spectrum of pure crystalline naphthalene
C,oHg) at 300° K. The sample used in this case had been initially zone-refined
Zé passes), twice potassium purified, and then further zone-refined (45 passes).
The input range on the electrometer was 10~ A with a 3-sec time constant. Scan

rate was 50 A/min and the photomultiplier was operated at 1600 V.

81
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Figure 2. Phosphorescence spectrum of pure crysatlline naphthalene (CioHg) at 77° K. The
sample that gave this spectrum had been treated as that in Fig. 1, except it was subjected to 3

potassium treatments and 60 passes in the final zone-refining. Electrometer input range was
10-8 A with a 3-sec time constant, the scan rate was 20 A/min and the photomultiplier was oper=-

ated at 1900 V. To compare with Fig. 1, peak heights in Fig. 2 must be multiplied by roughly 2.
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Figur

e 3.

The phosphorescence spectrum of naphthalene in 3-methylpentane

(7.4 x 10~ M solution) at 77° K. Input range on the electrometer was 10~7 A
with a 3~sec time constant. Scan rate was 50 A/min and the photomultiplier

voltage was 1300 V.
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observed and have not been corrected for photomultiplier or spectro-
meter response.

Table I summarizes the spectral results and also presents
isotopic mixed-crystal phosphorescence data15 and ground-state vibra-
tional frequencies as determined from gas-phase fluorescence measure-

ments. 16 In view of the fact that the position of the 0, 0 transition as
| well as the vibrational frequencies are in excellent agreement with the
isotopic mixed-crystal data, there can be little doubt that the spectrum
is indeed due to naphthalene and not impurities.

With regard to impurities, the position of the 0, 0 of phosphor-
escence of B~methyl naphthalene, which is known17 to lie at 4785 A, is
of particular interest since g-methyl naphthalene is one of the mdst
difficult impurities to remove. This is clearly in a region where little
or no emission is observed from our crystals. See Fig. 2. One
sample did show an unidentified emission line at 5390 & at 77° K.

Since this line did not appear at room temperature and since it was
present in only one sample, it is attributed to an impurity. Lipsett and
VM.':wPhersonl'7 also reported having observed emission from naphtha-
léne crystals at this wavelength, and they too assigned it to an
unidentified impurity.

Comparing Figs. 1 and 2, it can be seen that the half-intensity
width of the 0, 0 transition is 270 cm ™ at room temperature and nar-
rows to about 75 cm™ at liquid-nitrogen temperature. Comparable
narrowing of the other peaks is also evident although it is difficult to
determine a half-width for these péaks at room temperature due to

overlap of two or more vibronic lines. It is seen that the complex



TABLE I. Phosphorescence lines from crystalline naphthalene (C,,H,) at 300° and 77° K.

Pure-crystal phosphorescence? Ground-state
b fundamental
300° K T7°K Mixed-crystal phosphorescence vibrational
frequencies®
A Ve 4 Yvac d Yvac Ay | Yvac
(A) (cm=1) 1 (A) (cm=t) I (cm-t) (ecm-t) I Assignment (cm™*)
4715 21 203 100 4714 21 207 100 21 208 0 >90 0,0 0
4812(?) 20 776(?) 40. 4803 20 815 35 20 816 392 7 bxg ' 392
20 698 510 >90 b, 506
4835 20 677 50 4834 20 681 60 g
: 20 696 512 >90 40 516
5042 19 828 50 5043 19 824 50 19 826 1382 >90 g 1380
5060 - 19 757 70€ 5060 19 757 55€ 19 749 1459 4 g . 1460
5091 19 637 70 5092 19 633 >100 19 631 1577 >90 & 1579
5109 19 568 70 5100 19 602 45 19 579 1629 80 ng 1624
5130(?) 19 488(?) 30 5135 19 469 45 pwm | wws W849 Ty o
5182 19 292 40 5179 19 303 40 19312 1896 >90 1382+512
5230 19 115 30 5230(?) 19 115(?) <20 19 120 2088 89 1577+512
Broad emission from _ 18 444 2764 >90 2x1382
5400 El_B 513 cm-lgto <19 Too weak to observe 18 2564 2954 >90 1382+1577
5500 (18 177 cm=!

a
Present work.

. 0% C,,H, in C,,D, measured at 4.2°K; D. M. Hanson and G. W. Robinson (unpub. results).
See Ref. 186. dNorma.lized so that the intensity of the 0, 0 is 100.
©The fact that this line is so intense compared with the 1459-c¢m=! vibration in the mixed crystal

raises some doubt as to whether it is actually the 1459-cm=! vibration or not.
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structure extending from 5000 to 5200 A in the room-temperature
spectrum splits into five reasonably well-defined lines at 77° K. The
long-wavelength tail of the delayed fluorescence is responsible for the
rising background in the 77° K spectrum.

In order to gain some insight into the relative intensities of
delayed fluorescence (df) and phosphorescence (p) in the pure crystal,
the complete emission spectrum from 5400 to 3000 A was recorded
both at room temperature and at 77° K. The total integrated intensities,
represented by the area under the respective portions of this spectrum, '
were determined. Under our particulér experimental conditions and
within experimental uncertainty, the ratio of df:p was found to be
approximately 100:1 both at room temperature and at 77° K. As has
already been pointed out, this ratio is dependent upon the exciting
light intensity. It is apparent from the magnitude of the experimental
ratio that thé incident light intensity was in the region of applicability
of Eq. (10). No correction has been made for photomultiplier or

spectrometer response.

b. Triglet Exciton Decax Characteristics

The decays of the crys.tal emission at 5100 A (phosphorescence
region of the spectrum) énd 3500 A (in the region of maximum delayed
fluorescence intensity) were followed at 77° K and at room temperature.
The room~temperature phosphorescence and delayed fluorescence
decay curves are exhibited in Figs. 4 and 5, respectively. It is
apparent ffom Figs. 6 and 7 that for t > 150 msec (including the

83 msec dead time between the termination of excitation and initiation



Figure 4. Decay curve of the phosphorescence emission
at 5100 Afrom pure crystalline naphthalene at room temper-
ature. The sample was that which gave the spectrum shown

in Fig. 1.
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Figure 5. Decay curve of the delayed fluorescence emission
at 3500 A from pure crystalline naphthalene at room tempera-
ture. The sample was that which gave the spectrum shown in

Fig. 1.
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of observation), a plot of the logarithm of the emission intensity vs
-time becomes exponential for both types of emission. It is also evident
from these figures that the initial second-order decay has almost com-
pletely died away during the long dead time. Within experimental
error, the slopes of the first-order component in the semilogarithmic
plots differ by the expected factor of 2, and the lifetime of the triplet
exciton [ 8 of Eqs. (5) and (6)] evaluated from these slopes is found to
be 130 msec.

In order for the slope of the first-order decay component in
these semilogarithmic plots to be clearly defined in the case of com=~
bined first- and second-order kinetics, it is necessary to follow the
decay out to two or three lifetimes. In fact, measuring the decay over
a shorter time may result in an apparent dependence of the emission
lifetime on the length of the observation interval. This dependence is
such that a lbnger observation interval gives rise to a longer lifetime
simply because the instantaneous slope of the semilogarithmic plots
decreases with time. Singh et al. . reported seeing this effect in
. experiments on anthracene in which the observation period was con-
étant but the delay between laser eXcitation and observation was varied.
Consequently, care must be exercised to ensure that the measured
lifetime is independent of the length of the observation period. For
phosphoroscope speeds less than about 125 rpm, i.e., for observation
intervals longer than approximately 225 msec, the triplet lifetime
determined in the present experiments was constant at 130 msec. The

experimental error is believed to be no more than +15%.



Figure 6. Plot of the logarithm of the emission intensity vs time
for the phosphorescence decay curve shown in Fig., 4. '
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Figure 7. Plot of the logarithm of the emission
intensity vs time for the delayed fluorescence decay
shown in Fig. 5.
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The lifetime measured at 77° K was not significantly different
from the 130-msec room-temperature lifetime. There is slight indi-
cation that, if anything, the lifetime may be somewhat longer at 77° K

than at room temperature.

c. Imgurit}: Effects

Question may be raised as to whether all the extensive purifi-
cation was really necessary in light of the relatively high temperatures
at which the experiments were carried out. However, a crystal in
which g8-bromonaphthalene was known to be present as an impurity18
gave a room-temperature spectrum that, while qualitatively_the same
as that from the pure samples, differed in several respects. In par-
ticular, the emission lines were not as well defined, being somewhat
broader and less intense than those from the other crystals under the
same conditions. The relative intensities of the lines were also at
variance with what was observed from the pure samples. Further-
more, a peak was observed at 4780 A having an intensity 40% that of
 the naphthalene 0, 0 band at 4715 A and is believed to be due to phos-

19 Finally, preliminary

phorescence from the B-bromonaphthalene.
results indicate that the Iifetinﬁe of the triplet exciton is also rather
sensitive to impurities thét may be present in crystals that have not
been carefully purified. Lifetime measurements on an impure
crystal, 28 under the same conditions as used to obtain the decay

curves shown in Figs. 4 and 5, yielded a value of 30 msec. i.e., a

factor of about 4 shorter than the pure crystal value.
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While these results are only qualitative, they nevertheless indi-
cate that at least in the case of naphthalene, even for room-temperature
studies, it is necessary to purify the crystals rather extensively in
order to obtain reliable data. Further experiments are in progress to

determine the quantitative dependence of the triplet-state lifetime on

. the concentration of impurities added under controlled conditions.

5. DISCUSSION

The analysis given in Table I of the emission from pure crystal-
line naphthalene between 4500 and 5400 A, conclusively demonstrates
that this emission originates from the lowest triplet state of the crystal.
With the possible exception of the lines at 5060 and 5135 f\, agreement
between the present results and the moSt intense vibronic lines ob-
served in the phosphorescence spectrum of isotopic mixed crystals at
4.2° K is seen to be good. The fact that the 1459-cm-! vibration is so
weak in the mixed-crystal phosphorescence raises doubt as to whether
the intense 5060-A line in the pure-crystal phosphorescence spectrum
is actually the 1459-cm-! vibration or not. The high-energy side of
the 0, 0 transition lies at 4715°A and this position is virtually inde-
pendent of temperature. | However, thé portion of the 0, 0 transition to
longer wavelength decreases in intensity relative to the 4715-A peak at
dry-ice temperature. At 77° K much of the red portion of the 0, 0
emission is lost in the noise. &l It seems reasonable to interpret this
long-wavelength part of the 0,0 band as résulting from transitions

involving the radiative decay of a triplet exciton with a simultaneous
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increase in the phonon population. This interpretation is substantiated
when one considers that: (1) the transition probability for such a
process, calculated from a perturbation approach, “1 is expected to
increase with increasing temperature; (2) the temperature dependence
of this long-wavelength portion of the 0, 0 transition follows a trend
observed by Colson et al.%? in their studies of exciton band «—exciton
" band transitions in benzene and naphthalene; and (3) available data®s 22
report optical phenon frequencies ranging from 46 to 146 cm~* in
crystalline naphthalene at room temperature in addition to acoustical
phonons whose frequencies in molecular crystals are a factor of 5-10
smaller than the optical phonon frequencies. 26

Absence of impurity emission at 4.2° K in the phosphorescence
region of the Spectrum18 is further proof that the line broadening ob-
served at room temperature is due to an intrinsic property of the
naphthalene érystal, i.e., to phonons and not to impurities.

The value of 130 msec for the lifetime of the triplet exciton in
pure crystalline naphthalene is considerably longer than the previously
reported value of 20 msec. 9 However, it is still roughly an order of
magnitude shorter than the triplet-state lifetime of naphthalene in a

Ay d] or in a mixed crystal. 8 This could be due to enhance-

rigid glass
ment of nonradiative processes in the pure crystal relative to the glass
or mixed crystal. If this is true, the lifetime of the triplet exciton in
pure crystalline perdeuteronaphthalene (C,,D;) might be much longer
than 130 msec. Experiments are in progress to determine whether or

not a deuterium effect exists.
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6. ADDENDUM

Since the original work reported in the preceding paper, a
crystal has been obtained that had a measured room-temperature
triplet-state lifetime of 395 msec, indicating that this crystal had:

(1) a higher degree of chemical purityzg; (2) fewer physical defects; |
(3) a lower oxygen content; or, perhaps a combination of the three.
Even at 395 msec, the lifetime of the triplet state of the pure crystal
at room temperature is roughly a factor of 5 shorter than that of

naphthalene in a rigid glass5 or mixed crys.tal28

at low temperature.
There appears to be good reason for attributing this difference in the
triplet-state lifetime of the crystal versus that of the isolated mole-
cule to the mobility of the triplet exciton in the pure crystal. The fact
that the excitation can move about in the crystal enhances the
""quenching effectiveness' of any quencher present, be it a chemical
1mpurity,29 oxygen or some physical defect, due simply to the in-
creased probability of the excitation "finding' a site occupied by a
quencher.

- Results of room-temperature, triplet-state lifetime measﬁre—
ments on a series of chemically mixed crystals of B~methylnaphthalene
(BMN) impurity in naphthalene, 30 ranging in concentration from 10-8
wt % to 10 wt %, indicate that of the-three types of quenchers mentioned
above, oxygen is the most important. While there was a general trend
towérd a shorter triplet lifetime with increasing BMN concen_tration,
there were large fluctuations in the data, i.e., the measured triplet

lifetimes did not decrease monotonically with increasing impurity
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concentration. These fluctuations were much too large to be accounted
for by the experimental uncertainty in BMN concentration; nor could
they be satisfactorily explained in terms of variations in the defect
content of the crystals. The most likely explanation, then, appears to
be that differences in oxygen content from crystal to crystal were
responsible for the observed fluctuations in the measured triplet-state
lifetimes.

This oxygen could have been introduced via the BMN, which
- undoubtedly contained a substantial amount of oxygen since it was only
zone-refined. One would, however, expect a correlation between the
amount of oxygen introduced into a given sample from this source and
the BMN concentration of that sample, assuming the oxygen to be uni-
formly distributed through the zone-refined BMN. This would cause a
stronger apparent dependence of triplet lifetime on BMN concenti'ation,
but would nof cause the sort of fluctuations that were observed. A more
likely source of random quantities of oxygen is that liberated during the
final process of séaling the crystal tubes and pulling them off the
vacuum line. The pressure in the vacuum system was observed to
increase by as much as a factor of 10 during this process, indicating
the liberation of substant’i_al amounts of some gas. Since it had to pass
through a liquid nitrogen trap to reach the pressure gauge, it was
apparently not easily condensable, which suggests that it was probably
oxygen or perhaps air. The amount of gas liberated varied greatly
from crylstal tube to crystal tube and depended upon how long‘the glass
was kept heated. In this way, varying amounts of oxygen could have

been introduced into the samples; this oxygen then would perturb the
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triplet state11 to a similarly varying degree and give rise to large
fluctuations in the measured triplet lifetime.

We conclude that even the longest Iifetime measured to date,
viz., 395 msec, still does not represent the true triplet exciton life-
time in crystalline naphthalene. Rather, the observed lifetime reflects
the fact that the exciton mobility enhances the "'quenching effectiveness™
of all residual quenchers, of which oxygen is the most important, in
the crystal. That the short triplet lifetime in the crystal is not due to
enhanced intramolecular radiationless transition_s6 is evidenced by the

fact that we observe no significant deuterium effect on the measured

lifetime.
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30. The naphthalene used had a room-temperature, -triplet-exciton
lifetime of 395 msec; the B-methylnaphthalene, which had been
subjected to extensive zone-refining (80 passes) and no further
purification, ‘had a triplet-exciton lifetime of < 1 msec. The
samples were prepared under a dry nitrogen atmosphere and
sealed under vacuum in crystal growing tubes. All crystals were

grown from the melt.
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SECTION B

DIFFUSION OF TRIPLET EXCITONS IN CRYSTALLINE
NAPHTHALENE AND ANTHRACENE
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1. INTRODUCTION

There has been a great deal of experimental and theoretical
activity during the past few years, directed toward gaining a better
understanding of the dynamical behavior of triplet excitons in molec~

1-13 As a result of these investigations, a reasonably

ular crystals.
complete description of triplet excitons in crystals such as naphthalene
and anthracene has emerged. Similarities between crystalline naphth-
alene and anthracene make it possible to discuss both within the same
general theoretical framework. Consequently, both crystals have been
used, anthracene to a somewhat greater extent than naphthalene, in
experiments concerned with triplet exciton behavior in organic crystals.
A recent review by Avakian and Merriﬁeid14 summarizes the work
~done on triplet excitons in anthracene crystals. That paper, along with
the references cited therein, provides a good survey of the present
understanding of triplet exciton behavior in molecular crystals.

One aspect of triplet exciton behavior that has received con-
side»rable attention is their ability to move about in the crystal. This
motion can be described by a diffusionl equation, and several techniques
have been devised to measure the diffusion constant and diffusion
length of these mobile, neutral, electronically excited triplet states of
the crysta1.15'21 The work of Kepler and vaitendick15 and that of
Williams and Adolph16 coﬁcérning triplét exciton diffusion in crystal-

~ line anthracene is of special interest since part of the present investi-

gation overlaps their experiments; :
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In the present work the room-temberature excitation spectra22

of delayed fluorescence and of phosphorescence have been studied both
for naphthalene and for anthracene crystals. On the basis of simple
thedretical considerations, one would expect a monotonic increase in
the integrated emission (phosphorescence or delayed fluorescence)
intensity as the wavelength of the excitation light was scanned through
the singlet absorption toward higher energy. In contrast to this
expectation, the intensity of both types of emission is observed to
increase at first, reach a maximum value and then decrease as the
wavelength of the excitation light is made shorter. Furthermore, the
wavelength at which the maximum in the excitation spectrum occurs
depends upon the intensity of the excitation light in the ca.se of delayed
fluorescence, but not in the case of phosphorescence. It is with these
observations and their possible interpretation in terms of the triplet
excitons diffusing to the crystal surface and being quenched there that

this paper is concerned.

2. THEORETICAL

It has been shownls’ 19

that the concentration n of triplet
excitons at position X and time t at room temperature is governed by

the equation

Y - S 1) - ) -y WG 1) + DR L) . (1)

The terms on the right-hand side of Eq. (1) represent the source,

monomolecular and bimolecular decay and diffusion of the triplet
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excitons, respectively. In the above equation, B is the first-order
decay constant, ¢’ is the total second-order annihilation constant and
D is the diffusion constant. Since we will not be concerned with aniso-

tropyl® 23

in the diffusion, the diffusion constant is taken to be the
scalar D instead of a second rank tensor. In general, S(X,t) may be
quite complicated since it includes; in addition to a function describing
the incident light intensity, the effects of re-absorption of any emitted
light whose wavelength coincides with a strong absorption.

Since Eq. (1) is not amenable to a closed form solution, it is
customary to make approximations that reduce it to a more tractable
form. The physical model described by the resulting approximate
equation depends upon the nature of the approximations rﬁade. We con-

sider next several such models, their limitations and the approxima-

tions to Eq. (1) that must be made in order to arrive at these models.

a, The Semi-Infinite-Crystal Diffusional Model
Approximations to Eq. (1):

(1) Steady-state excitation = (an(%, t)/at) = 0, so that the triplet
exciton density is a function of position only;

(2) Re-absorption of emitted light is negiected;

(3) S, t) = mal, exp(-ax) where m is the intersystem crossing
efficiency, a is the absofption coefficient and x is the dis-
tance into the crystal measured, from the illuminated surface,
along the direction of propagation of the exciting light beam,

the intensity of which is I;;
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(4) The excitation light intensity is kept sufficiently low to
ensure that y'n*(x) can be neglected relative to Bn(x);
(5) Only diffusion paré.llel to the x-axis is considered

=>.v2-—a§§.

In addition to the above a.bproximations to Eq. (1), the following
assumptions are made:

(1) The crystal is assumed to be semi-infinite in extent; the
front surface, lying at x=0, is the surface upon which the
exciting light falls. This is equivalent to requiring the
crystal thickness tb be largé compared to a™;

(2) Triplet excitons are assumed to be quenched with 100%

efficiency at the crystal surfaces.

The resulting diffusion equation has the formle

0 = mof, exp(-ax) - n(x) + DERE) 2)

with the boundary conditions n(0) = n(e) = 0.
_ The physical model described by Eq. (2) is one in which the
excitons are quenched at the cfystal surfaces so that if they ére
created within a diffusion length of a surface they can diffuse to that
surface and be quenched. Further, the model neglects triplet-triplet
annihilation completely. We now proceed to see if this model can even
qualitritively account for a maximum in the emission excitati_on spectra.
The delayed fluorescence ihténsity as a function of the wave-

length of the excitation light is given by
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1y ~v ) ne) ax N €

ym?l, a

28z (Bt+aD2)’

for all « (4)

where the solution to Eq. (2) has been used together with Eq. (3) to
arrive at Eq. (4). Since any acceptable theory must predict a peak in
the excitation spectrum of delayed fluorescence it is necessary that
Eq. (4) exhibit a maximum when I dt is plotted versus a. That this is
in fact the case, can be seen most easily by setting the derivative of

Idf with respect to @ equal to zero and solving for .- the value of

ax’

the absorption coefficient at the wavelength of the maximum, hmax'

We simply state the result,
@ ax = 2VB/D . (5) -

Evidently, the absorption coefficient at Rm and the diffusion constant

ax
for triplet excitons are related in a very simple manner within the
framework of this particalaf model. Insofar as the delayed fluor-
escence excitation spectrum is concerned, the model appears to have
the correct qualitative behavior and has in fac_t been used to arrive at
a value for the diffusion constant for triplet excitons in crystalline
anthracene at room temperature. 15,16

This is essentially as far as either Kepler and Switendick15 or
Williams and Adolphl6 went in their analysis. However, in view of
the fact that the phosphorescence excitation spectrum can now be:

measured, it is of particular interest to investigate the predictions of
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the model in that regard. Proceeding as for delayed fluorescence we

have
1, ~8 ) nexdx (6)
0 .
mI,
=—° _ forall @ . (7)
1+ avyD/B

Taking the derivative with respect to o yields,

d BmI, VD
a%ﬂ-__.ﬁg_.'__m_. (8)

- (8+a/PDy

Inspection of Eq. (8) reveals that de/ da approaches zero only in the
limit as @ approaches infinity. Clearly, Eq. (7) has no maximum

and, furthermore, it predicts that the phosphorescence should attain
its greatest intensity in the limit as ¢ tends to zero. This means that
when the crystal is not absorbing any excitation light it should be
phosphorescing at a maximal rate; the phosphorescence intensity then
decreases as the crystal begins to absorb more excitation light, that
is, as @ increases. The nature of its own predictions makes the semi-
infinite-crystal model highly suspect and one is forced to consider other

more realistic models.

b. The Finite-Crystal Diffusional Model
Approximatidns to Eq. (1):
The approximations are idéntical to those made in Section 2a

above.
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Assumptions:
(1) The crystal is required to be finite in extent; the front
surface, lying at x=0, is the surféce upon which the
exc-iting light iinpinge s. The back surface lies at»x= a,
that is, the crystal thickness is a;

(2) As in Section 2a above.

Since the approximations to Eq. (1) are unchanged, the appropriate
equation is again Eq. (2). The boundary conditions however become
n(0) = n(a) = 0 as a result of assumption (1) above. The solution under
these conditions is of the form

mal,
> exp(-ax)  (9)

n(x) = ¢ exp[(B/D)%XJ + ¢, exp[—(B/D)% }{1 +

with
mal, . 1 1 . 1
c; = (,s 5 2) exp[—(ﬁ/D)zéJ-exp(-aa) # exp[(B/D)za] - exp[—(B/D)Z%]
=10
mal,
and c; = -(cy +¢g) , Cs = 2
- B - D«

Substituting Eq. (9) into Eq. (3) and performing the integral over the

range from 0 to a yields the following expression for the delayed

~
%Eexp(-Zaa) -1] , |

+ /B (-2 B, D)-lj ______._{- p(-vB/Da-aa)-1
| VD exp(-2a+B/ . exp(-v o J

D+

fluorescence excitation spectrum,

Ty = ye,® vD/B sinh(2a yB/D) - yci
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2 expl-on) (JB‘]T) sinh(ay/D) ) (10)

+ orcosh(@/BTD))| - grier - WITB | exp(-2/B7D a)'-ﬂ g

+ 2yc ca + 2yc;cy

..

Next, Eq. (9) is substituted into Eq. (6) to obtain an expression for the
phosphorescence excitation spectrum,

BmI,

Ip = et ;1 ‘-exp(-da) -avD/B |1 +exp(-—aai] tanh(%@ﬁ)%. (11)
B -Da
Both Eq. (10) and Eq. (11) exhibit maxima as a function of absorption
coefficient. Furthermore, the phosphorescence intensity goes to zero
as the absorption coefficient tends to zer'o, in contrast to the pre-~
dictions based on the semi-infinite—cfystal model. |
Evidently, restricting the crystal thickness to a finite value
removés the anomalies present in the semi-infinite-crystal model and
leads to the prediction of peaks in both the delayed fluorescence and

phosphorescence excitation spectra.

Bt FinttecCrysal saniiilatdon Mindal
Apprdximations to Eq. (1):
(1) As in Section 2a;
(2) As in Section 2a;
(3) As in Section 2a;
(4) The réstriction that yn? <« Bn is removed and both terms
are kept in the kinetic equation;

- (5) The diffusion term in Eq. (1) is neglected.
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Assumptions:
(1) As in Section 2b;
(2) Along with the explicit diffusion term, surface quenching of

the triplet excitons is ignored.
In this limit, Eq. (1) reduces to
0 = mal, exp(-ox) - Bn(x) - y'n’(x) . (12)

Despite the lack of an explicit diffusion term in Eq. (12), diffusion has
not been totally ignored. Noyes24 has shown that for the case of iso-
tropic diffusion, the effective second-order rate constant ¥’ is related

to the diffusion constant D by

ro_ 2moD
Y =TT oDy - (s

In Eq. (13) ¢ is the collision diameter and y the second-order rate
constant in the limit where diffusion is not rate controlling, i.e., in
the limit where diffusion is rapid compared to the rate of bimolecular
annihilation. We observe that for the case of diffusion controlled

annihilation, i.e., for 2rgD < y,

v' ~ 270D . (14)

Eq. (12) can be integrated directly to give

mIo[exp(—ag) -1] + Ef;a Ip +,7_"%_) Iye = 0 ’ (15)

where B . is the rate of radiative first-order decay and y? is the
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rate of bimolecular production of fluorescing singlet excitons. Based
on the present model, a simple relationship of the form of Eq. (15) is
expected to exist between the delayed fluorescence and phosphorescence
excitation spectra. Equation (15) represents a mathematical statement

of the required conservation of excitons and photons.

d. . The Finite-Crystal Diffusional Annihilation Model
Approximations to Eq. (1):
(1) As in Section 25.;
(2) As in Section 2a;
(3) As in Section 2a;
(4) As in Section 2c;
(5) As in Section 2a.

Assumptions:
(1) As in Section 2b;
(2) As in Section 2a.

With these approximations and assumptions, the diffusion equation takes

the form

0 = mal, exp(-ax) - An(x) - y'n?(x) + D d2dr}1{x (16)
with n(0) = n(a) = 0.
As mentioned in Section 2¢c, account must be taken of the
relationship between 9’ and D since they are not independent.,' Although
Eq. (16) is not the most general equation; it nevertheless cohtains all-

the terms appearing in Eq. (1). Unlike the models discussed above,
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no assumptions have been made with regard to the relative magnitudes
of the individual terms so that this model is physically equivalent to

that described by Eq. (1).

3. EXPERIMENTAL

a. The Aggaratus

The experiments were conducted at room temperature using a
phosphoroscope described in Appendix A. Light from a 6500 W xenon
—.arc lamp was passed through a 0. 5-m Jarrell-Ash Ebert scanning
spectrometer and allowed to strike the sample, located at the center -
of the cylindrical phosphoroscope drum. The spectrometer, which
was equipped with a grating having 1180 grooves/mm, biazed at
5000 A in first order, had a reciprocal linear dispersion of 16 A/mm
at the exit slit and an effective aperture ratio of f/8.6. The slitwidth
was set at 400 p. All the light emitted into the solid angle subtended -
by a lens 4 cm in diameter, located 5 cm from the sample, was col-
lected and focused onto the cathode of a dry—ice cooled EMI 6256 SA
photomultiplier. The photomultiplier output was fed into a Victoreen
Model VTE-1 electrometer where it was amplified and recorded on a
strip-chart recorder. Separation of the delayed fluorescence and
phosphorescence light was accomplished with the aid of appropriate

Corning glass filters.

b. The Exgerimental Procedure

Phosphbrescence and delayed fluorescence are both dependent

upon fhe existence of a non-negligible population of the Iowest_ triplet |
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state of the crysfal. ‘The requisite triplef—s'tate population was pi'o-
vided via direct excitation into the lowest singlet state followed by
intersystem crossing to the lowest triplet state. Thé efficiency with
which a given wavelength of excitation light excites triplet states can
be determined by measuring the integrated emission (either phos-
phorescence or delayed fluorescence) intensity due to excitation light
of that wavelength. By measuring the integrated emission intensity as
the wavelength of the excitation light is scanned through the region of
--the singlet absorption, one obtains the so-called excitation spectrum of
the emission. The excitation spectira reported here were recorded at
the highest phosphoroscope speed, viz., 1725 rpm. At this speed, the
period of the phosphoroscope is short compared to the eﬁlission life-
tinie, at least in the case of naphthalene, so that the triplet-state con-~
centration can be treated as being effectively constant (see Appendix B).
The wavelength dependence of the excitation light intensity
striking the sample was checked using rhodamine B, which has a con~-
stant qué.ntum yield from 2600 A to 6000 A R 20 in ethylene glycol as a

quantum counter.

. Samgle Pregaration

The naphthalene samples were purified by a combination of
zone-refining and fusion with potassium metal (Appendix A). Anthracene
was chromatographed, reacted with potassium while dissolved in ben-
zene, and finally zone-refined (Appendix A). Dui‘ing both purification
processes air was rigorously excluded. All crystals were grown from

the melt.
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A solution of rhodamine B (3 gm/liter) in ethylene glycol was
prepared25 for use in determining the wavelength dependence of the

excitation.light intensity at the position of the sample.

4. RESULTS

a. Naghthalene

Figures 1 and 2 show the measured phosphorescence and
delayed fluoreScengé excitation spectra, respectively, of pure crystal-
line naphthalene-dg at room temperature. The position of the maximum
in the delayed fluorescence excitation spectrum depends upon the inten-
sity of the excitation light; it is observed to shift to the red with
increasing intensity. The position of the maximum in the phosphor-
escence excitation spectrum, on the other hand, is independent of
exciting light intehsity over the same range of intensities. lThese
results are summarized in Table I. Naphthalene-h, crystals exhibit
the same characteristics, the only difference beingr a slight shift in the
peak positions.

Figure 3 displays the triplet exciton density, calculated using -
the model described in Section 2d above, for three different values of
the absorption coefficient @ (see Table II). The three curves have been
normalized so that their maximum values coincide. Figures 4 and 5
-are representative of the phosphorescence and delayed fluorescence
excitation spectra calculated from these exciton density distributions.

It is .evident that the calculated curves have the correct qualitative

behavior. However, neither calculated excitation spectrum shows any



Figure 1.
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The excitation spectrum of the phosphorescence emission
from pure crystalline naphthalene-dg at room temperature.
The lower curve was recorded under the following con=-

- ditions: Corning glass filters, C.S. 3-T70 and 3-71, were

placed directly over the photomultiplier window, the elec-

trometer input was set at 10-7 A full scale with a 0. 3 sec

time constant, and the scan rate was 50 A/min. The upper

curve was recorded under the same conditions except the

electrometer input was set at 10-8 A with a 1 sec time
constant.
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Figure 2. The excitation spectrum of the delayed fluorescence emission
from pure crystalline naphthalene-d, at room temperature.
The lower curve was recorded under the following conditions:
a Corning glass filter, C.S. 7-54, was placed directly over
the photomultiplier window, the electrometer input was set at
10-7 A full sgale with a 0.3 sec time constant, and the scan
rate was 50 A/min. The upper curve was recorded under
the same conditions except the electrometer input was set at

10-8 A full scale.
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TABLE 1. Peak positions in the excitation spectra as a

function of excitation light intensity.

RELATIVE | DELAYED RELATIVE
EXCITATION FLUORESCENCE EXCITATION . PHOSPHORESCENCE
LIGHT INTENSITY PEAK POSITION (&) LIGHT INTENSITY PEAK POSITION (&)
! 3300 1 3322
0.21 3275 0.23 . 3316
0. 05 3258 0.08 3318
0.01 3257 0. 02 - 3320

79



Figure 3.

The triplet exciton density, calculated using the model described in Section 2d, for
three different values of the absorption coefficient . The three curves have been
normalized so their maximum values coincide, in order to facilitate display. In
order of increasing absorption coefficient, the calculated values of these maxima
are in the ratio 1:9:5. The various parameters were assigned the values: 8= 7. 69
sec-l, y = 10! cm3sect, m=0.3, I, = 102 cm~2sec-!, D= 10-! cm2?sec~ and
o =10-" cm. This corresponds to the 0limit in which diffusion is rapid and the
effective second-order constant is just equal to the annihilation rate constant y.
The values of « used are given in Table II. The crystal thickness was taken to

be 0.5 cm.

g9
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TABLE II. The absorption coefficient for crystalline naphthaléne
at room temperature. The measurements were made using a
1.0 mm crystal with a Cary Model 14 spectrometer.

WAVELENGTH (A) | ABSORPTION COEFFICIENT (cm-1)
3225. 0 59. 42
3237.5 . 59.42
3250, 0 59, 42
3262. 5 57. 94
3275. 0 1 46.29
3287.5 32.170
3300. 0 20.27
3312.5 11.98
3325, 0 8.52
3337.5 5.30
3350. 0 2.99
3362.5 1. 61
3375. 0 1.15
3387.5 0.92
3400. 0 0.46
3412.5

0.23

A The experimental uncertainty in these values is believed to be

less than 10%.




Figure 4. The phosphorescence excitation spectrum computed from the triplet exciton densities
calculated according to the model described in Section 2d. The computed phosphor-

a
escence intensities are proportional to J'o nh(x) dx where a is the crystal thickness
and n (x) is the triplet exciton density distribution (see Fig. 3) at a particular

exc1tat10n wavelength A. A line connecting the computed points has been added to aid
in comparing this figure with Fig. 1.
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Figure 5. The delayed fluorescence excitation spectrum computed from the triplet exciton
densities calculated according to the model described 1n Section 2d. The computed

delayed fluorescence intensities are proportional to f n 2(x) dx where a is the
crystal thickness and ny (x) is the triplet exciton densﬂ:y dlstrlbutlon (see Fig. 3)

at a particular exc1tat1on wavelength A. A line connecting the computed points has
been added to aid in comparmg this flgure with Fig, 2.
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dependence upon the excitation intensity with regard to the position of
the maximum. - The excitation intensity was varied over 6 orders of

magnitude in these calculations.

b. Anthracene

The delayed fluorescence excitation spectrum of ciystalline
anthracene is shown in Fig. 6. As in the case of naphthalene, the
position of the maximum is sensitive to the excitation light intensity.
Figure 7 shows the phosphorescence excitation spectrum of anthracene.
A study of the excitation intensity dependence of the position of the
maximum in this spectrum was not possible with the present experi-
mental setup because of the inherent weakness of the anthracene

phosphorescence.

c¢. The Sgectral Distribution of the Exciting Light

The excitation light intensity at the position ofv the sample, as
a function of wavelength, was determined by replacing the sample with
a rhodamine B solution, and recording the rhodamine B emission in-
tensity as the excitation wavelength was scanned through the region of
interest. From 4500 A to 3000 A, the excitation light intensity was
found to be essentially constant; there was a slight decrease in inten-
sity with increasing energ,jr, but certainly nothing sufficient to cause
the observed maximum in the excitation spectra. From 3000 Ato
higher energy, the intensity of the excitation light was observed to

decrease somewhat more rapidly.



Figure 6, The excitation spectrum of the delayed fluorescence emission from pure crystalline
anthracene at room temperature. The electrometer input was set at 10-6 A full
scale with a 0.1 sec time constant, and the scan rate was 50 A/min.
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Figure 7. The excitation spectrum of the phosphorescence emission from pure crystalline
anthracene at room temperature. A Corning glass filter, C.S. 2-64, was placed
directly over the photomultiplier window, the electrometer input was get at 10-¢ A
full scale with a 1 sec time constant, and the scan rate was 125 A/min.
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- 5. DISCUSSION

The semi-infinite~crystal diffusional model (see Section 2a) must
be rejected sincé itr predicts incorrect and unphysical behavior as far
as the phosphorescence excitation spectrum is concerned. In light of
this obvious shortcoming of the model, one is caused to que'stion the
validity of the diffusion constant for triplet excitons in crystalline
anthracene, determined from the delayed fluorescence excitation spec-

brur on the basis of this madel, 1o 10

The finite-crystal diffusional
model (see Section 2b) neglects the effects of triplet-triplet annihilation,
an approximation that is probably not valid for our experimental condi-
tions. Consequently, even though preliminary calculations based on
this model were reasonably well-behaved, we have made no extensive
calculations using the model. The finite-crystal annihilation model
(see Section 2c) reduces essentially to a statement of energy conserva-
tion, under ideal experimental conditions. In any real experimenﬁ there
are always complicating factors such as scattered light and the experi-
mental geometry that must be taken into consideration. We conclude
then that this particular model is, practically speaking, not of véry
| mﬁch use. The remainder of the discussion will therefore be concerned
with the ﬁnite-crystal diffusional annihilation model (see Section 2d).
- “We have chosen to make the majority of our calculations using
this model since, of the four models discussed in Section 2, it most
closely approximates the general picture of triplet exciton dynamics
that has emerged over the past few_ years. All but one of our éxperi-
mental observations can be accounted for within the framework of this

model.‘ The one feature that remains unexplained is the dependence of
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the peak position in the delayed fluorescence excitation spectrum on the
intensity of the exciting light.

At the outset, it seemed likely that inclusion of the yn® term would
suffice to explain this effect. However, in retrospect this appears to
have been nothing more than a misplaced hope. Abparently, something
else is responsible for the failure of the model. On reconsidering the
approximations and assumptions that led to the model, the most ques-
tionable one would seem to be neglect of re-absorption of the delayed
fluorescence emission. The results presented in Table I show that as
the excitation intensity is increased, the peak position of the delayed
fluorescence shifts toward the red. One might expect this sort of behav-
ior if a large fraction of the total emitted light were of an energy that
could be strongly re-absorbed. Clearly, this could only be important
for the shortest wavelengths of delayed fluorescence since the absorp-
tion coefficient for other wavelengths is extremely small.

~ Although re-absorption might be responsible for the discrepancy
between the observed behavior and that predicted by the model, other
possibilities must not be too hastily ruled out. For example, it may be
necessary to include in Eq. (1) terms of higher order in the triplet
exciton density n; these terms could conceivably become important at
sufficiently high excitation light intensities. If the answer does not lie
in including re-absorption and/or these higher order terms, then it
seems likely that something fundamental is lacking in our present pic-
ture of triplet exciton dynamics. Until the origin of the discrepancy is

thoroughly understood, it will not be possible to make any meaningful
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determination'of the diffusion constant for triplet excitons from the

excitation spectra of the crystal emissions.

6. CONCLUSIONS

The excitation spectra of phosphorescence and delayed fluores-
cence from crystalline naphthalene and anthracene have been
presented.

A model used previously15’ 16

to iﬁterpret the delayed fluores-
cence excitation spectrum of anthracene has been found inadequate
to explain the observed phosphorescence excitation spectrum.
Calculations of the excitation spectra of naphthalene, based on a
more realistic model have been compared with the experimental
results. |

In its present form, the model cannot explain the observed depend-
ence of the position of the maximum in the delayed fluorescence

excitation spectrum on excitation light intensity.

Suggestions for improving the model have been discussed.
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SECTION C

ON THE APPARENT ABSENCE OF TRIPLET-TRIPLET
ABSORPTION IN PURE ORGANIC CRYSTALS
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1, INTRODUCTION

Triplet-triplet absorption in 7-electron molecules has received

considerable attention over the past several years. A58

The earliest
study of this type of absorption was made by Lewis et a.,_l.1 even before
the states involved in the transition had been identified as triplet states
by Lewis and Kasha. 2 Numerous other experimental investigations of

triplet-triplet absorption have been reported3 -23

during the years
since this pioneering work of Lewis and his co-workers.
Triplet-triplet absorption spectra of a large number of -
electron molecules have now been measured under a wide variety of
experimental conditions. Perhaps the single most commonly used
technique has been to embed the absorbing molecules in a glassy
environment (EPA or some hydrocarbon, for example) at 77° K. %, 16, 18
McClure3 was the first to make extensive use of this method for
obtaining triplet-triplet absorption spectra. The absorption by organic
molecules in fluid solutions at room temperature and in the vapor phase

at elevated temperatures has also been recorded, -7, 8

10,11,17,21

and it has been
shown that triplet-triplet absorption is observable in certain
types of mixed molecular crystals where the guest-host energy gap is
large. Other studies have been concerned with the pressure depen-
dence, 20 the concentration dependence15 and the polarization proper-

tes8r 10,11, 14,21 24-32

of the absorption. Theoretical calculations
have been found useful especially for predicting the number of allowed
transitions, in addition to giving crude estimates of the transition

energies.
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In spite of this vast amount of activity, there has been no report
of triplet-triplet absorption in pure crystals or even in isotopic mixed
crystals. Although one can immediately point out some obvious reasons
why triplet-triplet absorption would be more difficult to detect in such
crystals, we were curious to see if there might be some more funda-
mental reason for the apparent absence of this phenomenon. In addition,
if the absorption could be found it would provide yet another method for
following the behavior of triplet states in organic crystals. The present
paper is therefore concerned with the exact nature of the differences
between triplet-triplet absorption in a hydrocarbon glass at 77° K and in
an isotopically mixed crystal at 4.2° K. The case of pure molecular
crystals is also discussed and experimental data are presented in sup-

port of the discussion.

2, EXPERIMENTAL

a. The Aggaratus

The experimental arrangement is illustrated schematically in
Fig. 1. A fotating cylindrical drum w1th two opposing slots cut in its
circumference provided alternate access to the sample by two light
beams positioned at right angles to each other. For the measurements
reported herein the drum was rotated at 1.725 rpm corresponding to
access intervals of approximately 8.2 msec, the slots each subtending
an angle of 1.48 radians at the center of the drum. The two light
sources were, respecti{rely, a 6500 W xenon arc used to excite the

necessary triple'tv states and a 500 W xenon arc for measuring the
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Figure 1. A diagram of the experimental arrangement used to
' record the triplet-triplet absorption spectra.
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absorption. A 0.5-m Jarrell-Ash spectrémeter eqﬁipped with a grating
having 1180 grooves/mm, blazed at 5000 A in first order, and a dry-
ice cooled EMI 6256 SA photomultiplier was used to scan the spectrum.
The spectrometer has a reciprocal linear dispersioq of 16 f\/mm at

the exit slit and an effective aperture ratio of £/8.6. The slitwidth was
set at 15p. The output from the photomultiplier waé fed into a
Victoreen Model VTE-1 electrometer where it was amplified and

recorded on a strip-chart recorder.

b. The Exgerimental Procedure

The relevant energy levels of the naphthalene molecule are
depicted in Fig. 2. Absorption into the excited singlet manifold
(process «) is followed by rapid relaxation (process 8) to the lowest
exéited singlet 'B,,; state. Some of the molecules in this state undergo
a radiationless transition (process y) to the lowest triplet ®B,,; state
thus providing the requisite triplet state population.r Absorption from
the lowest triplet state to higher triplet states was studied by observing
spectral changes correlated with the presence or absence of the
exciting light.

P(?)int-by-—point determination of the spectrum was found to be
the most sensitive method for this sort of absorption meaSufement.
The spectrometer was set at a given wavelength and fhe photdfnultiplier
output recorded for s.ome specified length of time, alternately with and
without the excitation light striking thé sample. The transmission of
the sample was obsei‘ved to decrease when the excitation light was

allowed to impinge upon it and to return to its originé.l value when the
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Figure 2. An energy level diagram for naphthalene showing the energy
levels of importance in triplet-triplet absorption.
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exciting light was blocked. Three measurements of this change were
made and the results averaged, after correcting for the wavelength
dependence of the system response, to arrive at the magnitude of the
absorption at each wavelength. Measurements were made throughout
the region extending from 3200 A (near the singlet absorption edge) to
6000 A. The interval between successive measurement points varied
from 10 to 100 A so that positions of peaks can bé located at best only
to within 10 A. However, since the features in the spectrum seem to
be quite broad, this probably is not a serious limitation and will not
influence the conclusions to be drawn later in the paper.

Under conditions similar to the actuél experimental conditions
in é.ll respects except that an empty sample tube replaced the sample,
no difference was observed in the transmitted intensity with or without

the excitation light on.-

C. SamRIe Pregaratibn

All crystalline samples were purified by a combination of zone=

refining and potassium fusionS5 -39

and grown from the melt in sealed
quaftz tubes. To ensure good thermal contact between the sample and
the eryogenic bath when working at 4.2° K, the crystal tubes were
broken open by means of a break-seal while submersed in liquid helium.
For the experiments on the glassy state at 77° K, c.h'y 3-
methylpentane and zone-refined, potassium-purified naphthalene were
used, with special care being exercised in degassing the con{pourids.

The glass was obté.ined by simply submersing this solution in liguid

nitrogen prior to its use in the experiments.
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3. RESULTS

It was established experimentally, by scanning the region from
4700 A to 6000 A with the exciting light on and the spectroscopic light
off, that the phosphorescence emission from the samples was of negli-
gible intensity relative to the spectroscopic light so that the triplet- |

triplet absorption spectrum is in no way complicated by phosphorescence.

a, Naphthalene-h, in 3-Methylpentane at 77° K

The upper curve in Fig. 3 shows fhe triplet-triplet absorption
spectrum of a 7.4 x 10-% M solution of naphthalene-hg in 3-
methylpentane at 77° K. The three transition maxima at 24, 089 em-!,
25, 535 cm-! and 26, 946 cm™ correspond to previousiy reported transi-
tions in the triplet-triplet absorption spectrum of naphthalene in other

: .36 : . .
environments. Three new, less intense maxima are evident at

24,993 cm”

' 26,308cm ™ and 27,770 cm™'. Peak positions, relative

intensities and spacings between successive maxima in the spectrum are

summarized in Table I

b. Naphthalene-h, in Naphthalene-d, at 4.2° K

The lower curve in Fig. 3 is the triplet-triplet absorption spec-
trum of an isotopically mixed crystal consisting of 1.0 wt% naphthalene-
hg in 99.0 wt% naphthalene-d, at 4.2° K. The mixed crystal spectrum
appears qualitatively the same as the triplet-triplet spectrum of naphth-
alene in a glass, with the exceptioh of the broad bdckground continuum

absorption extending both to higher and lower energy from the principal



Flg'ure 3. The tr1p1et-tr1p1et absorption spectra of naphthalene-h, in 3-methy1pentane at
77° K and of naphthalene=h, in naphthalene -d, at 4.2° K.
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TABLE I. The triplet-triplet absorption spectrum of
naphthalene-h, in 3-methylpentane at 77° K.

A(R)2 Pooiis (em=1) Av (cm™t) Intensityb
4150 24, 089 0 100
4000 24, 993 904 20
3915 25, 535 1446 55
3800 26, 308 2219 15
3710 26, 946 | 2857 20
3600 27, 770 - 3681 10

2 peak poSitions of the three most intense transitions are
accurate to 10 A. Positions of the other three peaks are

accurate to 25 A.

bNormalized so that the most intense peak has an intensity

of 100.
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spectral features. There is a one-to—one. correspondence betWeen fhe
prominent peaks in the spectrum of the mixed crystal and that of the
-glass. Furthermore, the widths of the features in the spectrum of the
glass and of the mixed crystal appear to be about the same. At 77°K
the triplet-triplet absorption in the mixed crystal was so weak as to be
virtually undetectable with the present apparatus. Table II summarizes
the pertinent features in the 4. 2° K mixed crystal triplet-triplet ab-

sorption spectrum.

c. Pure Crgstalline NaEhthalene

No triplet-triplet absorption could be detected in pure crystal-

line naphthalene at room temperature, 7T7° K, 4.2°K or 1. 8° K.

4, DISCUSSION

Consider first the relative intensities of the spectra in Fig. 3.
Both spectra were recorded using the same overall detection sensi-
tivity so that, if the absorbing species (triplet-state guest molecules)
were uniformly distributed through both samples, comparison between
the two could be made directly. However, the distribution of excited
guest molecules is certainly not uniform in either sample, there being
a much higher density of the metastable absorbing species produced in
that part of the sample nearest the excitation light. The penetration
depth of the exciting light is roughly 1000 times greater in thg glass than
in the mixed crystal at the solute concentrations used for these experi-

ments. Since the host erystal absorbs strongly in the same spectral
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TABLE . II. The triplet-triplet absorption spectrum of
naphthalene-h, in naphthalene-d, at 4.2° K.

A(R)2 Voo (cm“i) Ay (cm™) Inten:sityb

4150 - 24,089 0 100

4025 24, 838 749 c

3925 25,470 - 1381 60

3800 26,308 2219 c

3725 26, 838 2749 20

3600 217,770 3681 N c

Broad absorption extending The total integrated
from 6000 A to the B,y - ‘Ag intensity of this
absorption edge. band is roughly

equal to that of the

discrete transitions.

A peak positions are only accurate to 25 A.

PNormalized so that the most intense peak has an intensity
of 100.
°It was not possible to get a reasonable estimate for the inten-

sities of these transitions.
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region as the guest, as far as its response to the excitation light is
concerned, the isotopically mixed crystal beha‘,ves' just like a pure
crystal and most of the light is absorbed very near the surface. At low
temperatures a significant fraction of this host excitation is rapidly
transferred to the guest molecuiesS'7 so that the resulting distribution
of triplet-state guests is essentially identical to the initial host excita-
tion distribution. |

Although it is true-that the total number of guest molecules
excited to the triplet state by the excitation light is considerably greater
in the mixed crystal than in the glass, the distribution of these meta-
stable absorbers in the crystal is such that they present a very small
- optical density to the spectroscopic light beam. Consequently, it is not
possible to predict which of the two samples will give rise to the more
intense absorption on the basis of the relative numbers of absorbing
species aloﬁe ; rather, the distribution of, as well as the total number
of absorbers must be taken into account. 38 The observed absorption
intensity due to non-uniformly distributed absorbing species represents
a balance between the total number of absorbers and their spatial dis-
tribution in the sample. Hence, direct comparison of the relative

intensities of the spectrd shown in Fig. 3 has no meaning.

a, Naphthalene-h, in 3-Methylpentane at 77° K

The three most intense transitions in the triplet-triplet absorp-
tion spectrum of the glass form a progression with spacings of 1450 cm-!
between successive bands. This energy is reminiscent of ground-state

totally symmetric carbon-carbon stretching vibrational energies and is
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suggestive that such a vibration may be participating in the absorption.
These bands are by now quite familiar, having been observed in the
triplet-triplet absorption spectrum of ﬁaphthaléne in a wide variety of
environments and using several different experimental techniques.g—lz’ L
Three weaker transitions39 that appear to form a similar progression
characterized by roughly 1450 cm™! spacings are also evident. There is
more uncertainty in the precise positions of these bands due to a lower
density of experimental points in the neighborhood of the peaks. This
progression is shifted to the blue from that formed by the three most
intense bands by some 800 cm~!. Naphthalene is rich in vibrations having
energies of this magnitude and it is likely that these weaker transitions
are the result of combination tones involving a symmetric carbon-carbon
stretching mode and some other mode, also probably totally syminetric,
having an energy of about 800 cm™, built on the purely electronic transi-
tion. The cbmplete spectrum can thus be interpreted in terms of a single

electronic transitioh with its associated vibrational structure.

b. Naphthalene-h, in Naphthalene-d, at 4.2° K

The resolved structure in the isotopically mixed crystal triplet-
triplet absorption spectrum correlates well with that observed in the
glass at 77° K so that no further discussion of this structure per se is
needed. However, the broad background absorption in which the
structure appears to be embedded is unique to the mixed crystal spec-
trum and does merit some additional consideration. )

We observe first of all that there are energy states of the
crystal, viz., the charge-transfer states and the conduction band, that

have no counterpart in the glass. Furthermore, host-guest interactions
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are expected to be of similar magnitude to host-host interactions in
isotopic mixed crystals since the host and guest molecules have nearly
degenerate energy states. Such host-guest interactions can cause
mixing of the host and guest zero-order states, so that the correct
states of the crystal can be viewed as being partly host and partly guest
in character. = Consequently, transitions originating on a purely guest
energy level will have a non-zero probability of terminating on any
level of the proper symmetry that has guest character. This sort of
mechanism is proposed to account for the observed triplet-triplet
absorption spectrum of naphthalene-h, in naphthalene-d, at 4.2°K. In
this particular instance, mixing of the host conduction band and perhaps
also the host charge-transfer states with the lowest 3B1u state of the
guest would be necessary.

'The conduction band in anthracene has been variously placed at

41 to4.9 eV. 42 A value greater than

energies raﬁging from 2.6 eV
3.5 eV,43 perhaps to the order of 4.4 eV, i seems to be most prob-
able. The charge-transfer state in anthracene has been reported to

43

have an energy of 3.45 eV. Evidently, the conduction band lies

higher in energy than the charge-transfer state in anthracene, a trend

that is also observed in tetracene. 43 The charge-transfer state in

naphthalene has been placed at 4.4 + 0.2 eV,45 so that, on the basis of
the anthracene and tetracene results, the conduction band in naphthalene
might reasonably be expected to lie at energies on the order of 5 to 6

~ eV above the ground state.

Recalling that the ground—sﬁate to triplét—state energy interval

in naphthalene is 2.‘63 eV, it is evident from Fig. 3 that the continuum
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absorption has a threshold at about 4. 6 eV and extends to higher energy.
The threshold of the absbrption lies very close to the position of the
charge-transfer state so that participation of this state in the mixing
cannbt be ruled out. Clearly, the predicted position of the conduction

band coincides with the observed continuum absorption.

c. Pure Crzstalline Naghthaléne

The absence of any detectable triplet-triplet absorption in pure
crystalline naphthalene is probably explained by the lower steady-state
concentration of triplet states in the pure crystal compared to that in
the mixed crystal. This decrease is due largely to the shorter triplet-
state lifetime in the pure crystal. 48 This conclusion is substantiated
by the fact that at 77° K triplet-triplet absorption in the isotopically

mixed crystal is extremely weak.

5. CONCLUSIONS

Differences between triplet-triplet absorption in a hydrocarbon
‘glass at 77?’ K and in an isotopic mixed crystal at 4.2° K have been dis-
cussed. The principle difference is a broad continuum background
absorption in the mixed crystal spectrum which is interpreted in terms
of host-guest interactions causing mixing between the guest ®*B,,; state
and host conduction band. At 77° K the absorption in the mixed crystal
is too weak to be detected; this is probably due to the lower steady-
state concentration of triplet states at 77° K relative to that at 4.2° K.

- No triplet-triplet absorption was detected in pure samples at
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temperatures down to 1.8° K presumably because of the small steady-
state triplet concentration caused by rapid processes such as triplet-
triplet annihilation. If our interpretation of the broad continuum.
absorption were correct, then for a series of mixed crystals of
naphthalene in various host materials having progressively larger
host-guest energy separations, one would expect the mixed crystal
triplet-triplet spectrum to approach that of naphthalene in a glass at

77° K as the energy separation is made very large.
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long in the crystal, second-order effects play a dominant role in
establishing the steady-state concentration of triplets in a pure or
isotopic mixed crystal. Thus, even though few triplets are lost
via first-order decay, the steady~state concentration of triplets
can be very low due to rapid second-order depletion of the triplet

population.
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PART III

AN INVESTIGATION OF DELAYED LIGHT EMISSION
FROM Chlorella Pyr'enoidosa
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SECTION A

MEASUREMENT OF RAPID PHOTOPROCESSES USING
A MODULATED cw LASER

The following is the text of a paper accepted for publication in the

Review of Scientific Instruments

[B. E. Kohler, A. Haug, E. B. Priestley and G. W. Robinson,
Rev. Sci. Instr. 40, 0000 (1969)]
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1. INTRODUCTION

The fluorescence lifetimes of electronic transitions in mole-
cules fall in the range between 10-° sec and about 10-¢ sec. Several
nﬁethods have been used for measuring such short times. The phase
fluorometric .tecimique1 =5 requires that the iﬁtensity of the excitation
light be modulated periodically at a frequency comparable to the decay
constant of the excited state. As a consequence, the resultant emitted
light intensity is modulated at the same frequency as the exciting light
~ but delayed by a phase angle 8. Under the assumption of an exponen-
tial decay, the lifetime 7 is given by tan B = wr, where w is the
modulation frequency. Lifetimes between 10-7 sec and 10-° sec can
be investigated with ultrasonic modulators operating in the MHz

. 1,2,4
region.

Unfortunately, no simple relationship exists between the
phase angle 8 and the decay constants of interest when the decay is non-
exponential. Although it is possible to determine these constants from
measurements of the phase angle as a function of frequency, 2 the prob-
lems associated with making the.measurements as well as with inter-
preting the results tend to limit the usefulness of the method. This
technical limitation, which hampers the study of non-exponential
processes as, for example, the annihilation of excitons in molecular
crystals6 and the delayed emission in photosynthesis, J is a serious
handicap to the phase fluorometric technique.

The other commonly used technique for measuring rapid decay

processes utilizes pulsed excitation, e.g., laser pulses, 7,8 incoherent
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~light flashes, v or electron bursts. 18 Ultra-short laser pulses11

having
 a peak power of about 10'°W and lasting approximately 10-13 sec can be
produced by mode locking, while subnanosecond incoherent light
flashes12 can be generated by means of electrical discharges in gaseous
media. The study of decay processes based on such pﬁlsed excitation
suffers from several drawbacks. Firstly, use of low intensity pulses
usually limits the time range over which the decay can be recorded to
about a decade, simply due to the lack of signal amplitude. Since
measurements over several decades are required for a reliable kinetic
analysis in all but the simplest.c.ase of purely exponential decay, this
presents a serious problem. This difficulty can sometimes be avoided
by application of signal-averaging techniques, provided the pulse rate
is high enough to make this practicable. 1< Secondly, application of
high intensity pulses to organic and inorganic matter may result in
complex phofodecomposition as well as in nonlinear effects that can
induce higher-order decay mechanisms, which in certain instances are
irrelevant and unwanted. Thirdly, it is not known, a priori, whether
pulsed excitation leads to the establishment of steady-state conditions,
an essential requirement when measur ing the decay of delayed emission
during photosynthesis.

A system that circumvents the above-mentioned disadvantages -
has been developed for the study of optical decay processes occurring
between 5 x 10-9 sec and 6 x 10-3 sec. With it, a heretofore practically
unexplored region of the properties of the light emitted from photo-

synthetic systems is now accessible to detailed investigations. An
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attractiv-e feature in the construction of the apparatus is the avail-
ability of recently developed commercial components. The necessary

instrumentation is described in detail in sections 3 and 4.

2, PRINCIPLE OF OPERATION

A block diagram of the apparatus is shown in Fig. 1. Light
from a cw argon ion laser traverses the electro-optic shutter and
impinges on the sample for a time that is greater than or approximately
equal to one-half of each period depending upon the repetition rate.
Figure 2 illustrates the way inrwhich eé.ch cycle is divided between
excitation and observation at the highest and lowest shutter repetition
rates. Because of the long irradiation time of the sample (up to 0,25
sec), steady-state conditions are established during each cycle of the
modulator. ‘A sampling oscilloscope sami)les at successive points along
the decay curve the amplitudes of the incoming pulses from a fast
photomultiplier that views the exit slit of a monochromator used to
analyze the emitted light. The time interval between samples is
selected by means of a control on the sampling oscilloscope and the
entiré decay curve is progressively and cyclic‘ally sampled, the latter
process being synchronous with the lasef modulator cycle. A multi-
channel analyzer digitally stores the vertical output of the sampling
oscillloscope. Operating the analyzer in the signal-averaging mode and
periodically exciting the system under investigatioﬁ thus leads to a time
integration of the signals and‘extracts them from any random bﬁck—

~ground noise. The data stored in the memory can be read out either in



Figure 1. Block diagram of an apparatus for use in measuring nanosecond lifetimes., A detailed
description of the operation is given in the text.
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Figure 2. Distribution of the cycle time between excitation and
‘ observation at the highest repetition rate (upper curve)
and the lowest repetition rate (lower curve).
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analogue or in digital form thus providing a faithful display of the decay

process over several decades, even with weak signal amplitudes.

3. EXCITATION SYSTEM

The present light source consists of a water-cooled cw argon
ion laser (Model No. LG12, Raytheon Corporation, Waltham, Massa-
chusetts) with a total power output of 1 W distributed over several wave-

lengths. 14

Approximately 80% of the total power is shared equally by
the 4880 and 5145 A lines. Shock-free mounting of the laser head is
necessary for reproducible performance. When desirable, a prism
may be used to isolate the 4880 A line from the other laser lines.
Having traversed the modulator and a lens, positioned so as to produce
a beam cross-section of roughly 1 cm? at the sample, this monochro-
matic; chopped light beam is used as the excitation source. The laser
modulator (Model No. EOLM 400, Isomet Corporatiori, Palisades Park,
New Jersey) passes all wavelengths from 20004 to 1.8 f and according
to the manufacturer's specifications can handle optical powers up to
100 W cw in the visible and near infrared. The 1 nsec inherent rise
time of the modulator is degraded to about 30 nsec (Fig. 3) by its
associated driving electronics (Model No. HVQ-2X4105, Isomet Corp-
oration, Springfield, Virginia). This value is by no means limiting

and could in principle be reduced significantly by use of more sophisti-
cated electronic circuitry, Its relatively low operating voltage (~ 500 V
compared to ~15-30 kV neéessary for operation of a Kerr cell) makes

the crystal modulator desirable from the standpoint of shielding the



Figure 3. Typical time course curves for the closure of the laser modulator (O) and the com-
posite of the laser modulator closure plus emission from a solution of rubrene in
benzene (+). The calculated composite curve is also shown (-). See the text for

details of the calculation.
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sensitive detection equipment from electrical noise. The contrast ratio
(the ratio of the transmission in the "closed' condition to that in the
"open'' condition) is of the order of 10-¢. For roughly 6 msec of each
cycle the KD*P crystal has no voltage applied to it so that the modulator
is in the "closed' condition (Fig. 2), during which time, lifetime or
spectral measurements can be performed. The remainder of each cycle
ié divided between recovery time (~ 3 msec) of the modulator and exci-
tation time. Since the argon ion laser is operated at low power output,
power densities at the sample are of the order of 10 mW/cm? and can
be easily measured with a calibrated Eppley thermopile.

To minimize scattered light, the sample, monochromator, and
photomultiplier were enclosed in a light-tight housing (Flig. 1). Con-
fining both the laser beam and the emitted light inside metal tubes con-
taining the necessary optics further reduced stray light inside this

housing.

4, SIGNAL DETECTION AND READOUT SYSTEM

A 0.5 m Ebert scanning spectrometer (Jarrell-Ash Division,
Fisher Scientific Company, Waltham, Massachusetts) was positioned
at an angle of 180° with respect to the direction of propagation of the
excitation beam (Fig. 1). The photomultiplier, coolable to dry-ice
temperature, was mounted at the exit slit of the monochromator by
means of a short metal pipe. One of two Amperex photomultiplier
tubes (Amperex ZElectronic Corporation, Hicksville, Long Island, New

York) was used, viz., the 56 UVP and 56 TVP. Both photomultipliers
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are characterized by short time spread (0.5 x 10-° sec), fast rise time
(2 x 10-° sec) and high gain. According to the manufacturer's specifi-
cations the 56 UVP has a type S13 spectral response (maximum sen-
sitivity at 4200 10\, extending into the red to 6500 ﬁs), and the 56 TVP
has a type S20 spectral response (maximum sensitivity at 4100 A,
extending into the red to 8200 f&). The main advantage of the 56 UVP is
that it has lower dark current than the 56 TVP and is therefore prefer-
able when sensitivity to the red of 6500 A is not required.

The negative output signal from the photomultiplier was taken
through a short 500 coaxial cable directly to the vertical amplifier
(Type 451, Tektronix, Beaverton, Oregon) of a sampling oscilloscope
" (Type 661, Tektronix, Beaverton, Oregon). Weak photomultiplier
pulses may be conveniently amplified in fast broad-band amplifiers,
such as the AN 101 dual amplifier module (Edgerton, Germershausen
and Grier, Sbalem, Massachusetts) that have a rise and fall time of less
than 2.5 x 10-° sec. The timing unit (Type 5T3, Tektronix, Beaverton,
Oregon) of the sampling oscilloscope was externally triggered by a
Synchronous pulse provided by the laser m.odulator control unit. The
signal, amplified in the sampling oscilloscope, was fed into the inte-
grator and time base unit of the multichannel analyzer (Model ND 180,
Nuclear Data, Palatine, Illinois) operated in the signal-averaging mode
~ (Fig. 1). The time base of the oscillosc:ope15 is proportional to the
channel addresses of the multichannel analyzer, each channel corre-
sponding therefore to a definite time after triggering the electronic
system. |

Readout from the memory was accomplished either by a digital
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printer (Model 5050 B, Hewlett-Packard, Palo Alto, -California) or by
an X-Y plotter (Type 7590 CM, Hewlett-Packard, Moseley Division,
Pasadena, California),

Since the laser sometimes shows variations due to vibrations
and thermal changes, a drift compensation can be accomplished in the
following way. 16 A second sampling oscilloscope is introduced that
does not scan the decay curve Sequentially in time but is locked to one
definite point in time just prior to the start of the decay process to be
investigated. The output of this second sampling oscilloscope is sub-
tracted from that of the first and thus compensates for systematic
variations in the laser output.

Occasionally, a long-lived weak emission must be measured in
the presence of a short-lived intense component of emission. For a
sufficiently large difference between the two intensities, it becomes
necessary to gate the photomultiplier so that it comes on only after the
intense "prompt' emission has decayed away. This permits the sen-
sitivity to be increased sufficiently to detect the weak emission while
preventing damage to the photocathode by the "prompt' emission.

1%

Several schemes have been reported in the literature, slight modifi-

cations of which can be made to suit the particular tube being gated.

5. PERFORMANCE

To demonstrate the operation of the instrument, the decay of
fluorescence emission from rubrene (5, 6, 11, 12-tetraphenylnaphtha-
cene) dissolved in benzene has been measured at room temperature.

Three samples were used in the experiments.
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a. Sample Prepar ation

Sample No. 1

Commercial grade rubrene (Eastman Organic Chemicals,
Rochester, New York) without further purification, and analytical
reagent grade benzene (Mallinckrodt Chemical Works, St. Louis,
Missouri) were used to prepare the first sample. A 1-cm pathlength
of the solution had an optical density of 0.40 at 4880 A. No attempt was
made to remove air from the sample. This sample was not used im-
mediately after preparation but stood for several days in a closed

vessel with no effort being made to shield it from room light.'

Sample No. 2

Analytical thin-layer chromatography (tlc) showed the commer-
cial grade rubrene to contain at least four components besides rubrené |
itself. Consequently, the crude materiai was chromatographed on a
silica gel column (E. Merckag silica gel, distributed by EM reagents
Division, Brinkmann Instruments, Inc., Westbury, New York) and
recrystallized from a benzene-methylcyclohexane solution. The
resulting crystals were found to be free from all contaminants present
in the starting material, as evidenced by tlc. Séuﬁple No. 2 was pre-
pared by dissolving the chromatographed, recrystallized rubrene in
Phillips' research grade benzene (Phillips Petroleum Company,
Bartlesville, Oklahoma; minimum purity set at 99.91% by manufac-
turer), the optical density of 1-cm pathiength of thé resulting solution

being 0.58 at 4380 A. No effort was made to degas the sample,
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Sample No. 3

Sample No. 3 was prepai'ed from the same solution as sample
No. 2. However, it was carefully outgassed on a vacuum line
(limiting pressure < 10-¢ Torr with the sample at 77°K) in a series of

freeze -pump-thaw cycles.

b. Lifetime Determination

Figure 3 shows the result of a typical lifetime determination.
The modulator closure was first measured by scattering a small
fraction of the incident laser light onto the photomultiplier tube. The
scatterer was then replaced by a rubrene sample, a Cor.ning Glass
filter C.S. 3-68 was placed over the photomultiplier window to block
the exciting laser light and the measurement was repeated. The re-
sulting curve is a composite of the modulator closure and the rubrene
emission, thus necessitating numerical analysis of the data in order to
extract the lifetime of the rubrene emission.

In the follbwing brief description of the numerical analysis four
quantities are to be distinguished. The functions s(t) and c(t) represent,
respectively, the true time course curves of the laser modulator
closure in the absence of a sample, and the composite of the laser
modulator closure plus emission from a sample. S(t) and C(t) denote
the measured values of s(t) and c(t), respectively, and reflect the fact
that the detector response is non-ideal, i.e., the detector response to
a d-function input at the time t is the somewhat delocalized function
R(t-t') rather than §{t-t'"). From the superposition theorem18 it follows

that,
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S(t) = f‘: s(t-t"R(t")dt" : (1)
and
C(t) = f:° c(t-t"R(E™Mat" . _ (2)
We wish to establish a theoretical relationship between S(t) and C{t)
given Eqs. (1) and (2) and the fact that s(t) and c(t) satisfy

4e) - ga() - pet) - &)

whefe B is the total first-order decay constant (the reciprocal of the
measured lifetime of the sample emission) and K is a scaling factor
between the excitation and emission intensities. K represents the
product of the absorption coefficient, the reciprocal of the radiative
lifetime, the volume of the sample that is excited and a geometrical
factor assoc-iated with the experimental setup. Equation (3) has been
written to include first-order decay only, anticipating the kinetic form
of the fluorescence emission of rubrene. The analysis for arbitrary
kinetic decay is treated in Section 6.

Solving Eq. (3) for c(t)‘ yields
c(t) = exp(-pt)K [ s(tMexp(gtdt' . (4)
From Egs. (1)-(4) it follows by straightforward manipulations that

C(t) = exp(-Bt)K ffm {f: S(T-t")R(tvr)dtyq} exp(B7)dT '. (5)
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Identifying the expression in braces in Eq. (5) as S(r) gives as a final

result
C(t) = exp(-pt)K f_tcoS(T)exp(,B'r)d'r ‘ (6)

Comparison of Egqs. (4) and (6) shows that C(t) and S(t) satisfy an equa-

tion analogous to Eq. (3), namely
det) - ks) - gct) . (7)

Thus the measured curves are related by precisely the same equation
as are the true curves so that C(t) and S(t) can be used directly in
Eq. (7) t_o determine K and B, with no loss in accuracy due to the non-
ideality of the detection system response. This result has the impor-
tant consequence that the signal-to-noise ratio alone sets the experi-
mental'limit‘ation on