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Chapter I

‘ INTRODUCTION

The temperature dependence of the phosphorescence lifetime has
been investigated for pyrazine, benzotrifluoride, and benzotrichloride.
The dependence of the phosphorescence lifetime on emission wavelength
for pyrazine and benzotirfluoride has been investigated. Lifetimes were
measured from 77°K to approximately 150°K. The spécific studies made
were on the following samples: pyrazine in cyclohexane for slow and
fast frozen samples, benzotrifluoride in methylcyclohexane for crystalline
and glassy samples, and benzotrichloride in methylcyclohexane. A strong
temperature dependence of the phosphorescence lifetime is observed for
the pyrazine and benzotrichloride samples while a considerably weaker
temperature effect is seen for benzatrichloride.

Numerous investigat;ons have shoyn that the phosphorescence lifetime
of many moleculeé displays temperature dependence. Nieman]'has stated
that only the phosphorescence lifetimes of single ring aromatic molecules
display strong temperature effects. Kilmer and Spangler2 studied this

dependence for benzene-h

3

6’ benzene—de, and toluene in various polycrystalline

solvents. Kilmer~ alsc made preliminary investigations of the temperature
dependence of the phosphorescence of pyrazine in cyclohexane as well as
environmental effects on the phosphorescence lifetimes of benzene in
cyclohexane.

The studies reported in this thesis were originally designed to be

part of an investigation of the effect on the temperature dependence of



the phosphorescence lifetime of single ring aromatic molecules with atoms
other than C, H, and O present. A systematic study of molecules containing
so called "heavy" atoms was to have been made. Further work is needed in
continuing these studies.

4 have investigated the effects of the two

Spangler and Sponer
crystal forms of cyclohexane on the spectra of benzene. In the experiments
~ discussed here, the phosphorescence lifetimes of pyrazine in cyclohexane
and of benzotrifluoride in methycyclohexane are measured as a function of
temperature. Environmental effects due to the two crystal phases of
cyclohexane are observed. These two crystal phases were made by slow
freezing or fast freezing the samples; as discussed in Chapter III. Upon
freezing, methylcyclohexane is glassy. Upon annealing, the sample could
be made to go to a polycrystalline form. The effects of benzotrifluoride
in both types of enviromment were studied. The temperature dependence of
the phosphorescénce lifetimes of benzotrifluoride was also studied.

The solvents used in these experiments were chosen in such a way
that their geometry was similar to that of the molecules under study.

In this way it was felt that the molecules would occupy unique sites in

the mixed crystals.



Chapter II

’ THEORY

The subject of this thesis is the study of the effects of environment
and temperature on the fluorescence and phosphorescence of pyrazine,
benzotirfluorine, and benzotrichlorine. In order to understand the
basic ideas, or general description of the absorption and emission of
these molecules is needed. However, no detailed g?oup theoretical presen-

tation of the wvibronic states of the molecules is made.

ELECTRONIC STATES

Aromated ring molecules of the type under consideration generally
share the same type of absorption and emission characteristics. A
generalized energy level diagram is presented in Fig. 1. Transitions

between S, and S, and between S. and T. are observed. For benzotirfluoride

0 1 0 1
the So?-sl energy difference is approximately 37500 c:mm1 or 4,65 eV while
the SO-Tl energy difference is approximately 29200 c:m_1 or 3.63 eV.
In our experiments, the molecules under discussion are assumed to be
S
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distributed as guests in low concentration into the lattice of some other
host molecules. For all host molecules used in our experiments, the
first excited étates are well above the guest excited states and are
not directly involved in the processes being studied.

Because the atoms of the molecules are held together much more
strongly than the van der Waals forces holding molecules together in
the crystal, we are able to use, in fipét approximation, the molecular
wave functions. Then, the guest molecules retain most of their free
molecular properties, and the environmental inflﬁences are treated as
perturbations on the free molecuies. Thus, the guest molecule 1is
treated in the regular way, applying the Born-Oppenheimer approximation
to separate the electronic and nuclear components of the wavefunction.
A pood reference is Born and Huangs.

The type of molecule under discussion generally has an even number
of electrons so that the total electron spin is an integral amount of
angular momentum. Values of spin greater than one are not normally
encountered. If the spin is.zero, the state is called a singlet. If
the spin is one, the state is called a triplet. In general, the energy
difference (3-5 eV) between the ground state, a singlet state, and the
first excited singlet sfate is such that absorption occurs in the
ultraviolet. Transitions from a pure singlet to a pure triplet are
forbidden and are generally not obse:ved. However, it is possible for
the tfiplet state to beéome populated. An excited singlet state may be
spin-orbit coupled to the triplét state. This allows a non-radiative
intersystem crossing to occur. Since a transition from tﬁe triplet to

the singlet ground state is spin forbidden, the depopulation is very slow



and lifetimes on the order of seconds may be observed.

VIBRONIC STATES

As a result of tﬁe Born-Oppenheimer apprgximation; the nuclear component
of the wave function gives the vibrational motion of the molecules. Associate
with each electronic state is then a vibrational manifold. The energy
of the vibrational states is of the order of 100 cm*l to 3000 cm-1 or

2 eV to 3.7>‘:1O“1 eV. By using infrared, Raman,.and the

from 1.2x10
near ultraviolet spectra, it is possible to study in great detail the

vibrational states associated with the electronic states,

JABLONSKI DIAGRAM

Figure 2 shows the electronic and vibrational energy level scheme
for the molecules we are working with. The Boltzmann factor times the
absolute temperature gives the approximate thermal energy of a particle
at that temperature. At 77°K this gives an energy of approximately
6.6X10_3 eV or aﬁproximately 55 cm_l. Thus, the molecules are generally
in the lowest vibrational level of the ground state. When the molecule
absorbs energy, it is excited to a higher electronic state and usualiy
to a vibrationally excited state. Since the transition probability
of excitation to the Sl state from the S0 state is on the order of 106
times that of transition to the T1 state, the absorption is almost always
S0 to Sl. Any vibrational enérgy‘which the excited state has will be lost
to the host crystal within approximately 10—12 seconds. This vibrational

relaxation 1s called internal conversion or Stokes' losses. At this
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point, the energy may go any of three routes: (1) fluorescence occurs if

the S, state decays to the S,. state by emitting a photon; (2) a radiationless

1 0

transition occurs if the S1 state decays to the S0

a photon; and (3) intersystem conversion occurs if the molecules spin

state without emitting

changes from zero to one, at which time the molecule would be in the
triplet manifold. Once the moleéule gets into the triplet state, one
of two paths may be taken: (1) phosphorescence occurs if the molecule
decays to the ground state by emitting a photon; (2) a radiationless
transition dccurs if the spin changes from one tb zero and no photon is
emitted. The lifetime of the phﬁsphorescence decay is long since the

transition from the T, to the §

1 0 state is gpin forbidden.

ENVIRONMENTAL EFFECTS

In general, placing a molecule of the type which we are discussing
ina solvent shifts the spectrum to the red an amount on the order of
200-400 cm~l when compared to the gaseous state. This is approximately
2.4*10_2 eV to 4.8810_2 eV. The total energy of the electronic transitions
is on the order of 103 times greater than this shift. The vibrational
spectrum is affected very little except for the overall shift. The
amount of the shift is a function of the chemical nature of the :solute
and the crystal form of the solvent. Cyclohexane has two known crystal
forms. A solid-solid phase change occurs at 186°K, Kilmer3 showed that
for benzene in cyclohexane the low temperature phase has a slightly larger
shift than the high temperature phase. When methylcyclohexane is frozen,

one usually gets a glassy phase. Upon annealing, the sample can be made



to go to a crystalline phase. It would be expected that the spectra of
benzotrifluoride in methylcyclohexane would be shifted by different amounts
for each of these samples. Again, it should be emphasized, that the
vibrational frequencles are not generally affected by the shift to the

red of a few 1072 eV.

It is observed in a wide variety of molecules that the low pressure
gaseous spectra yleld quite sharp vibrational spectra. In general,
phosphorescence is not observed since collisional quenching of the
long-lived triplet occurs. If the moleculeg are placed in a liquid
environment, the vibrational spectra are not as sharp as that from the
gaseous state and phosphorescence is still, in general, not observed.

If one places the molecule in a rigid glass, where the molecules are
randomly arranged, one sees a broad vibrational specta and, in addition,
phosphorescence can occur. If the molecules are now placed in a crystalline
matrix, the spectra are quite sharp and many molecules display phosphor-
escence. Several investigapors have reported a temperature dependence of
the phosphorescence lifetime for molecules in solid matrices. There is
little agreement ;s to the basic causes, although several theories have

3
been advanced. These are discussed in some detail by Kilmer .



Chapter III .

EXPERIMENTAL

SAMPLES AND PREPARATION

Pyrazine (C4H4N2)’ benzatrifluoride (C6H5CF3)’ and benzotrichloride

(CGHSCC£3) were used in these experiménts. The pyrazine, obtained from
the Aldrich Chemical Company, was puriss grade. The cyclohexane was
Matheson, Coleman and Bell spectroquality; the methyleyclohexane was
Eastman spectrograde. The benzotrifluoride was obtained from PCR In-
corporated, and the benzotrichloride from Matheson, Coleman, and Bell,
All compounds except the benzotrifluoride were used.wifhout further
purification. Exponential decays were obtained for these compounds, so
it is felt that no interfering impurities were present. The purity of
the benzotrichloride was checked by gas chromatography. A trace of
C6HSCHC£2 was indicated. Benzotrifluoride was distilled twice. The
middle third of each distillation was retained. Decays using this
benzotrifluoride were exponential. All samples were approximately .01
Molar solution and prepared the day of use. Cyclohexane was used as a
solvent for pyrazine; methylcyclohexane was used as a solvent for
benzotrifluoride and benzotrichloride. These solvents were chosen in
order to insure with high probabilify that the solutes occupied unique
- substitutional sites. Since the spectra were sharp (except for the
glassy phase of methylcyclohexane), it is fairly certain that this
occurred.

Cyclohexane has a low temperature and a high temperature crystal

form. Spangler and Sponet’4 have shown that the spectra of benzene in

10



cyclohexane have different shifts for the two phases. The high temperature
~ phase was prepgred by quickly submerging the sample in a liquid nitrogen
bath. The low temperature phase was prepared-by placing the liquid sample
several inches above a.liquid nitrogen reservoir. After solidifying, the
sample slowly cooled to liquid nitrogen temperature, resulting in a mixed
crystal of cyclohexane in the low temperature phase. The spectra of all
low temperature crystal phase sample prepared in this manner showed that
some of the high temperature phase was also present. This was contrary
to the case of benzene in cyclohexane, where Kilﬁer-3 found that almost
all samples froze readily into the low temperature crystal phase.
Methylcyclohexane has a glassy and a crystalline form. Glassy
samples of benzotrifluoride in methyclcyclohexane were normally formed
when the samples were cooled to liquid nitrogen temperature. By careful
annealing, the sample could be made to go into a crystalline form. Samples
of benzotrichloride in methylcyclohexane were prepared by immersion in

liquid nitrogen.

EXPERIMENTAL SET UP

A block diagram of the experimental set up is shown in Plate T,
Plate II is a diagram of the optical system. Kilmer3 has described the
experimental arrangements in detail. A Hanovié S38C9 900 watt Xe high
preséure DC arc lamp was used as a light source. Light from the lamp
was focused onto the entrance slit of a Bausch and Lomb quartz prism
monochromator. The monochromator was adjusted to allow a 200 ; band

©
pass at approximately 2600 A. A mechanical shutter was used to shut off

the illumination from the sample. For the benzotrifluoride and

11



EXFLAUATION OF PIATE I

A block diagrem of the éxperinental set up.

W - ultraviolet light source

H

monochromator

F - filter
Fli - photorultiplier
HV - high voltage pover supplj
A - picoemmeter
TC - temperature coniroller
0SC - oscilloscope
C - camera
® - recorder
DVii - digital volt roter
F - digitel printer
C2 - cryostat |
S - sample

12
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EXPLANATICN OF PLITE T1

Setting £ of the sample holder.

Setting B of the samrle holder.

Saprhire windowus.

Zausch and Lomb smell quartgrprism monochronator.
Hznovia 53809 900-watt Xe DC high pressure arc lswp.
Quartz lenses. |

1P28 photormltiplier tubes. (b).and {¢) were used

to record lifetimes and scectra as described in the
texts {(a) was used to monitor the source intensity.
Chopper (used for measurements of phosphorescence life-
times smeller than 0.1 sec).

Fezst mechaniczl shutter.

S-cn cuertz cell filled with an aqueous solution
of 2:0 g/liter HiSCh'SHEO and 5 g/liter CoSDh'?Ha.
Quartz plete.

fuertz windcus.

Dever tail.

o

Zeusch end Lorb 0.5 m grating monochromator.
Cornirg C5 7-8l (9249) filter, used zhen recording
fluorescernce srectra.

Clsss lens.

14
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benzotrichloride samples, a manual shutter was sufficient. For the
pyrazine samples a rotating wheel sector driven by an AC motor served

as the shutter. Using a varilac, the speed of the ﬁotor could be adjusted
until the intensity decay would fall to approximately 1/4 of the initial
value. A light sensitive diode was used to synchronize the oscilloscope
and the shutter.

A Janis Research Company cryostat with temperature controller was
used. The sample was located in an exchange gas which was in thermal
contact with the liquid nitrogen surface. |

Light emitted from the sample was focused using quartz lenses onto
the entrance slit of a half meter Bausch and Lomb grating monochromator.
A 1P28 photomultiplier was mounted at the exit slit, The PM was operated
at 1000 V using a John Fluke 413C high voltage power supply. A Keithley
407 high speed picoammeter méasured the output current from the PM. The
output from the picoammeter ﬁas connected to an oscilloscope and a digital
voltmeter. A Tektronix 561A oscilloscope along with a Hewlett Packard
oscilloscope camera using Polaroid film were used to photograph traces
of the decays. fhe digital voltmeter was a Beckman Model 4014. It was
connected to a Computer Measurements Company digital printer in order to

get a printout of the intensity decay.

PROCEDURES

Initially, the dewar was.cooled and filled with liquid nitrogen. The
sample chamber was filled to one atmosphere of pressure with gaseous

helium. The prepared sample on the sample holder was then placed 1nside

16



the dewar. The helium gas was then pumped and the dewar maintained at
~a pressure of 10 to 100 microms,

Before any lifetime or spectra measurements were made, the sample
was allowed to reach temperature equilibrium. This was done by monitoring
the temperature indicated by the copper-constantan thermocouple., Approxi-
mately one half hour was sufficiént time for temperature equilibrium.

Lifetimes were measured by closing a mechanical shutter which blocked
the exciting radiation. The phosphorescence intensity was recorded as a
function of time. The technique used to close tﬁe shutter is explained
above., A base line was recorded showing zero intensity by closing the
exit slit of the monochromator between the PM and the monochromator.

The phosphorescence lifetimes as a function of temperature were ob-
tained in the following manner. A recording of the intensity versus time
using the digital printer or the oscilloscope was made. Then the temperature
was increased to a higher value using the temperature controller. After
approximateiy one hour the temperature had stabilized at the higher value
and another decay was recorded, This process was continued until the
phosphorescence inéensity became too weak to measure. At this peint the
temperature was lowered and, after being allowed to stabilize another
decay would be recorded. This up and down process was used toldetermine
whether any thermal hysteresis effects were present.

The phosphorescence lifetime as a function of wavelength was obtained
as follows. The sample temperature was allowed to stabilize at 77°K. By
édjusting the exit wavelength of the monochromator which viewed the emitted
light from the samplé,'a decay could be taken at any desiféd wavelength.

The exit wavelength of the monochromator was systematically adjusted across

17



the phosphorescence region. The slit width of the monochromator was set
-]
at 2mm, which is approximately 64 A bandpass.
A spectrum of each sample was taken using procedures described by

Kilmera.

CALTIBRATIONS

A copper constantan thermocouple was used to measure the temperature.
This thermocouple was embedded in the sample. Distilled ice water was used
as a reference. A Keithley guarded differential voltmeter, whose quoted
uncertainty was 5 microvolts, was used to measure the thermocouple voltage.
The thermocouple calibration was taken from a paper by Powell, Burch, and
CorruociniT. In order to correct for the deviation éf 6ur thermocouple
from the values of the calibration paper, the fixed temperature points

of the bp of N, and melting point of water were used to determine the

2

deviation.

A Bausch and Lomb medium quartz prism spectrography was used to record
the emission spectra. Comparison with the spectra of a Pfund iron arc
operated at 220 volts DC and 5+ amps allowed the wavelengths of the
emission spectra to be measured.

The spectrometer and oscilloscope were calibrated as described by

KilmerS.

18



Chapter IV

RESULTS

CALCULATION OF LIFETIMES

The decays of phosphorescence intensity were measured and recorded
directly from the recording device. A weighted least squares fit for the
decays was done on the computer. The data points were weighted as the
inverse of the square of the individual uncertainties as discussed by
Bacon % There is 90% confidence that the true lifetime value will fall
inside the uncertainty limits of the calculated lifetime, assuming that
the measured values of the data points are drawn frém é normal distribution
of possible values. The program for those decays fitted using the IBM 360
is given by Kilmer 3. The program for the lifetime calculations made on
the desk top computer (Hewlett Packard 9100 B with extended memory) is
given in the Appendix. Pldts‘of the logarithm of the intensity with time
yielded straight lines and were plotted using the desk top computer or

the Cal Comp plotter.

LIFETIMES OF PYRAZINE IN CYCLOHEXANE

Samples of pyrazine in cyclohexane were prepared by slow freezing
and by fast freezing. This yielded samples which were mainly low tempera-
‘ture phase or high temperature.phaSe mixed crystals respectively, are
described above. Plates III and IV show typical plots of the logarithm

of phosphorescence intensity versus time for fast frozen and slow frozen

19



samples, respectively. The decays were fitted using the programs described
above. These decays were recorded from the oscilloscope since the longest
lifetime was apﬁroximately 20 milliseconds. For all the decays measured,
the slits on the monochromator were 2mm, which allowed approximately 64 R
of bandpass.

Plates V and VI show the lifetime versus emission wavelength data for
fast frozen and slow frozen samples, respectively. Tables I and II present
the measured lifetimes for the two types of samples. A microphotometer
traces of each type of spectrum is present in Pléte VII.

Plates IX and X show the lifetime verSué temperature data for the
fast frozen and slow frozen samples, and Tables II1 and IV present the
corresponding lifetimes. These decays were taken at 3780 R set on the
monochromator with a bandpass as stated above. This wavelength corresponded
to the maximum intensity of the emitted phosphorescence. Experimental
studies on several different molecules by Hadley, Rast, and Kellerg, Jones
and Callowaylo, Hatch and Niemanll, and Kilmer and Spangler2 indicated the
lifetimes can be fit by an eipressicn of the form

1
T

= kO + kl exp(—AE/kBT) (L)

where kO, kl and AE can be varied and kB is Boltzman's constant. For

very low temperatures,

1
T = Ko (2)

El-Sayed has reported that for very low temperatures the phosphorescence

lifetime of pyrazine is not constant since the individual triplet state

20



components will not be equally populated. The lifetimes for both types

of samples which are presented here appear to be constant for temperatures
below approximately 90°K. An average value for these lifetimes was ob-
tained, and from them,k0 was calculated. Williamsonl4 gives a scheme

for calculating weighted least squares fits where there are uncertainties
in both x and y variables. Using this scheme as described by Kilmer3

the values of kl and AE were found. These are presented in Table V for
both samples. The solid curves of lifetimes as a function of temperature

shown in Plates IX and X represent the least squares fit of equation (1)

k., and AE.

with the calculated values of ko, 1

LIFETIMES OF BENZOTRIFLUORIDE IN METHYLCYCLOHEXANE

Samples of benzotrifluoride were of two types. Upon freezing, the
samples were glassy in appearance. If the sample was warmed almost to
melting and then cooled again, it would change to a polycrystalline form.
Plates XI and XIT show typical plots of the logarithms of the phosphorescence
intensity versus .time. The straight line fits were made using the desk top
computer as described above.

For both types of samples the phosphorescence lifetime versus emission
wavelength was measured. Plate XIII shows a plot of lifetime versus
emission wavelength for a crystalline sample. These data for a glassy
samﬁle are presented in Plate XIV. Tables VI and VII present the measured
- 1ifetimes for crystalline and glassy samples, respectively.

Plates XV and XVI show plots of lifetime versus temperature for the
crystalline and glossy samples respectively. Tables VIII and IX present

the measured lifetimes which yleld these plots. All these decays were

21



[ °
taken with a 64 A bandpass centered at 3775 A. At this wavelength, the
samples gave the maximum emitted phosphorescence intensity. No attempt
was made to fit these data to an Arrhenius plot since measurements were

not made at low enough temperatures to determine a realistic value of ko.

LIFETIMES OF BENZOTRICHLORIDE IN METHYLCYCLOHEXANE

Plate XVII shows a plot of lifetime versus temperature for
benzotrichloride in methcyclohexane. The measured lifetimes are presented
in Table X. Using techniques described in Chapter III, the oscilloscope

was used to record these decays.



1¢° ST'¢e ) 68°9tT YAL:

(pesw) L3jurejxsoup (oosum) BswEI3FT1 (1,) @anjexadwa] Kedaq

‘JUBXIYOTI4AD uy surzeild

uszoly-1sey I0F AJTSUa]UT Iduadsazoydsoyd syl jo Aedap 9yl yo jord TeordL3 e smoys ydead syyg

III @3eT4d Jo uorjeuerdxy

23



(o9sm) |uwl]

ITI @3eld

(£3Tsusjur) uy

24



0" 8% 1T A YA 2014

(o°su) £L3jurelasduf (o9sw) owrl=IT1 (M,) °anjexadwa], FCRET

*2UEXaYyoTIA0 ur urzeild

uszo13j MOTS I0F L3Tsuajul oduadsazoydsoyd ayjz jyo Leosp syj jo jold TeordL3 ® smoys ydead syl

AI °23eId Jo uorjeueTdxy

25



(o9suw) 2wWr]

0% SE 0t S¢ ($14 ST ot S

_ _ ! _ _ _ _ _

AT 23F1d

(£3Fsua3juyr) uy

26



*3UBX3YOTI42 uf urzexid

U2z0aJ 3IseJ JO YISUITIABA UOFSSTWD SNSIDA IWEIDIIT @2u=dsaaoydsoyd jo jord ® smoys ydeis

A 23eTd Jo uorlieueTdxjy

A=



(V) uyaBuarsaepm
(-]

o g o 8°

ot
T
¥1
9T

8T
0¢

(44

72
9¢

(oesw) auyf3laIy]

28



*aueXayoTr4d ug

aurzeadd uazoiy mols jo Y3a3uaTdABM UOTSSTWD snsxon 2WTIDJTIT @ouadsazoydsoyd yo zo07d e smoys ydean

IA @3BId Jo uorleueTdxqy

29



(V) yasueTaseym
o

0s8¢

g ° 8o

a0, °

| B D B ¥

e oo
©%.0 o

0T

<T
71

91

8T
0¢

(44
k£

9¢

8z

IA 23BTd

(oosu) awT3aIT1

30



97dwes uszoll MOTS g-d 2IBTd - 4

apdmes uazoxjy 13ISeF /—d O91B[d - ¥

*9uexayo[240 Uf 2urzeidAd jo unijoeds oyl Jo sSupoei] III°WOIFSUSP woiJ opewm sem a3eTd STYL

IIA HIV1d 40 NOILVNVIJXH

31



000¢€7Z 000%¢

(

!

_WJ) ¥EGRONAAVM
00052 00092

|

(7|

AR

ITA 3IVId

NOILDHETIAQ dALEWOIOHdOUDIN

32



*3URXIYOTIL2TAyIam

ur 9pPIIOTUIFIJOZUIq FJO wnizoads agl Jo sBuroeal I919WOITsSULP WOl Ipew Sem aleTd STYL

IITA HIVId 40 NOILVNVIIXE



ﬁTzS YITWONTAVM
00022 000¢£2 000%¢ 00052 00092

—

NOTILOFTAHA dHLANOLOHJOIDIN

IIIA dI1Vid

34



UDZ0IJ MOTS ~ 2AIND ULBNOIq

u2z0l1J 3ISBJ - DAIND PTOS

*2UBXIYOTO4LD ur surzeadd

uazolj 3SBJ I0F 2wWTIaITT eouadsaioydsoyd ayaz jo souspuadop sanjeaadwaz ayj Surmoys ydead vy

XI @314 Fo uorieuerdxy

35



081

(1,) @2anjeaeduag

0Z1 00T 08 09 oYy 0¢

F=IES )

- o 5

XT ®3'lg

(o9sw) swrlajyTl

36



U9ZOIJ 3ISBI - PAIND UINOIq
’ UaZOIJ MOTS — DAIND PIIOS
*2UEX3YOTILD ur sufzeiid

u3z01J MOTS 10J SWIIIIFL souadsazoydsoyd syl jo sduzvpuadop sinjexadwsl ayly wﬂHSOAm ydeis vy

X 9%eTd Fo uorjyeueTdxy

7



(Jd,) Panjexsdwol

1 L bty g

X °3®Ig

ot

T

9T

9T

8T
0¢

(oosm) awTlajyIl

38



rAVN 0£°9 6 0°6L 09¢4

(99s5%) Ajupelaaduf (o9s,) owrloiTl (M,) Ajurejlaaoup (d1,) Panjeasdwa] Keosq

*suexayoroLo4Lylom Lsseld ur

2pFIONTITII0ZUSQ JO A3ITSusajuf Iouddsazoydsoyd syj yo Kevsp 9yl jo j07d TeordLy e smoys Aydeal ayjg

IX @23eTd 3o nOﬁummemxm



8T

9T

71

1

(o@s) 9uwT]

o1 8

IX =23eTd

(£318U23UT) Uy

40



0’ £€8°9 € LL L0249

(99s: ) Ajurelaadul (29st ) 2uwlleIT1l (1,) A3jureixsouq (d,) °injeiadud] - Leoeq

*aUEXaYoT2£24y3sw SUTTTEISAID UT

aprionyjFijozusaq Jo L3Tsusjur duldsaioydsoyd 9y3j jo Leosp a3yl jo jord TeordL3 ' smoys ydeal ayg

1IX @3eTd FOo uorleuRTdxy

41



8T

91

91

<t

(o9s) surl

0T 8

(£3rsuajuy) uy

IIX @314

42



*IUBX¥IYOTILIAYISW 2UTTTLeISLID Ul

@PFIONTITI302ZU3q JO Yj3uaToAem UOTSSTWS SNSIDA SWIIBITT 2ouadsaaoydsoyd jo joTd ' smoys ydeiy

IIIX °3eId Jo uorjeueldxy

43



(V) yiBuoponem
o

009% 00Ty 000% _ 008€ 009¢ 00%E 00ze
rvy vy rrrrrrirrvyrTvyeyprrvyrryerribvryrirriryergyroal

<01

. i VA

0°¢

0y

=10°s

@ 9 © o0 o o o © & o oo o0 o .”.io.w.

0%6

IIIX @23®eTd

(ovs) auwlioill

44



*auexXayoT240TAyzsm Asseld ur

9PTAONTITAIOZUSq I0J YIZUSTIaBM UOTSSTWD SNSISA SWIIFF] odusosazoydsoyd o jord ® smoys ydean

AIX 23874 3o uoTITuUETdXE



0sLy

00sY

o0szy

(V) yiBuaTsaepm
-]

000%

0sLE

005¢

062¢

1

AIX @3®[d

0°T

0re:

0°¢

0"y

0°s

0°9

0°L

0°8

0°6

{998) auWI3IaITI

46



- 2UBXaYOTILDTAyIou 2urTTeISLI0 Uy

9PTIONTITIIOZU] JIOF JWIIDIT] @0uadsazoydsoyd ayj Jo souspuodep aanjeaadwsl Iyl Surmoys ydead y

AX 93®T4d Jo uorleueTdxy



(3,) °anjexsdwa]

071 0zt 00T 08 09 oYy

0¢

AX 331®B14

0T

0°'¢
0°¢
0%
0'¢c
09
0L
08

0°6

{(v9s8) swyiaITl

48



*auexayoTa4oTiyasm Lsseld ug

SPFION[ITIIOZURq I0J 2WFIDFF[ 2ousdsazoydsoyd ayj yo sduspuodop sanjeradwmal oyl Surmoys ydesd y

IAX °3BTd Jo uofjeueTdxy

49



0%t

(41,) 2anjeasdwa],

0zt 00T 08 09 oY

0z

23

IAX =3®Tg

0°T
0°¢
0°t
o.w
0°¢
0°9
0L
08

0°6

{o28) =WTIIT]

50



“3aUEX3YyOoTIL0T4Ayzam ur

9PTIOTYOTIJOZUBQ IOF DWTIAJFT 9@ouadsazoydsoyd sy3 Jo sdouspusdep sinjezadwsl ayj Surmoys ydeal vy

IIAX ®3®Igd JO noﬁum.nﬂ&nm

51



(i,) @anjeiadua]

08t 091 oyt o<t 00T 08 09 0% 0z
L] T T T T T T Y ¥ T 1] L) T T o | )
o
8 °° o
Q 00
e o o
o
o o
[~
- 48
00

IIAX @23®BTd

<0

otT*

ST

oc*

T4

(098) amtza;;q

52



-2uexaYoT242TAylew SUF[[EISAID U} SPTIONTIFII0ZUsq JO S3UTORI] IIJSWOIFSUIP WOIF SpeEw sem 21e1d syyg

IIIAX HIVId 40 NOILVNVIJXH

53



MICROPHOTOMETER DEFLECTION

PLATE XVIII
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Chapter V

DISCUSSION OF RESULTS AND CONCLUSIONS

The emission wavelength dependence of thé phosphorescence lifetimes
presented for pyrazine and benzotrifluoride in Chapter IV shows that no
change in lifetime occurs with change in emission wavelength, In the
case of pyrazine, this is independent of the type of crystal phase,
although eéch crystal phase produces a different phosphorescence
lifetime value. For benzotrifluoride, this result stands for both glassy
and crystalline samples. Again, each type of sample gives a different
phosphorescence lifetime wvalue. It should be noted, that the scatter of
the data in both crystal phases is considerably greater for pyrazine
than for benzotrifluoride in either of its sample phases. This probably
is a result of the considerably lower intensity levels of the phos-
phorescenbe of pyrazine. The decays are exponential for both pyrazine
and benzotrifluoride across the total emission wavelength region. This
indicates that, in addition to there not being any impurities of conse-
quence present, the origin of the phosphorescence decay is a single
state. Since this single state is a triplet, whose three levels aré
very close together in energy, the thermal relaxation among the states
rust be much more rapid than the phosphorescence lifetime so that these
states are equally populated.

The low temperature crysfal form of cyclohexane was much more difficult
to obtain with pyrézine than with benzene. Kilmer6 had\very little

difficulty in cooling the sample slowly enough to obtain solely the low
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temperature phase. Further, in the present studies it was not possible
to cool the samples rapidly enough to eliminate more than approximately
one half of thé low temperature phase crystals of cyclohexane. Kilmer
found a lifetime of agProximately 4 seconds for benzene in low temperature
cyclohexane and approximately 1 second in the high temperature phase, both
measured at 77°K. Nieman15 found approximately the same values. The
present studies at 77°K give a value of approximately 19.9 milliseconds
for the nearly pure low temperature-phase and approximately 18.6 milli-
seconds from an approximately 50% sample of higﬁ temperature phase
cyclohexane. Plate XVIII shows'a comparison of the spectra of slow and
fast frozen samples. Note that the fast frozen sample has a single
spectra consisting of the lower energy component of the fast frozen samples'
spectrum. Decays of both the fast and slow frozen samples were exponential,
which indicates the lifetime of the high temperature phase is lower than
18.6 milliseconds, but not much lower, contrasting to the factor of
approximately four which Kilmer6 and Nieman15 found for benzene. The
results indicate that the total rate constant for triplet depopulation
is quite strongly affected by a change in environment. The pyrazine
phosphorescence lifetime is increased roughly 57 to 10% upon going from
the slow frozen to the fast frozen sample. At this same time a shift.of
400 cmml in the vibrational spectrum would amount to a shift of only
approximately 5><10m2 eV in a total energy of approximately 4 eV. The
data for benzotrifluori&e suggest similar strong environmental effects
ﬁhen the phosphorescence lifetiﬁe is measured in the crystalline and
glassy samples. |

Kilmer and Spangler2 have measured the temperature dependence of

the phosphorescence lifetime of toluene in methylecyclohexane. They
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were able to fit an Arrhenius curve to the data. The results of the
present study of benzotrifluoride in methycyclohexane indicate that
for the crystalline samples the temperature dependegCE-is almost identical
for the temperature values obtained. In addition, the temperature

)
dependence of the phosphorescence lifetime of toluene d3 is essentially
the same as for toluene h3 and benzotrifluoride. There appears then
to be almost no effect on the phosphorescence rate constants by changing
the methyl group hydrogen or deuterium atoms to fluorine atoms. In
addition, Ehe phosphorescence spectra of benzofrifluoride are almost

identical to that of toluene in methycyclohexane except for a small

frequency shift of the whole spectrum. This toluene 0,0 line is at
1

b

29019 t:m_1 while the benzotrifluoride 0,0 line lies, at 29184 cm
giving a shift of 1653 cm_l. However, the fluorescence spectrum of
benzotrifluoride is greatly changed from that of toluene, which Kilmer

and Spangler2 have recorded. Plate XIX shows spectra of benzotrifluoride
in methycyclohexane. The glassy samples of benzotrifluoride in
methycyclohexane displays a much faster decrease of the phosphorescence
lifetime with inéreasing temperature than the crystalline samples.

This is probably because the glass softens considerably while warming

and the crystalline sémples retain their structures upon warming. fn
addition, the glassy samples have much less sharp spectra. When the
temperature dependence of the phosphorescence lifetime of benzotrifluoride
is considered, we‘see.that exchanging the fluorine atoms for chlorine atoms
changes the dependence drastiéallj. Also, the vibrational character of

the benzotrichloride phosphorescence is much different ag can be seen
fromPlate VIIL the 0,0 line lies at 26294 cm-l, so that the spectrum was

1

shifted in excess of 3000 cm ~ from that of toluene. These effects are
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most likely a.result of the greatly increased spin-orbit coupling
associated W;th the higher Z of chlorine. The benzotrichloride in
methyleyclohexane samples display a much less rapid decrease of
phosphorescence lifetime with temperature increase than did the
benzotrichloride samples in methycyclohexane. Also, the benzotri-
chloride samples display no fluorescence spectra. Further studies
of the benzotrichloride and benzotrifluoride system should be

carried out.
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ABSTRACT

The temperature dependence of.the bhosphorescence lifetime of
pyrazine in both the high and low temperature crystalline phases of
cyclohexane were measdred from 77°K to approximateiy 150°K. This
data was fit to a function of the form %-= ko + klexp(-AE/kBT) where
kD’ kl and AE have different values for each crystal phase. The
temperature dependence of the phosphofesaence was measured from 77°K
to approximaﬁely-150°K for the following systems: benzotrifluoride
in glassy and in crystalline methylcyclohexane and benzotrichloride
In crystalline methylcyeclohexane, The benzotrifluoride data for the
crystalline sample agrees almost exactly the data which Kilmer and
Spangler have meaéured for toluene in methylcycloheQané, while the
benzotrichloride samples show a very different temperature dependence
from that of the toluene or benzotrifluoride. This iIndicates that the
increased spin-orbit coupling due to chlorine atoms severely alters
the triplet-state depopulation scheme, while very little alteration
occurs for the benzotrifluoride. The phosphorescence lifetime as a
function of emission wavelength for the following systems at 77°K was
measured: pyrazine in the high and low temperature crystal phases of
cyclohexane and benzotrifluoride in glassy and crystalline samples of
methylecyclohexane. TFor each sample the phosphorescence lifetimes is
constant across the emission wavéleﬁgths, but this constant is different
" for each of the two crystal samples of pyrazine in cyclohexane and for
each of the two sample types of benzotrifluoride in methylcyclchexane.
It is concluded that environmental conditions of the solvent must be

explicitly considered in any detalled scheme of phosphorescence.



