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ETROOTCTION

The benzere ir.oieculc hr-s beer, studied in prcat dctsii. From \iitr£-

viciet, infrared, and Pair.sn studies, the frround st.?te vibrntionrni frequencies,

a nujT.ber of the singlet oiectronic excited state energies, and the first

electronic excited triplet state energy are viell known.

Recent studies have dealt viith benzene in solid solutions at low

o

temperatures. When excited with radiation of wavelength between 2300/V and

2650*, benzene in solid solutions at low temperatures fluoresces and phos-

phoresces. Benzene will form a mixed crystal in a few cases v/here the

solvent is carefully chosen. A'hen mixed crystals are formed, the absorption

and emission spectra are weix resolved and one can study the vibrations that

are coupled to the electronic transitions.

Cyciohexane is an example of a solvent that forms a mixed crystal with

benzene. It also does not absorb or emit in the region of interest. Because

of these two factors, cyciohexane has been used commonly as a solvent for

benzene, /nother property of cyciohexane, which sometimes has not been

recognized, is that cyciohexane undergoes a solid-solid phase transition at

l86'-^iC. The phase above 1%°K win be called phase H, and the stable phase

below l86°A will be criled phase L (li corresponds to high temperature and

L corresponds to low temperature.). '.\'ith very rapid freezing, these two

crystal forms of cyciohexane are both present at 77°^^. The presence of the

phases K and i. results in a doubling of the absorption, fluoresencc, and

phosphorescence bajnds.

Sponer, Xanda, and Blackwell-^ analyzed the phosphorescence of benzene in

• cyciohexane for a sample that was frozen rapidly. In their analysis, they

used three different (O, O) levels. Two of these correspond to the two



crystPlline fciTis of cyciohex?ne. This wrs cho'.-m by Hp"n,??:ler r.nd .'-poncr^,

who studied the sbsorption ar.d phosphorescence sncctra of benzene in cyclo-

hexsne. 'They varied the Sr-^rale freezing rate nnd found that tiie relative

ninoimts c^ the absorption and enission for phase H and phase i« varied. Slow

freezini- rrivc all of phase h, vjhile rapid freezing resulted in mostly phase

H. -'>n analysis of the absorption bands was made.

A partial anaxysis of the fluorescence has been made by i-each and

Lopez-Bclpado"^. i-.each et al.'J- have also studied the effect of temperature

on the spectrum of benzene in cyciohexane and observed the shift in wavelength

when the crystal makes the transition from phase l to phase H. This had

previously been observed by opangler and Sponer^ in the absorption.

The lifetime of the first triplet state in benzene has been measured in

a number of solvents, and Hirayama^ has recently measured it in cyciohexane.

Thompson^ gives l8 sec in CK, , lO sec in Ar, 1.8 sec in Kr, O.Oh sec in Xe

at L.2°K, and '.'.'right, Frosch, and Hobinson^, give l6 sec in CH. , 16 sec in

Ar, 1 sec in Xr, and O.O7 sec in Xe.

Further study is needed in several areas. Sponer, Knada, and Biacla-;ell-l-

indicated that the relative intensity of the phosphorescence from phase H and

phase ij was a function of the concentration. Spangler and Sooner^ shov/ed

that the relative amounts of absorption by the two phases depended on the

freezing rate. Further stud}'- is needed in which the relative intensities

in all the regions can be simultaneously observed with variation of both the

freezing rate and the concentration. Also, Hirayama's lifetime study with

concentration as a variable shows an anamcOlous effect, which he suggested

might somehc-: be related to the two crystal forms of cyciohexane.

In the experiments tc be discussed in this paper, the freezing rate and

the concentration of t"ne saripies have been varied. The data was obtained by



tnkinp pir-tes which ohow GimultnncouGiy sbGorption, fluorescence, nnd

phosphcrescer.ee. Also, pictures have been t^ken of osciio-oscope traces

which show th.e intensity decay of the phosphorescence after the exciting

radiation has been cut off. From these pict\ires, the lifetime of the phos-

phorescence csn be calculated. The lifetime has also been studied as a

function of concentration and freezing rate.



T!L'.0!lI

The r;rir,r\ry rrcs of study of this thesis corcerns the effects of

envircrunent on the spectrum of benzene, /i basic understanding of the

processes involved in absorption ond emission is needed, but a detailed

cinalysis usin,^. ^roup taeory to determine selection rules for transitions

will not be cp.rried out. T'.^o references on theory are Tinl<j:iam° and Murrel°.

Electronic States

Benzene absorbs and emits in the near ultraviolet region of the spectrum.

Benzene has three electronic states in this region; and these are shavm in

Fig. 1 along vzith thier approximate energies. The electronic energy levels

depend slightly on the environiTient around the benzene molecule. Transitions

between the Sj_ and Sq and between the T, and S_ are seen in our experiments.

V-.'hen the benzene molecule occupies a site in a crystal, the spectra related

to these transitions are shifted to the red in comparison to the gaseous

state by approximately 200-^00 cm"-^. -

' •' ••

38,000 cm-''

^0

37 500

Fig.1



Vibronic otates

Coupled to the electronic transitions are vibrational transitions. The

most co'.nnion vibration present is the totally s;^Tnrietric brcathin.c; vibration

(992 en"-'- in the ground state) in which all the atons are moving in and out

together. The various vibrational frequencies for the ground state are

quite well kno:-m fron infrared, Raman, and the near ultraviolet spectra.

The vibrationax frequencies are somewhat different for the different elec-

tronic states, although they arc chanp;ed only sliphtly, if at ail, by

changing the cnvironrr.ent around the moj.ecuie. The purely electronic tran-

sitions Sj_ to Sq and Tj_ to Tq are forbidden by s;,iriraetry in the free molecule

(the latter bv spin also), and various asjiranetrical (cr, ) vibrations are

active in making the transition alxowed.

lattice Vibrations

\ ^

In a crystal, lattice vibrations can also be present. The lattice

vibrations couple to the electronic transitions to broaden the bands. Their

energy is of the order of 10 cm""'- to 15O cm"-'-.

Jablonski Diagram.

The basic transitions in benzene can be seen by looking at the Jabj.onski

diagram in ^^ig. 2. The diagrami shows energy levels arising from the possible

electronic energy levels and vibrational levels. For low temperatures, all

the absorption processes will normally start from the lowest vibrational

level in the ground electronic state. This absorbed energy puts the

molecule into an excited electronic state and usually also an excited

vibratioi^al state. The transition probability to the S^ state is
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approximately lO^ times that to the Tj^ state, so the absorption observed is

normally Sq to S^^. The vibrationnl encr<^y acquired in the absorption

process is lost rapidly to the crystal surrounding the molecule in radiation-

less transitions caxled Stoke 's losses. This leaves the molecule in the

lovjest vibrational level of the first excited state. For mixed crystals

with L<M concentrations of benzene, there are three processes for depopu-

lating this state. i'"irst, raciiation can be emitted in a transition to the

ground electronic state. This process is called fluorescence. Second, a

radiationJ.ess transition can take place to the ground state. Third, inter-

system crossing can occur, which means the molecule changes from a spin of

to a spin of 1. An equivalent statement is to say the molecule has gone

from a singlet state to a triplet state. After intersystem crossing,

Stoke 's losses c?n occur, and the molecule rspidiy reaches the la/est

vibrational level of the first excited triplet state. Depopulation of the

triplet state can occur either by emission of a photon or a radiationless



tr<-r.pit:rr.. In roinp "ro" fm^ ^rir.lct to tan ain-xet, thf -p?Ln chr-r.-'es from

i t-o P, ,r;-.ich ':-\-cg 1 '' a r>P~'n rorbindan trrnniti on. I'oi' this rc.-json, the

IITC of th.o trir^iot strtc is in the order o:"' secondr>. The T. to 3„

rr.di^'^tive transition ir> c?±isd phosphorescence.

.i'invircn;r.fntF.± :.l're cts

Tiacinn ^ bensenc nioiecuic in ? solvent snifts the specbrtuTi to the red

relative to tno p:"senus state. T.-iis Is true for the absorption, fluores-

cence, ond phosphorescence. IVo different shift;- csn occur if the solvent

has two cryst.-! forr-.s. Cyclohexane is an eramplc of this. It imdercces a

Eoiid-GOiid phase change at iB6°K. Both chases cause 2 shift to the red,

vjith the phase beiow 1^.0^^ Cc-using the larger shift. There is disagreement

at present r^bout the crystalline fcrr; of cycioho:-:ane ; so'iie recent •,-;ork-'-'^

st;gf:eEts that there :r.ay be thiree crystalline phases cf cyclohexane. The

third is that obtained by freezinf" rapidly. T"is evidence is not conclusive,

and since all the --ork referred to in this thesis can be explained hy tv;o

phases, the one above iS6'^K and the one beio^'i, the phases will be called li

and -. It j.s fairly certain that the phase above i36°K is cubic-^-^'-'--^'-'-'^,

rnc? it has been sugrested that the phase belov; lB6°h is r.onociinic"^ .

Relative Intensity and Lj.fotinie i:easureinents

Freezing the-: ssnpie sio-.-riy allows the phase chanr'e to take place, in

v.-hich case the cyclohexane; is in phase ^.. In this case, a single spectrum

is present. If thie sajrpie is frozen rapidly, some of phase H is retained,

arc due to the t--;o ervircn x-'-ts the spectruri bcccr^es doubled. Ti-o relative

arcunt cf t]\C: tic cry:;t<-. 1 for,;;,":, r.rescnt depends on the freo'-'inr* rate of the

sa.npic. 't c"tromciy fart iroc7,in,~ rates, nrir arily phase K is orcsent.
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An attempt has boen msde to incnsure the reictive anount of absorption by tho

two lattices ns a function of freezing rate.

The ratio of the intensities of the enission fron phases H and L has

also boen measured. The relative intensity for the absorption docs not

always agree vjith that for the enission. The general nature of the result

is that the fraction of phase H absorption is larger than the fraction of

emission from phase H. This is. especially time in the phosphorescence.

Several possibilities exist as an explanation for this result. First

energy transfer could be taking place from phase H to phase L. Phase h

would then serve as an energy trap. Second, radiationiess processes might

depopulate the benzene excited states in phase H more than phase L. Third,

the environment may effect radiative transition probabilities differently

in the two phases.

Plate I shows the important processes just discussed and assigns rate

constants to the different processes. It depicts energy levels for two

benzene molecules, one of which is in phase H and the other in phase 1..

For cases where the concentration is very low, the energy transfer from

one phase tc the other is negligible and one need only consider each molecule

and its own processes. A derivation of a formula relating the relative

intensities of the absorption end fluorescence follows. The result involves

the rate constants defined in Plate I.

Let K^ and Nj_^ be the steady state populations of the S^ state for

molecules in phase H and L, respectively. Steady state implies the number of

molecules entering a state per unit time is equal to the number leaving per

unit tine. The number entering win be equal to the integrated intensity of

the absorption. Intensity will be defined to be the number of transitions

per unit time. The integrated intensity is the totax number of absorption
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trrriT'ii ion.s per i;nil, ti;r,c ovr.r t.h.-- ;>/holc fibcorption b.-rifi. '['he r;;t.c of

nboorption depends or. Iho intensity of the exciting source. The source used

had vi:rir.tions in intensity with uavelength. If a strcn- line v;cre to

coir-cidc '.-.'ith a stronrr absorption peak, the rate of absorption v;ould be

large. This could result in populating the sin^^let state in one phase more

than the other. Ho:-.-ever, the absorption bands are separated only 33 cm"-'- in

the Sq to Sj_ for phases H C'Xio L so that as long as the source does not vary

drasticai^ly in that interval (83 cm-^ or approximately 6a) the average of

several absorption peaks shou-d give a reasonable result. At equilibrium

the rate of population of a state is equal to the rate of deoopulation. The

nujr.ber of r.oiecuies per unit time leaving a state will be equal to the

probability of leavin?; per unit time times the population of the state. The '

probability of leaving per unit time will be the sum of the various rate

constants for leaving the state. The result is the

Intensity of absorption = (probability of leaving) (huiiber in state)

One can eliminate N by substituting 1^ = kpl; which yields

- If
K =

(2)

substituting (2) in (1) and solving for I'v gives

^F

=

. 'y .„ h (3)

For t-.-:o different phases, H and i., one thus has
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and

The ratio of the two equations is

The forr.ula shows that the rp.tio of the fluorescence intensities is pro-

portional to the ratio of the absorption intensities and that if one plots

these two variables, the slope of the line is the coefficient on the right.

Since the inter sj''Stern crossing is the process bv which phosphorescence

takes place, and the intensity of the phosphorescence is corr.parsblc to the

intensity of the fluorescence, the two rate constants, Icj^q and kp, must

have approximately the same magnitude. Several thinjs suggest that k;^3

might be small compared to kp. The radiationless transitions for the triplet

state have rate constants in the order of 10 -^-10" sec""^, while kp is in the

order of 10'^°-I0''"^sec"-'-, and the energy difference between the first singlet

and the ground state is larger than that between the first triplet state and

the ground state. /Jindsor-^'^ comments that varying the environment does not

greatly effect the lifetime of the singlet state. If koo^ « kp, equation (6)

reduces to

^FH _ ^FL "^ ^ISCL ^ £m
(^)

A similar expression can be obtained for the ratio of the phosphorescence

intensities as a functior of the fluorescence intensities by equating the

rate of popuxation of the triplet state to the rate of depopulation of the

tririlet state. The rate of Doouxation of the triplet state = kTc-pi", and the
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rr.te of depopuic-ticr. of the triplet state = (kp + k,.x)^'» '"'^^^^ '"' ^^ ^^®

population of the triplet state, 'iqucting the tero rates yields

kT3cI-< = (kp + Icrt)^'^' .
^^^

Using the intensity relationships

Ip = kp>i and Ip = kpN', (9)

solving for K and N', and then substituting into equation (S), one obtains

^ISC^F ^ (kp + k;^T)^P
(10)

kp kp

Solvinf; for Ip, one obtains

Ip = '^TSQ^^P , Ip (11)
^ kp(kp + 1<rt)

Lobelinp; then the rate constants and the intensities for phases H and u, two

equations result, nnd their ratio is
,

;

illi = 1^ ^ ^I^-H (kpL ^ %fL) %H
(_L2)

IpL kpi, kp'H kiscL (l^PH + I^KTk) IfL

Thus, if one plots Ipj-j/lpL versus Ipn/^FL^ o"^ should obtain a straight line

whose slope is the coefficient in the above equation. There is one more

thing that can be done to sii-.plify the above ecuation. The lifetime of the

phosphorescence is determined '"oy the total rate constant for depopulation of

the triplet state, vjhich will be kp + k-^^. The lifetine is the reciprocal

of the rate of depopulation, so for the lifetimes of the two states one has

'^H = __i (13)

i^PH ^ ^ilTH

and

T^ =
^

1 ilk)
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;nbr>t.itutin;3 (i'^) nnd (l)i) into (l2) one obtnint

•^FH ^ kii; kK^ '^11 IcinCH ^Vll /,,-)

From the ne.nsurements of reiftive intensity ss a lunction o.f frcezinr; rate,

various v-iues of the ratios of the intensities can be found and the data

plotted. From the slope of the graph, the coefficient in equation (i^) can

be evaluated. The lifetimes for the two phases have been determined, so

they can be substituted into the expression for the slope. This sti±l leaves

three ratios to be determined. Ti^o of these can be evaluated from the

absorption and fluorescence data, leaving just one ratio, v/hich is determined

by measuring the slo::c. This will be shown in the discussion of the results.

For high concentrations (above 1 per cent), one needs to consider the

process of energy transfer from one phase to the other. A model for energy

transfer from the H to the ^ lattice is as follox'/s. />ssume there are two

adjoining regions in the crystal; in region H the crystal has the H lattice

structure and in region i. the L lattice structure. Assume that a benzene

molecuxe in region H absorbs a photon. A few molecules away win be another

benzene molecule. By some type of interaction, the energy is transferred from

benzene molecule to benzene molecule in region H until it comes to a benzene

molecule adjacent to region L. There will be a slight energy difference

between triplet states of benzene in molecules in region H and those in

region L, with those in region l having the lower energy. Because the

energies are so nearly the same, there is a good chance for transfer of

energy to the benzene moiecuie in region 1, the excess energy being given

to the lattice. Thus, region i. serves as a trap for the energy and increased

phosphorescent erf.ission from the L lattice occurs. The singlet energy trans-

fer should be much smaller than the triolet because the lifetime of the
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state is appro^imctciy lO" tines as long.

lobinscn et ai."-'- su^f-est that the process of energy transfer is one

in which host molecules participate as well as guest molecules. In this

case, then, the interacticr involves the cyclohexane. The wovefunction of

a benzene molecule in a crystal xattice cannot be entirely separated from

the total wavefunction of the crystal. An interaction energy of ±2 cm"-^ is

suggested by Robinson as a rough universal value. From a theoretical

analysis, r'obinson derives a formula for the aependence of the energy trans-

fer or. concentration. He shows that, for an excited triplet state with a

lifetime of 1 sec and an energy difference of l2,000 cm"-'- between the lowest

excited state of the guest and the lowest excited state of the host, energy

transfer between h intermediate molecules should be efficient. This result

is derived for the case vjhere the temperature of the sample is 0°iv. At

higher temperatures, transfer should become more efficient.^-^ An average of

four intermediate molecules wouici correspond to a concentration of about

1 per cent.

This v/iix have an effect on the lifetime of the triplet state for the

two phases. For the phase K this wij.1 provide another path for depopulating

the state so the lifetime \-ri.ll be shorter:

^K-
,

'(16)

^?K "^
'''=^RTK

*"

'^TIlT

For phase L, this provides another way of populating the triplet state.

VJhen the exciting light is cut off, the triplet energy transfer does not

stop ironediately and as a result the lifetime of the phosphorescence is

somewhat different. The equations for this process are worked out in the

appendix. Due to the difficulty of obtaining the rate constant for triplet-

triplet energy transfer as a function of concentration and freezing rate,
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one should look r>l the esse where the triplet energy trancier conctrnt is

isrne coraprred to the rate of phosphorescence for the phase H. In this case,

the rate of transfer out of the triplet state for the H phase is large so the

population of the triplet state is small, and the phosphorescent enission "-

:

intensity is lav'. The enei'fTy is v;ith high probability transferred to the

other phase. i-Jhen the exciting light is cut off, the energy transfer stops

rapidly because tne population of the triplet state for phase H is small

and the rate of depopulation is large. Therefore, in measuring the lifetime

cf the phosphorescence for phase L, the result is the sane as if only one

phase were present. By exaniining some of Hirayama's v;orlc vfhere he measured

lifetime as a function of concentration, one can see this effect, as will be

explained belov;. Also, the intensity of the phosphorescence from phase H

is very lov; for high concentrations, v;hich also agrees with the theory of

such a process.
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l^lXPriRCILJ'TAL P^GCEDURiiS

Spectrograms and lifetimes

The block diacrsm shown in Fig. ^ indicates the general nature of the

set -up used to obtain the spectrograms and the intensity decay curves for

lifetime measurements. Fiate II shows a p'notograph of the equipment that

SOURCE
MONOCHRO'
METER

IRON
ARC

SAMPLE
\ SPECTRO

GRAPH

PHOTO-
MULTfPLiER

I
OSCILLO-
SCOPE
I

CAMERA

Fig. 3

was normally used. The source used was a GL'-Ho high pressure (approximately

120 atm) mercury lamp. This lamp has a ouartz jacket and is rated at

1000 watts input! it is a good source of ultraviolet radiation. The power

supply for the lajiip was built using a variac and several surplus transformers.

The lamp normally operates at Q$0 voits and l.li amps a.c. A starting voltage
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of ;=-pproxinnt.ciy 1200 volts is needed. A schcnatic disf^ron of the circuit

used is shown in ?ig. U. The inductance liriits the current to about 3.3' amps

during the starting period when the B-K6 hcs p. low resistance.

( 1 HENRY IND.)

460

"mrmrrrrrnT

L__.

580

frrorercfrrrtHi

BLOWER

9
6B-H6

Fig. 4 POWER SUPPLY

The specifications cr.xi lor an air compressor to cool the lamp. Hov/ever,

Sc-tisi Ectcry results were obtained usin;^ a General l-.iectric 73'00 rpin l/i;

horsepo'.-rer bla.-;er which is ceiled an S.i^i-'.C'i 'OK TUBil COOlilil, >.odel A,

Type CvSH5-liOh end is made by :^OTON DIVISION, lRO-220 Aceden Street, ?3Wtucket,

I^.hode Island. Tae arrangement of the cooler and xainp is shewn in Plate III.
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Due to the hir;h nrcGsurc, the r.crcury lines nre broadened conGider-roly,

and one ftets rou.trhly a continuous emission Trom tho icr.p. The 2^37''^ line,

which is usually strong: in the mercury spectrum of low pressure lamps, is

missinn becruse of self absorption.

A Bnusch and Lomb quartz monochrometer v;ss used to limit the exciting

lifht to those vravelenRths which the samples absorbed. By adjusting the

entrance and exit slits, the band pass could be selected as desired. The

slit widths on the monochrometer wore usually set at 2 mm, v;hich gave a

bandpass from approxim.ately 2300a to 2650A.

To focus the light emerging from the monochrometer on the sairiple, a

quartz xens and a front surface mirror were used. Plate TJ shows a diagram

of the optics and Plate V a picture. An image of the monochrometer slit

was focused on the bottom of the sample hoi-der hy xens Ko. 1. The emission

from the sainpxe was reflected frcm mirror I^o. 2 and an image of the sample

was focused on the spectrograph slit by Xens No. 2. A soxution of

2liO g/xiter of I'a30|^ and hS g/iiter of GuSOj^^ was used as a filter -^ to

remove unwanted scattered light coming through the monochrometer. The

o

fixter absorbs nearXy ever\'-thing xonger than ^OOO/ .

To observe emission of Xong xifetime, a Becquerex t;/pe phosphoroscope

was sometimes used. However, in most experiments the totax emission of the

sample ijas recorded. '

.
.,

Plate VI shows a picture of a sample celx. The cexx has a quartz

vxindow at the top. This ceXX is basicaxxy that described 'oy Heckmanl? and

by Kanda and Sponer^S. The quartz window is soaxed to the p^-rex ceXX with

"Torr-Ceal" produced by Varian Associates, Vacuum Products Division, Palo

Alto, Caxifornia. The ceil is approxmately 35 cm long and 3.5 cm in

diam.eter. Tungsten wires were passed through the waix of the ceXX to make
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r'irctr^ c"i c -vv.ccticr to r i.herv.ocow^Lc nt the bottcn o" thp cell.

: ^'iind-^*^ ircM- rrc cpcrrte-' nt .'20 voit.-) "no |?+ pnps i'. C. wps Uoou to
-ft ^

vut r C(Vu;Tri ,srn c-'^c.ctrw" hcc-ldc '>.nc ben ' one snectnim. '^'

~'hc rnrclro'r?t-h is ; •.?ii5>ch .'^nri .^cm'o nicriium .-;v!prtz pric:ri r>ooctro,"r?.ph.

It •:."i> :"v-cu5cri ' n-.: i'^^c, slit, r-ii-'.ncci to r.ivc^ vnrticTi linns on the pxate.

Tr.c sLJt. '.n.dt.lip co-.rioni»- nrod w^-ro '-0 >: for tno bcnzcno omission -"ncl iO /i

for the i7'on r.rc. ",
'

;..
~

''•.•.•0 types c :-L.';'.'>5 .-rrc v,r.r,ri in tr.'.n.rj- the socctrc. -'cr tno v/pvr inn.-th

» o

rerion 'ron >''5-")0
-i,-000'-, !.cd."k iO^'--0 ointes -.-.ere used; for the region •'ro-.r.

1,000^-7 GO:')." , xO^r-' rL.-ies •'cre i;sed. Thpsc r.-p+es -re nr'rticui.v:"-L,7

Sersi^.ive to lir-h"- of low intensity, i-osr. c" ".he o±ri+Gs -'ere tr.^en en

o o

iCPp.-?' oi-ter bcc'usc of interest in tho 2'-00.'.-;^'::00.' .^bscrr.tion c'' bonr.ene.

Tl. uxr tes v;ere deveior-ed usin-- i--c;dfV: "— i9 aevexoner, ston bpth, i;nd rspid

fi::er. The devolcrxert ti.r.o vras r^lvicys kest "t four minutes because rei?tive

intensity ^e-sure rT-nts -'ere vr-rte-a. Tho stop b?.th was used to definitely

stoT) the deveicrnent tin-if ?,t four ninutes. The exposure tine w£s generslly

t/nree hours. These t.v:c fpctors v.'ore Kent constant to iccen the contrast

constant iron plfte to rirte.

sinf tiiese spec:-- '"icp' ions for exposure and developiTient, a set of seven

exoosureo h:' tne source wrs trk.-^n on the s:Tr:e pl.'te. Those exposures were

trictn to ^;etrr,>iinc the rtlr.tion octween relative intensity sr.d densitometer

deflection. The cxissien iroin tne 'f-iio -.-les refXected frcni a white ccrd to

retiuce its intensity. Then '" xens focused the xi,":ht on the soectror;rnph.

^irnhren :<s nx;:ced :s cxcsc- tc tb.e xens as pocsibxs so that the intensity

.:• c r;rorcrtir."-;-i te the rrer o'" the oreninT in the disnhr"r.. f-even oponinrrs

0''" the -f.-:phrrr. -.-.'ere usf-d, .rd -' three hour cxnosr.rc trkr-n '.-'ith erch.

""/ensitciretcr trrc-'^T -p^-g r'rric c' c?ch cxncs;;re, rrd sc-.ie of rrxrtivc
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intensity versus oefxection was devised. The X vciue for the ccntmct

ogreec vrith Kodak's vr.iue. I'-ue to tiie nur.bcr of v.'.rirroies prescnt-'-^'^, the

relative intensity nes-surements have nore uncertainty than those taken using

photoc-xectric devices.

r,e?surement cf ;;aveiength and Frequency

Aix the v;nveiength measurements iifere rriade by coraparinfr the unicnown v/ith

the iron spectrUii. The values for tae .vavelenf^ths of the iron lines were

taken from Brode's book^O, which h?s an enlarger-cnt of the iron spectrum, r.nd

the i'lT x^Javeien^:th tables^-'-. The vj-avelength's vjere converted to wavenumbers

usinc the Cauchy fornuia^^ for the index of refraction of air. This con-

version was done on the ccmputer for all the iron lines labeled in iirode's

spectrax maps. Eniargenents of the iron spectrum were made and approximately

1,000 lines v;ere labeled.

Ti-jo methods were t^en used to make measurements on tne unkncwns. One

m.ethod mvoxvcd making enlarged prints of the spectra -with a magnification

of about 20x from tne plates. The enlargements show both the iron and the

unknown spectriar:, side by side. Then either b^'- linear interpolation, -which

is ouite tine consuminf^ for a plate with over lOO lines, or ^he Kartmann

dispersion fomuia^ the wavelengths and frequencies can be computed. The

second method involved making densitometer tracings that are approximately

50 feet in length. The iron spectrum was traced and then labeled in v/ave-

numbers (approxijnateiy lO cm~-'-/inch) . The unknown spectrum, trace vjas made

by tracing from the plate near tne border betv/een the unknown and the iron

comparison spectrum. .tier there was a coace with no un;cno'.-m lines, the

rack would be cnifted siightiv to rick up iron lines. This gave calibration

points .about every tv;o to three feet on the tracing. The unknown tracing
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wos then ir.id cvor the iron traclnr and the vaiucc couxd bo re-'d innedi.Ttely.

The iron lines on the knom <nnd unknovin vjouid renerciliy match v;ithin

2-^ cni--^. This has the ?.dvp.nt'';;e of being much frster (apprcximsteiy two

hours to nessure the fluorescence), but the dissdvsntc'f^e that the weak lines

do not she-.-; too vrell.

The best procedure, as far as accuracy, completeness, and format are

concerned, is to use the Hartm;ann dispersion for.nula and take the distance

measin-ements from the enlarp;ement3. The distance mieasuremcnts are then fed

into the computer, which is pror;r?.rrjned to compute the constants in the

Hartmann fonr.ula and the wavelengths of the unknown spectrum, convert the

waveleno:ths to wavenumbers, and print out the results. Six known iron lines

are measured as unknowns and their values computed as a check on the accuracy

of the dispersion formula and measurements. The computer program is in the

appendix.

Lifetime Kessurements

Because the lifetimes of triplet states in or.^anic solids are the order

of 10"-^-iO ^ seconds, it is relatively easy to measure the lifetimes of

these states. /. i?ki8 photomuitiplier tube \-i±th a lOOO volt D. C. power

supply vras used. A i mer:ohm resistor was connected from the anode to ground,

and the voltane drop across the resistor was fed directly into a Tektronix

5h5 oscilloscope. •'. Tektronic C-12 oscilloscope camera with a polaroid

back was used to photo,?;raph the trace.

Samples *
,

Most of the spectrof:rams taken were of i^dxed crystals of benzene in

cyciohexane. To reduce the broadening of the spectral j.ines and the
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prob-biii.t.y of r;xii..-it.ionicss trnr.sitions to the crour.d state, the samples

wore coo±Gd to xioviid nitrogen tcmperntureG.

The first pi^.tes were taken with I^astmsn's Epectronrade benzene and

cyciohexane. The pi&tes shov;ed a backriround at vjaveien.'^ths s little lonfjer

thfn the phosphorescence of benzene. The intensity decays vrere non-

expcnential. It vras suspected that there was an impurity in the cyciohexane,

so a sar.pie '.ras prepared with "pure" cyciohexane. The saxiiple did phosphoresce

weakly at longer wavelengths: the excitation spectra hcd a single rather

shajrp peak at 2850A. The emission did not exactly coincide with the back-

gro^ond in the spectrum h'ith benzene present, but was siniilar. The lifetime

of the cyciohexane eird.ssion was measured and found to be l.h sec. Cycio-

hexane was then purchased from 1-latheson, Coleman, and Bell Company. Ho

emission was observed from this cyciohexane when the sample was exposed to

IT'/ radiation. It was possible to remove the impurity from the Eastman

cyciohexane by a method surpested by Dana Johnson^U.

Using the new cyciohexane did not entirely eliminate the background in

the benzene spectra. Also, the intensity decay of the samples still did

not give exponential decay curves. The background in the phosphorescent

region vjas concentration dependent. The background was absent for lov;

concentration sa-ipies and strong for iiigh concentration sa-.riples. Before

the optics were covered, scattered light resulted in a background. This can

be seen en Plate XIII for the b9°/x:±n trace. In preparing a fresh sample

one time in which the sample bottle had not been washed '^dth cleajiing

solution (saturated solution cf K2CrOi in concentrated HpSO, ) , it was dis-

covered that the decay curve was exponential. At the same tLme there was s.

significant decrease in the visible phosphorescence from the sample in the

UOOOA region. ;*rom further experimenting, it vjas verified that the cleaning
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Goliition affected the spectrum ?r.d li'^etime. To check this p. fresh s-^mple

vjc.s preonred usin,^ a s?jnple bottle that had been rir.sed with KOH. Also a

sarp.pie cf i per cent ccncentrstion was prepared with a sample bottle thc-.t

had been washed with cleaning sol-ution and rinsed once with distilled water.

The sample was cliov/ed to stand ovei-'night and then the spectrw. ?nd lifetime

were taken. One cculd see there was definitely more phosphorescence from

the sample that had been in the bottle washed v;ith cleaning solution. iUso,

the spectrum gave a background in the phosphorescence and a non-exponential

decay. The ether sample shovjed no background and give an exponential decay.

It v/as also apparent that the sampxes that stood in the sanpie bottles

longest gave the most background in the spectrum. These backgrounds were

unstructured, so there is little danger that the measured spectral lines are

impurity lines. Plate XI shows a 1 per cent and a 10 per cent benzene in

cyclohexanc slow frozen spectrum. The l per cent sample was fresh and

prepared in a sample coll rinsed in KOH, vrhiie the 10 per cent sample vras

stored for approximately six rr.onths in a sample bottle that had been rinsed

with cleaning solution. One can see the large background in the phos-

phorescence for the 10 per cent sample. The effect of the small amount of

cleanin? solution can be more essily understood if one realizes that a

1 per cent sample would have approximately .02 ml of benzene in the sample

celx and the .01 per cent sa:^iple would have only .0002 ml of benzene in a

cell with 2 ml of cyciohexane.

Using fresh samples and sample cells that had not been rinsed v;ith

cleaning solution, exponential decay curves were obtained for the various

concentr?ticrs v.'ith slow freezing.

I*
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rrepr.rstion of the Saracie

To preprjre the ir.i:<ed crystals, benzene snd cyciohex.?ne -.-jere ccoxeci -.rith

xiqiiid nitrogen. The freezing points of bonzene .^nd cj^cxohexane are

respectively h°C nnd 6.5°C, but they form s. eiitectic fixture. Upon cooling,

cyciohexcne undergoes s solid-solid phase change at lS5^v. Spsngler and

Sooner^ observed that the transition fron phase li to phase L v;as only

partiolxy complete if the ssiiiple was frozen rapidly. To study this process

in r.ore detail^ a nethod of controlled cooling was devised. Temperature

control of the sample v;as achieved by use of xiquid nitrogen as a heat sink

and heating coixs, as shovjn by Plate VII. 5y varying the heater current the

temperature of the sample was varied, h variac v:as connected to the heating

coil and by a driving mechanism the variac voltage was gradually reduced to

zero. By varying the driving rate the cooxing rate couxd be varied. A

thermocouple was used to monitor the sampxe temperature. The thermocouple

was placed .inside the sample cexx and buried just beneath the surface of the

sample. This is also shown in Fxate VII. The thermocouple was m.ade of fine

copper-corstantan wires to minimize heat conduction. To maintain the junc-

tion and the sajnple at a uniform temperature, a copper disc was soldered

to the junction buried in the sample. Ice water was used to provide a

reference temperature and a John i-^luke liodel 803B AC/DC differential

voxtmeter was used to measure the rZ^'I developed by the thermocouple. The

thermocoupxe calibration data was taken from the AI? Handbook. ^5

."s can be seen from Plate VIII, the cooling curves are nearly linear in

the region of inte:rest 1except for the infiiecticn point at x86°K vrhere! the

phrsio is changing. The coolin;? rate •rhile passing through the phase tran-

siti on is zero, t.^cuph Jhost is stixx bcin- removed from the sampxe.
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v'oniu'ov.or.i.l" I'.'.c Cv^riit^. i';:r.oc. ''iV' r. •'I'o t'.'.i' .vcr-r;c-; cociJ.n:": r:r|-,.';n U-'U-Joen

'"l-.c '^re-"-."r.->.i -T c'' l-.'<- r-.-mii: .ns c.'V;-:'icd c.^l. by nipehtinr ^-^. r.j. of

bi-nr.pr.c-cyciohnxr.no rciuticn intc tlif; r;o:!,p.Lc ceil. The crirr^sic cell '.-/••^s then

connected to t'lw v"ci:u:n systcr; rrd the Coiriplo frozen rapidly by i-Tjaerainp, it

in iicuid nitrogen. ..hen thi; 3n;nnie h.-id f'ro/en, the cell v/pg evacuated, nnd

t'.ion t'r.i- sr.-iTiic vr.s r.iic.-jcd to r.eit. Tiiis \:ns done to remove "^ny ciiscjoivod

r.r'scc fro"", the .'i.T.nJ.e. iter incj-tinr, the S'?.~pxe vrns frozen iisin/; the

?pp.-irrt\3s (iesci'ibe ; al.'ove. I'or a ,\"-star freezing; r.-.te, sn^inies i-.'ero frozen

by .lust r"r;-.crninr the ev,"cu;-tcd c.^rnpie cgIj. directly in liquid nitroren.

This \-iay froezin~ rr.tcc up to cdO de'^rees per rriinute '.;ere attaj.nabie . To

pot fr.st cooiin.;- ratec, very thin £a''.picc must be Uiied so that the ccoiinh"

v.'ill be ur.i.-'orr.. .'. nuriber cf exoerincnts vjere perfcmed '.-.'here the scmpies

did not rj.-'ico ?cod physic." .l ccntnc+ v/ith the Ga.-^ipie ceil and thermocouple so

th?t the thcrrioccuoie did not shov: the r-ct'd.-l freezinc; rate.
,
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PLATE II
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PLATE ni



KyPlanation of plate IV

A diagram of the optical set up, photomuitiplier, and sample ceil.

A. Lens 1

B. Filter
''

C. Mirror 1

D. Sample Ceil

E. Kirror 2

F. x.ens 2

G. FhotOTTiUxtiplier

K. Sample

I. Dewar •

J. Liquid liitrogen

K. Monochrometer

L. Spectrograph
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EXPLAKATIO^i OF P;.ATK VI

A picture of the saripie cell.

A. Quartz .'.indow

B. T'unfsten -.'ires ./''

C. TherKOcouDle
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Relative Intensity Studies

A densitometer trace of the spectrin of a slov;iy frozen sompie of benzene

in cyciohexsne is shown in Plate IX. It ;;;as possible to see sone of the

absorption spectrin (actually selective reflection) because part of the

incident exciting iic^t w?.s diffusely reflected off the surface of the

sample. 3y using ? monochrometer, the excitinr; ll-^ht was limited to the

region of benzene absorption. The ability to monitor all three re.-^ions

simultaneously olioi-red observation of differences in relative intensities

of absorption and erdssion by benzene nolecules in the two different crystal

forir.s of cyclohexane (vide infra)

.

By taking the spectrum of benzene in the cyclohexane crystal lattice at

various temperatures, one can note the shift in frequency related to the

two crystal forms. Plate X shows densitometer tracinf^s of the spectrum at

various temperatures. There are several things to note from these tracings.

First, as the tenperature rises above l86°IC the absorption and fluorescence

bands shift to the blue by approxiraately 80 cm" : this shift correlates with

the phase chanp;e in the cyclohexane crystal. A shift of a few wavenumbers

occurs upon raising the temperature from 77°ii to 170°K. Second, as the

temperatuz-e increases the bands become broader. The half width is nearly

equax to kT, where k is Boltzman's constant and T is the temperature of the

ssmple. Third, the phosphorescence is absent at the hi[;her temperatures due

to the gre&tly increased probability of competing radiationiess transitions.

Plate XI shov/s the spectra for slowly frozen saraples of various con-

centrations. The 5 per cent and 10 per cent samples show spectral lines in

absorption and fluorescence that are present in the spectrum of pure



crystsiiine ber.zene and also show a continuous background in the phospho-

rescence '-.nri in the fluorescence. The former effect hos been observed

previously in absorption by Spangier and L^poner^ snd was attributed to the

segregation of nicrocrystais of bcn/.cne during the freezing of higher

concentration solutions. The latter effect is discussed beiow.

When the sarcples are frozen rapidly, the bands become doubled. Plate XII

shov;s this effect on a .1 per cent sairple. w'ith rapid freezing a spectrum

essentially identical to that obtained v;ith slov; freezing but shifted 83 cm"

to the blue in absorntion and fluorescence and i;'9 cm"-^ to the blue in phos-

phorescence appears. Tnis effect has been noted by Ccupron, et al 30 and

studied by Spar^r^ler and Sponer^. Correlating this shifted spectrum vrith that

shovm in Plate X. for the tijc crystal forms, they concluded that the doubling

vjas a result of having the two crystal forms present at 77 "i'^* The 83 cm"

shift is the same in fluorescence and in the absorption. This is expected

because the sajne electronic transition is involved in the tv/o processes.

By observing all three regions of the spectrum simultaneously one vras

able to detect a concentration dependent effect that hsd not previously been

observed. Plate XIII sha-is spectra of S2mpxes of various concentrations, all

fast frozen to give two peaks. The thing to be noticed is that in the

fluorescence and phosphorescence regions the relative intensities of the

emission from phase II and phase l> do not agree with the relative intensity

in the absorption spectirum. The trace of the .01 per cent sample sha/s the

absorption and fluorescence have nearly the same relative intensities. The

trace of the .1 per cent sar>ple shows absorption characteristic of phase II

and fluorescence predominately, but not wholly, phsse H. In the phospho-

rescence, however, the emission is equaixy intense from the two crystal forms.

?cr the 1 per cent sa^pie, the absorption is characteristic of the cubic
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inttiCG, but riv.orcsccnce is stronf.cr frcin phrsc J-.. The phosphorcscer.co

for the i per cent sr.T.pie xs r.xso stronger irom phase h, nnd the shii't in

relative intensity is even r.ore pronounced. For the 5 P'^^ cent saiupie,

alT'.ost oil the absorption is related to phase 11 and some segrecatcd benzene

microcrystais, yet the fluorescence shows the greater eT.iscion fron the

phase L lattice. The phosphorescence is from the phase L lattice. In

suOTnary, one can see that the concentration has a large effect on the crystal

forn frora which the emission originates. A inechanisn of energy transfer from

one crystal form to the other vxas suj-gested in the chapter on theory.

Tlie relative intensities of the ti-;o peaks in the absorption spectrum

can be taken as an indication of the relative amounts of the tvro crystal

for.-s present. I'ron the rexative intensity measurements, a graph of the

percentage of phase H (cubic) absorption versus the freezing rate can be

plotted: this is shown in Plate XIv. Points for all the concentrations

involved are fit by the same curve. From this figure, one can see that the

relative amounts of the two lattice forms present are not strongly con-

centration dependent. This indicates that freezing rate alone determines

the amounts of the two crystal forms that are present. The slov; frozen

high concentrations deviate becs.use benzene segregates out and forms micro-

crystals. These microcr^/stals absorb at nearly the sarue place as phase H.

It has aire ad;/- been pointed out that the relative intensities in the

emission and absorption do not agree. This result seems to indicate that,

at concentrations above 1 per cent, energy that is absorbed by benzene

molecules in the cyciohexsne phase H is with high probability radiationlessly

transferred to benzene molecules located in a region where the cyclohexane

crystal form is phase L. For xov; concentrations the ratio of the absorption

intensities should be nro'ocrtionai to the ratio of tne fluorescence
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intensities. Fi?.te W shows & f^raph of the dat?. for a .i por cent ssmple.

A straight line fits the data and the slope is 1.0'^ + .2'/. .'iso, a craph of

the ratio of the phosphorescent intensities for phase H and phase ^ was

plotted versus the r,?tio of the fluorescence intensities. The result can

also be fitted with a straight line '.rrhose slope is .L" i .09.

Lifetime Measurements

Plates XVII and XVIII sho^^r pictures of the decay curves and the plots

of the xn(intensity) versus time for slow frozen samples. These pictures

represent the intensity decays after the impurities had been removed. All

the points fall well within their uncertainties and the logarithmic plots

result in straight lines. Table 1 shows the lifetimie and their probable

errors . '
.

Table 1 ,,
;

Lifetime of Benzene in Cyclohexane for Various Concentrations

Lifetim.e (sec) Concentration (per cent)

U.6 t .2 .01

h.6 ± .1 .1

U.35 ± .OU 1

U.^5 i .OU $ '

).i.O ± .2 10

Plate XLv summarizes the results; the points for the vaa-ious concen-

trations are the average of several experiments.

It was difficult to obtain the lifetime of the emission from phase H.

For concentrations oeiow .1 per cent, the intensity was too low to ?;ct f^ood

traces, ar.d for concentrations hi.^her than .1 per cent, the emission came



prin.'.riiy fron'. the - phcse. The problem is compounded becrnuse the phospho-

rescent cnissicr. is only i/2 r.s stronfr from phase H ?s from phase L for an

equal obsorpticn intensity even v/ithotit any energy transfer (sec the

0.01 per cent trcce on Plate XIIl). Therefore, to measure the lifetime it

wr.s necessary to freeze the sample as rapidly as possible and then analyze

the decay curve as the sura cf tvro decay curves. This is shown in Plate M.

This was done three times, resulting in l.O, 1.0 and 1.2 seconds for the

lifetim.e of the benzene in phase H. From the analysis of the decay curve,

one was able to predict within 10 per cent the relative intensities that

the phosphorescence would shov: on the piate.

Measurements of wavelengths

The wavelength measurements for a slo\^r frozen sample are given in

Table 2. The splittin.r^ observed in the fluorescence is 83 cm" between

phase H and phase L. This is the same as was observed in the phase H

absorption.

The strong bands in ab>sorpticn shov: satellite bands in the absorption

at one, two and three times 35 cm"-'- displaced to the higher energy side. The

fluorescence axso shows satellite bands at approximately UO, 80 and lU8 cm"-^

to the lovjer energy side of the stronger bands. The satellite bands are

seen Quite clearly on the (O, O) transition. They are more diffuse than the

other b:inds which sets them apart from lines due to the vibration of the

molecule.

From a n^;^mber cf plates the first fluorescence strong band was measured

as "^7, 107 cm"-"- which imolies the (O, O) would be '7,7lh cn-J-; Lcach^ gives

•57,715 and Spangler and '^poner^ give V , 7l8 cm"-^. This is good agreement

considering the half width of the bands is approximately 50 cm"-'-.
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Tabic 2. r.casured rrcquencies for a .1 per cent slov/iy frozen s-inpie.

..bsorption: 0;^ = ?7,7l3 cirr-, On = 37,f''02 cn"-^

..'svemnbcr (cr.~-'-) Intensity /Javenumber (en"-'-) Intensity

^n,231 S • UO,596 v;

^8,270 V.'.'vHD U0,656 v;

3^,316
'

.jVD UO,712 ViV

38,h89 WD '• l40,73U V.-J

38,630 M .

' lj0,78l M

36,67U >:; ljO,809 vv.;

38,7U3 WVD IiO,o68 vvv;

38,83'9 K 140,897 v;

38,882 " VJ UO, 999 MS

39,56$ V,-i iil,0^0 TH
39,603 V,-l . Ll,073 W.1

39,672 WVD !U,106 Y:i

39,732 Vw 11, 2U W,

39,782 B'f Ui,259 W
39,810 K-: hl,325 W

39,881
t.r

hl,[i.69 W^l

39,976 . . w Ul,5i2 Vu

IiO,000 s Ui,575 :j

ho, 120 Ww'B . ).il,6)iO VJViJ

liOjipO VV;J III, 7 00 VjT)

LiO,lS0 W )il,32^ W:!

kO,L92^ ViJ Ul,862 YSTd

lj0,336 W - .- • kl,9l2 Wiv'

Fluorescence: 0: = 37;Ti8 cn-l

V/avenunber (c.-i"-'-) Intensity Iv avenvuTiber ( cn"-^

)

Intensity

37,iU2 .vHD ^ ^6,112 V3

37,108 VS 36,073 h.-m

37,072 /lliD 36,020 y.;!

37 ,035 VvJKD 35,965 WiV

%,960 W;j 35,916 V:l

36,911 Wa' 35,561 VW
36,726 // 35,78? K'l

?6,6^7 K'l 35,755 V.'J

^6,5h3 V:. 35,7 -^U >/

?6,^10 W;l 35,70U }uJ

^6,169 h 35,6!;1 m
^.6,129 S ^>5,552 W



Tabic 2. Continued

li7

W ?.v e n\n?.ber ( cm "-^

)

Intensity avcnunoer (cm"-^) Intensity

35,1:15

35,173
35,l'.i]i

35,117
15,082
35,030
3U,575
3L.,923

1U,B89
3h,795
^K,763
3U,7il
3h,67l
3b,657

3h,56U
3U,50U
3l.,U22

3)j,l88

3li.,i60

3U,130

W
»•
i<

s

r'«j

n-i

W.-J

M

KiV

WH
T.'/.T

w
M
M
S

3h,096
3U,0h2
33,899
33,H08

33,781
33,720
33,673
33,66U
33,57U
33,U28
33,202
^3,175
33,138
33,107

33,057
32,821
32,790
32,7 36

32,686

Viv

ii

W.-J

>V

VV//

WHD

V.-J

v.-m

Vv*-;

W;I
VJ
VV/J

W/J

Phosphorescence: Oj^ = 29,Uli2, Oh = 29,501

iavenUiiiber (cm~-^) Intensity VJavenunber (cm"-'-) Intensity

28,835

28,735.
28,638
28,]iL9

28,266
28,072
27,989
27,890 .

27,855
27,332
27,7b.8

•

27,6!.U
27,606
27,).i57

27,M9
27,277
27,085
27,051

»/

v.v

IIS

W//
w'H

S

i.H

Wi
Vi-7

V;-J-

VT;v

i-IS

yn

27,000
26,903
2o,lr;70

26,8hU
26,770
26,659
26,615

26,57U
26,1(76

26,291
26,170
26,083
26, 01

3

25,919
25,338
25,856
25,692
25,593

s

W;/D

vm
I-i

7i-J

'.tTTO

V//VD

>/

S
1-i

Vi'JVD

V7.V'
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Tabic 2. Continued

..avenuinbcr (en"-'-) Intensity Wavenumbcr (cm~-^) Intensity

25,51)^ W 2!.,683 >iV;

25,Li77 VkV • 2U,53U w

25,3^3 w 2U,h9U W;.'D

25,268 W;v 2U,318 W.-l

25,229 VV.V 2U,210 'm-i

25,i8h V';J 214,133 Iv;

25,ill KW 2U,10U
u

25,C89 WH 23,928 W,-J

2).i,95U W.'JD 2%82U vv^:d

21;, 905 1-1
,

23,735 V7J

2l4,87U '."J „ - 23,69L V;/

2U,809 W.'/ . 23,11;6 VV;.1)

2U,710 w

Intensity Abbreviations: V = Very, .j = ..eak, i-1 = i-ledium, D = Diffuse,
H = Shoulder, 3 = Strong
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ekplanatioi; of plate xx

A picture of the intensity decay of r .x per cent sanpie

thet was Irozen rapidly acco.v.p?.nieQ 'oy a plot of the

In ( Intensity) . The decay is analyzed as the sum of

•^ tv:o decaying exponentials.
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DISCUSSION 0? RESULTS

From the previous work on the absorption end phosphorescence, it'/;ss

expected that the tjo crystal forms of cycxohexane wouxd zIvq rise to t'.ro

identical fluorescence spectra; tiiis v:as observed. It was also predicted

that the intensities of the two spectra would depend on the freezing rate for

the sanple . Plate -'IV shows that this was observed and that for absorption

the sETiC graph is obtaJ.ned for different concentre tions. The ratio of the

absorption intensities will be equsl to the ratio of the ar.ounts of the two

crystal forms present if the transition probabilities are equal for benzene

in phase H and phase L. If the transition probabilities are not equal, then

the ratio of absorption intensities vrill be proportional to the ratio of

the a-nounts of the tvio crystal forms present. The conclusion is that the

per cent of phase H present depends only on the freezing rate and not the

concentrcition. This is reasonable first, bcc^iuse the concentrations used

were low -nd second, becnuse the benzene molecule has a similar size and

shape and should fit into the cyciohexane lattice v;ithout causing severe

distortions.

The emission intensities are expected to differ from the absorption if

the rate constants for phase H and phase L are different or if there is

energy migration taking place, ^ron Plate X7 the slope of the graph is

1.03 t '2 per cent. In the section on theory, it was shown that t he slope

of the graph is equal to ••
.

.

* <- f ^

kj-T + k-i-^n-T kT" ' '
'

(17)

Setting this equa- to i.O yields after a little algebra

i^i:3CH kpi.

'<:iSCi. iQ'ii
= i (18)
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Lench, et aiJ', piso note that the rrti o of the intensitioc in the nboorption

rnd iiMoresccnce ere the same. This implies that they :rov:id also r.ct i.O

fcr the slope of the line. The coefficient has been reduced to the above

expression because this product appears in the fiuorcscence-phosphoresconce

coefficient. Frcin Plate XVI, the fluorescence-phosphorescence date gives

•U3 1 '09 for the slope. Using the expression derived in the theory section,

eqiiation (i;?), for the slope one has

.U3 1 .09 = ^ ^. _K ^ISCH (l9)

Using the result of equation (i3), one obtains

• hi ± .09 = i^ Tli (20)

or

kp„ r-~ = (.);3 t -09) ^ '
. (21)

Fron the lifetime studies for this thesis, T^ = U.6 sec + .1 sec andTjj =

1.1 sec i .2 so
_

.

'i-. ^ = i.B 1 .7 (22)

There is likely little effect of the environriient on the process involving

the singlet state, a-nd kr^Q and kp are probably the sajne in both phases. The

results for the phosphorescence, however, suggest that there is an environ-

mental effect on the rate constants. The lifetiine studies indicate there is

definitely a greater rate of depopulation of the triplet state for phase H and

the above result, equation (22), suggests that the rate constant for phospho-

rescence is approxiKately tvio tiries as large for benzene in phase H as for

benzene in phase i..

It has been assur.ed in the past that there is a natural radiative
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Ji.fctiric for bcnrcne of rboiit c'6 ^cconds^^ rnd that the decrease in lifetime

in vsrio\;r ncxvrr.l ? i r. ilur •;rhvTjly to r^jn increase in r.idia tionler's procccses.

Thi :; --/ork r-iirrori : thrt brt-h rrdirticn -nd r.'i.ii^it.ionioss r? te constpntr; Pre

rfforted by t.he (Mivironiirnt -'Vd hh.nt ,".? one incre."^er. oO cJoes the other. It

is poEcibin thnurh thnt thcro is n ir^rrer error somewhere th^n is apparent

rnd thnt, the rrtio cf ''<.;;A, i_,

is equra to i.
, .

The pbove rGni;itr pro for concentrpticrc of n.l per cent ?nd 0.01 per

cent, ''t concontrrtions sbovo x ner cent, there is more emission froni the

L phpsc thrn sho'/.ici be ?ssi<Tned to the di/'ferenccs in rste const;ints.

"Robinson, et r-l.'^'-'^-'-, indioste th^t energy trr-insfer should be efficient at

this ccnccntr-tion, end results from this invcstin^tion agree with this. It

is very difficult to nckc p. ouantptive eompariscn with Robinson's theory of

energy transfer because the theory contains so many unknoi-;n parameters and

the size of the rerions of the crystal that are phase H and phase 1 are

unknown. ;

Lifetime Data '

. ;

'

The lifetime ('i.6 seconds) deterrfined here is similr"r to what other

people hr.ve cbtsined in simii;;r solvents. r.cClure'^''' gives 7 seconds for

"enrxnc in T"' end Hirsyc'ima5 n".ves 6 seconds, aussel and Albrechf-" give

5.2 seconds in "^ methyl pontine. Iw-.nda and Shimoda^? give approximately

5 seconds in n-dioxr.nc . diraycmr-^, however, in his graph of lifetime versus

concentration, sr.ows c seconds for j.ow ccnccntrstions of benzene in cyclo-

hexrne and rbout it seconds for concentrr.tions of above 5 P^r cent. He

suggests thrt t'lic. peculiar v-.ric;ticr: with ccnccntratior might be related to

the tvv'o crystal fcrv^.s of cyciohe--:>n?-. The •.rC'y Hirayama froze his sample was

by ruttinr it in .'
"^ mn i.d. quartz tube and inm.crsing it in liquid nitrogen.
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This prcccr.G vro-uid likciy freeze the Gniapla quite rspidiy. His liretiine

neni^v.rer.cnt v:o\:id then be r. co"binatien of the 1.1 rnd h.6 second docnyG.

Pro;n o^eperir.cnts iiccd for this thesis >;ith frst frozen sanplos, the decays

c<"n be pjirlyzrd p.s the sun of two erponcntir.is with 1.1 pnd )i.6 cccond

lifeti:i-os. 'riic time for the intoncity to dccny to 1/e tirrics its initi.il

vnliie is opproximritely tv;o seconds, vfnich is what Hiraypjna gives. The

increase of the lifetirae with incressinfr concentration can bo explained by

cnerp:y transfer. Triplet-triplet ri'ii[;ration occurs until the energy is

trapped in n portion of the crystal that is in phase i., v/hich has approxi-

Mately a !i. second lifetiine. The ratio of the intensity of the phosphores-

cence to the intensity of the fluorescence as measured by Hirayajua remains

constant up to about i.0 per cent, which indicates that the enor;;y absorbed

by phase II is not lost in radiationiess transitions but ir;ust be transferred

to phase L as indicated by the lifetrne.

If one conperes the lifetiir.e data detenrdned in this study for slow

frozen samples with .'Iiray£:nia' s ratio of Ip/iv, one sees that the ratio be.2;ins

to decrease at the sajne place as the lifetime does. This result is the same

as he obtained for benzene in I^PA. His conclusion about benzene in EPA

was that "tripxet-tripict energy r.igraticn occurs with increased efficiency

erJ'iancinc: radirticnless transitions." Thus, the conclusion is that for

3 per cent concentrations oJ' benzene in cycxohexane, energy transfer is

very efficient and at lO per cent the radiationiess processes are startin;^' to

increase with concentration.

^.avelength Measurements

'. coroncnt can oc r.ade about the third (O, O) level that fponer, et al.-'-

used in their -naxysi:-; of the pliosphorescence. Satellite bands displaced
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rpproxir.'-tcly ">'; c"~ froir. the ctx'onr iincc -iiso aopcr.r in the fiuorcGCcncc

nnd r.bsorrtion. Tl-.e ssteilite b'-nds src sonev/hat diffuse, but one crin ciesrly

see thei'i on the (O, O) b.^nd in the fluorescence ond the rbeorption. In the

absorption, the s-texlite bnnds r.opoc-r on the hii-^her energy side of the strong

bend they rccorap/.-ny, r.nd ir the fiuorescencc they nnpesr on the lower eneri^y

side, '"'iiis c.^n be seen on i'late XI. The pincoir.ent of the bonds rules out

the possibility of yet s third environment, which vjcs sufvested by opon^r.

The snpesrrnce en the higher energy side oi' the strong bsnds in the absorp-

tion rnd the icrer energy side in the fluorescence suggests some kind of

vibrsticn, but all the vibrations of the benzene molecule are well accounted

for, and the lowest is approximately UOO cm~-^ in the ground state and 220 crn~-'-

in the first excited singlet state. The crJ.y alternative at present seems

to be to attribute the satellite bands to lattice vibrations. The bonds

increase in intensity at higher temperatures. In the absorption the bands

appear at 35 cm"-'-, 70 cm"-"-, and 1O5 cm*-^ to the higher energy side of some

of the peaks. The fluorescence shov:s satexlite bands at approximately

IiO, 80, and 1U8 cm"-^ from the strong bands. The uncertainty in the measure-

ments is 5 to 10 cmr-'- because the bands are diffuse. Because of the

uncertainty, one cannot rule out the possibility that they are all the same

fundamentaJ. lattice vibration of about 35 cm"-'-.

Leach'-' also observes the I'lS cm"-"- band (he measures iu as lUh cmi"-'-) and

claiir.s at higher temperatures to see also 2Xl),!l| cm"-'-, BXlUh cm" , and

LiXllih cm"-'- coupled to the fluorescence. In this study the bajids 2XlIili cm"-^

and 3Xl):)4 are seen only as very weak bands on the highest intensity plate.

The band at liXi!:); cm"-*- is stronger. However, som.e caution must be used in

clalmin,^ these are due to lattice vibrations. Three timies lUU cm"-'- =

L32 cm"-^ v.-hich ;fnen added to 507 cm"-'- gives a displacement of i039 cm"-'-
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frcr-. the (0, O) brnri. There is <i nJ^ciinri strte vibrrMor of 10^7 cr.-.""'-, thourjh

its rppeornncc as r. f-andrr.cntal in the i'lv.oresccnce is j'orVjidden by c^Trmotry.

Four tir.os i!jJ4 cm" = >76 cr."-'- which when added to 607 era f;ivcs llfj"^ en.

This is very close to the 1176 cm"-'- e^. + vibration, which is allowed by

svTTanetry: an interpretation in terras of this vibration sceras rauch more likely.

Some of the plates taken in this study show a large number of vjcak bands,

and it is expected that some of these will be lattice vibrations coupled to

other bsnds when the rjial^sis is comoiete.
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liy studjanE: the rolr.tive intensities of the H r.nd ^ b^^nd systems, it

was possibxc tc icarn scverei things. First, the percent.-ne of phase H

lattice fern present appears to depend only on how i'czt the ssmpie is i'rozen.

Secord, the vari^ticn v/ith concontrstion that was su~rested by 3p?nf^xer ?nd

Sponer^ c?.nnot explain the phosphorescence results. These results are

attributed tc changing rate constants. The rate constant that char^j^cs most

with concentration is the rate constant for energy transfer. The radiation-

less transition rate constants may be enhanced v;ith increasing concentration

too, but up to lO per cent this does not seem to be a large factor. At

lO per cent rsdiationiess transitions appear to begin to increase with

concentration. Third, the relative intensities of H and i. onnds in absorp-

tion and fluorescence for icr.-: concentrations are 'the san-.e. Frcn this, it

is possible to deduce that the rr.te constants for intersystem crossing are

the same in both crystal phases as wei.i as the rate constants for fluores-

cence. Fourth, the relative intensity measurements for concentrations

approxiKstely gresT,er than 1 per cent can be explained best by a theory of

energy transfer such as that developed by PLobinson. .-.t concentrations of

fpproxiKately 5 per cent this energy transfer r.ust be very efficient.

l''or slow frozen low ccncentrEtion ssnpies, the data shov/s a h.O second

lifetime. Tiie decays arc exponcntir.l and all the points lie v/ithin tne

experimental error of the mer.surements. At lO per cent the first point does

not lie on the line, but £t this concentration so much energy transfer is

taking pi.rce that r.r.y minute amount of impurity or imperfection v/iii be an

efficient emitter. The decays of fast frozen O.i per cent sam.ples can be

analyzed as the. sum cf two exponentials with 1.1 and )i.6 second lifetimes.

The 1.1 second lifetime is attributed to phosphorescence from, the H lattice.



V\;rthcr rcc-crrch in r,cverr>.i n-os:; could prcve pro fi ""••'' i-lc. It •rouid bo

nnterestinn to do the exprrir.or.ts on reirtive intensity v/ith mere nccr.rncy,

usinr: photoelectric rnther th?.n photographic detection, so that one could

detcmdne vjith nore ccrt?inty which rste constants vrould depend on the

CT.virori'.ier.t. From the experijnents for this study, it scer.s that the inter-

system crossing and fluorescence rate constants are the same for both lattices.

This could be verified vrith more accurate data. Also, the data indicates

that the radiationlesE transition rate constants for the T^ to S^ transitions

in the t--:o lattices are different, and the same may be true for the phospho-

rescence rate constants, kpjr and kp^. It has generally been thought that

there is a natural radiatim.e iifetL~.e of about 26 ° seconds and that kp is

.0383 Gcc"-^, independent of the environment, liore accurate relative intensity

measurements could clarify this point. Varying the temperature could prove

fruitful in further determining the processes and their relative Lmportance.

Doing the experim.ents with deuterated benzene would be interesting because

radiationless transitions are significantly decreased. "-^
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Appendix A

Suppose it is necessp.ry to consider energy transfer frora phase ;I to

phase L as shown in ?ig. S-

-ni •'''^

T' ^"-^.^^^^^
"""^Sk. m

X

^1

"3

O, . 1
•

^0
..

Phase H Phase L

t^ig. 5
•

Let K' snd K be the popui.ation T' and T respectively.

dt .= -^^1 ^ ^^2^"" (1)

jTi = i>j^e-^'^l
" ^2)t

(2)

For the T stcte

dt ^^^' " '^3'^ (3)

Substituting frcrr. (2) . , .

1 = .2^:ie-(i^i - '^2)t . .3, (U)

Kuxtipxying ([:) through ':>];
5"^ '^3'''

f^ B^H"- + k3lNe^^3^ = k2:.-e-^^l "^ '^2 " ^3^^
(5)



Ir.tc;'rotir.f; iS) give£

lle'^^t = --^2"^ e-d^i
-^ ^2 - k3)t , ^ '

(6)

^1 " ^2 - ^3

T-.uitiplying through oy e"*^'*^ ;;ive£

K = __±2!io e-^^1 " -^2)^ . Ce-^3^ (?)
k_L + k2 - ko

Setting t = inpxics

N, = C - __Mi__ '

(8)
°

kj_ + 1^2 - k3

Substituting (0) in (?) gives
'

'

.

V^^' t

K = -^2"o e-''^'^^!
^ '^^2^ = (Kq + lli^lS )e-'"3^ (9)

kj_ + k2 - k^ ki + k2 - k3

The phototube response win be

I = _ d^ - dKJ_ (10)
dt dz

which is

'-1 "" ^2 - % ^^^1 '^2 - ^'3^ °

When k2>*'ki snd k^, this gives X^ = snd I = k3KQe~''^3'^.

Thus, for the case v/here efficient triplet-triplet energy migration

occurs, the intensity will decay exponentially and the lifetime will be that
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The absorption, i'iuorcsccnce, snd phoGphorcocence of nixed cry:3tr.ls of

benzene in cyciohexc^ne h.?ve been studied. Cyclohexsne undergoes a soxid-

soiid ph<'se ch.-nce at l36°K. Only part of the cyclohexone chsngeG phase if

the sanipie is frozen rnpidly. The presence of two crystal forins of cyclo-

hexane results in two identical benzene spectra separated by 83 en" in the

absorption and fluorescence and 59 cm--'- in the phosphorescence.

The relative intensities of the tv;© spectra have been measured as a

function of freesinc rate and concentration. It is shovrn that trie relative

intensities of the absorption do not agree with the relative intensities of

the emission. Tne relative intensities of the absorption are shovm to be

dependent primarily on the freezing rate, while the relative intensities in

the emission are dependent on both concentration and freezing rate, energy

transfer is sug{:^eEted as being partially responsible for the increased

eraission frcra the lov; energy spectrum. •,
•',•

The measured lifetime of the phosphorescence from a slcr.j frozen low

concentration s™ipie is U'O seconds. Fast frozen sajnples give intensity

decays that can be analyzed as the sum of a ,U.5 second exponential decay and

a 1.1 second exponential decay. The shorter lifetime indicates a larger

rate constant for r>':aiat.ioniess transitions. This partially explains the

decrease in phosphorescent intensity from the high energy spectrum.

:vavelength measurements show activity of lattice vibrations of approxi-

mately 3^ cm"-^ in the absorption and UO, and lUS in the fluorescence.


