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MEASUREMENT OF FLUORESCENCE LIFETIMES
OF

BIOLOGICALLY SIGNIFICANT COMPOUNDS

- Abstract of Disscrtation

—

The purposc of this research was to measure fluorescence
decay-times of sceveral biologically significant compounds.
Althougli various equations are available which permit one to-
calculate fluorescence lifetimes from spectral data, ample
evidence exists which indicates such calculations are at con- .
siderable variance with experimental results.

As fluorescence lifectimes invelved Lecome shorter and/or
the intensity of fluorescence decreases the experimental dif-
ficulties in their measurement increase. Since an instrument
to measure fluorescence lifetimes in the nano second regioci was
at the time commércially unavailable, a large part of the
research was directed toward the construction of a suitable
instrument. The circuit used was essentially that originated
by R. G, Bennett and modified by W. R. Ware.

The performance of the instrument was checked against three
standards: quinine bisulfate, anthracene, and acridine. Theo-
retical caleulations were compared with experimentally obtained
lifetimes and were found to Le significantly longer.  Quenching
studies of riboflavin with iodide indicated the system obeys
the Stern-Volmer equation, o

] A change in the time-base from a lincar to an exponential
function is suggested in order to improve the read-out system
of the instrument.
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CHAPIER T

INTRODUCTION

)

The purpose of this ressarch was to messure flucre-

scence decay-times of SLVBrdl biloleozically

slegniflcant m O e
cules. Although varicus equations (1) arve avalleble which

permilt one to caleulate lifetimes from spectral daba, emple

s

evidence exists which indicates such calenlations sre at

,_.
"
p—
™o

N
s
e ™
”

corisiderable variance with experimental resulbs
Qivice an instrument ho measure Fluorescencse LiTebline

wag abt the time commercially unavailable, suitabis instru-

&

ment had ﬁo he consﬁfuetedo Tne ¢lroult was gagantiszlliy
that originated by RB. G. Bernnett (&) and modified by R. W.
Ware (2,

As flucrsscence lifetimes involved bhecowme shorien
and/or the iﬁtensity of fluorescence deorsases, the expari-
meatal difficalties in thelr measurement lncresse. Beesupe
of this: a large part of the ressarch work was directea

toward the construction of suitable instrunentation and the

developiment of approvriate techniques.

three stenderds:  Quinine visullate, anthracene, znd
acridine. Theoretical czleulaiions were compared wWith

experinentally obtained lifetimes and were found to be elg-



Bistoricel Develoovment

One of the flrst measurements of luminescence decey-
time was made by Wood (5) in 3.90“3s Hé placed a phosphor on
‘Lhc rim of a wheel which was rap1d¢y rotdbedo-_Th$iMhGSphOT‘

was exeited at gome point along the wheel and the lumine-

5]

cerice was Followed as. the wheel rotated, Wood developed
anotner technique {6) in 1921, In the place of a wheel, he
used a jet of seintil]atinv Sb?utiOH, and excited it along
a smail afea;  He was umdble to obgerve luo: eScence'along
the jet path beyond the point of execlitation, and concludad

that fluorescence decsy-time was lessg than 0.5 nsec. In

1925 Abreham and Lemoine (7) veed & SUdi to exclle 'a soli-
tion and then used the doublie refractive property of £ Lery

cell to messure the tinme delsy of fluorgscence, In the saue
veur Gottiing (&) used this technigque to establish the
fluorescence decay~time of Rhodamine as 21 nsec.

In 1926 Gariola (9) bullt an avppa ratus which used fhe

-ghift method developsd by Abranhzm znd Lawoine and -

-t
yL'-»
:}
’G

ahles to set the decay-tlme of Rhodanine B in watev at 2.5
‘nsec, Theveafter, many researchers employed this technique,
inoluding Tumerman {10} in 1941 and Bailey and Rollefson in

the messurenment of

5
"

Recently many teohniques fo
filucrescence decay-time have besq developed. Fnlllips and
Swank (172) firat used a pulsed X-ray to excite their vhos-

vaors, and later modified thelr crizinal vtechnique To a -



pulsed beam of 75 Xev eléctronsu' In 1960, R. G. Bennett
(k) developed the stroboscoplc method, whlch is described

in this paper.



CHAPTER II

THEORY

By abso puiop of' electromagnetic radiation a mole-
cule ig reised to a h1 gner ermlgy electronic state and

- hecomes ercelited. Tners are several paths opsn t

excited molecule forumed in the above prims

1. It may re-emit a guanbum of elther th

different frequency. This emlsaion

-g

fluorescenc houpnore cence Gep

i1te mualtiplicity.

oy DIvoe

nl

o the

832
o Szme or

ig called

enting

n

2 It mey collide_with.othar molecnules and pass on
to them some or 211 of its excliabtlon enerpy.
This energy can cause reaetigﬂ'in the other
muleﬂﬁle o can be gredually degrsded into

oof
haat.

.

ide with snotliey Wo‘uhule

1t may spontaneocusly deconposs 17 ifts

reaches a obond that can be

energy

(predissociation).

gxeitation

hrchean

e indicsbed in the Jalens§i dlﬁgram {Figure 1.

G0 39) £ transition to o highaer elentronis state oftern
leaves the molesule in one of the higher vibrabtional stabes
of the new clectronie shate, Tn selubion malsoulzr col-
lisions sre very erfecobive in removing the exczas snergy



which goes into the ?hﬁrmaW or pﬂihd thé_vibraticnall
emerg?,01 The moleoules of the soivenb, and ié not detected
29 emittﬁd_radiatioho Appraximately lb"lﬁ gecond is the

, ﬁime‘réquifed for tqe diusibatwon of ex c==s yibrationél
eﬁergy.' A typiaal vibrational period 1y 10743 gsecond. This

e

meang that 1t would take about 1,000 vibrabiors be

{J

fore thig
enefgy is lost (13),

The way in which the potentié} an cxay of = dj bomio
mdleciié”miéht'Vary,'és a function of interruclesr distance
Tor the twe different electronic states ié shown in Migure
-2,_page_4&° ihe eiectromic_tramsitionj bacauvge of the small
electronic mags takes piéce'wi hin an iﬁtéfvél bf éipfoﬁw

15

imately 10 second (13), which is short compared to the

chiange ln the distance of the naelel of the atoms which

13

vibrate a2l =2 frﬁaufngy of about 10 secml (13) at rooun
tempe ratvie,. Algo, the vibratj0ﬂ of a molecule st a given
level 1z very gimila? to simple harmonic motion with the
esult thqt the molecule spends nost of tha_time a?'the
limits of the level, and the Trangition will most likely
oceur at These points or at the middle of the J = 0 level.
Thege characteristics of electronic snd ruclesr motion lesnd
to the Frauuh-dandun principle which states that the elec
trovnic Sransition 1n a molecule tekes place g0 rapidiy com=-
pared to the vibrational motion of the nuclel thatl the

he regarded as Tlxed during the

[
]
@
H
[
L
)
&1
joud
3
Lete
[y ]
t
¥y
bt
]
o
o)
I
=

trangition wntil after the electronic transition ls completad.



bt

Tne temperature is genere 11y near room Tem g erature 1
abs owbtioﬂ experlnents and the J = O leval ig most pOpﬁlatedQ
A progression of absorptiom_lines in thm EJLC%TOFileb”PTp“
ticn band can_beiexpadte& with -] mf : rm 31 rylng Tron 0
to rather large numbers (Finufe 2, page L0},

-

In pQLyatomic‘moleaules m ny potaybﬂni energy surfaces

b ] 1{\,1 + "3 - g 4 el 41,
H ISR ey o = ] oy e
s L2 o Q ilirarent \.a,.s-..,u.al SHIAC 3tatesd oL Wils

'mélecuiﬁgu he resulﬁ is that the pOb@ﬁtﬁal ermvgy 'urfaoed
Cross one ahother-aﬂd thus provwﬂe a path’ for the molecule
to return iolg round state WLuhOHL radi attnoo Such o procass
is known as "1nternal conversion.” 7This ls represern i d in

1)

Ripgure 3, vage 41, where the curves repres ent STTfPC&Sa_

(if:

If noleculeg do‘not have erossing potential surfsces,
pr 1T the efficlency of internsl omnversioh'is not too high;
enission of radiation can take place. Although the absorhad
energy masy place o molecule in one of the higher vibrat ioaal
levels of the exwclted state; the vibrational deactivetbtion iz
so ropld thet Tluorescence generally occurs from the lowes

vibrational lavel of the excited gtate, § = 0, Pigure 2.

The 1lifetime of flucrescence that spontenscusly ewmlits

after exclting radiation 1s turned off czn be caloulat a3
5 half-1iTa,
17 dN
) . - T . = q 3
1 . Eu;‘_«‘«l - - k- N'u q ﬁuﬂ‘u - "'k d o
CL ] u .
whers M, = the nuanber of moleculss in the

exclted state. Xk ig a constant characteristic

¢f the gubastance, and 1z releted to the Einstein



coefficilent of spontanecus emission.

2e e o= ko4t

. R S _

3. hlwﬁwww‘ = 4tt;é,
1 ] I

In2

o Let s = fluorescence’

He bl o=
o lifetine

wera?

Since &k = -, the above equabtion yields:
' i

5, t}é =  1In2t
_ tis

.6. T’(afeo)__.z -5:§§§

The above equations are'true'if decay~tine is_éxva
nernitial. |

The Flunrescence lifétimes Wers detefmined by weans
.of a strobbscOpic fluorescencs 1ifefime apparatﬁs deseribed
in this papér. The recorder read-out glves the decay curve

directly. Several points from each curve were plottsd on-

semilogarithmic paper which yielded a straight line. The

I's

half~1ife was determined and T 4 the fluorescence lifetinme,
"was caleulated by means of equetion 6.

Pluore

m

cence Lifetimes czn also be caleoulsted from

P

aneorpticn snecltra and ths following equations:
x i (a3 -5,




' 8 (1000) ¢ (Tgy!)°

"3

where: ¥ = the wave number of maximum absorption.
’ ' o]
N = Avobudro's-number, 6,022 x 10°
. . 2 . -,. - :}0 . n
¢ = speed.of light, 3 z 107 cm sec .
o T - 1 feti
Be T 6 % cdmmmen = the lnhtr“ng f]uOva,ﬂnuw 1ifet1m6

Vo 8

The integ

(F)a¢ 18 debtermined by msans of & planimelter
and cor varted to proper uaJts,
The values uhuq obtsined are comnarﬁd with experlm
mentally delermined  uging the following.eqnations
9. To = -%;“ o vhere §P<= abgolute quantum

%o - :
. vield

Both T~ andﬂ?o are deternined ex pcz mentalTyg Howe VGT, $ has

o

Y

bean Getermined for re;a ively Tew comnouldﬂg and there Pé
this vdport ‘coentaing ?g valuaes for only meihyl anthranilate
and 9,10wdipheny1anthracene.

rQuenching studies were made on riboflavin using I"ion
a8 & quenching agent, and the quenching constant kq NEs
datermined from the data.

If the sbove system is time Indspendent (I) the Tate

of the exeibed molecule can be described adequately by the

following squations:

AnS o A Ju— 3 8050 'Dbl i1}

10, &+ h L A% (ebsorption)

11, A% kl} A -k hv (filuorescence)

12. A% Ky A 4+ hest  {radistionless vrocsss)

m:’.



If o guencher molecule Q is present, there is anotheerath

avallable to the excited molecule.

13. 4% + 0 %% 4 +qQ + heat  (quenching)

The eanoentfation_gf A% feaohe z congtant &alﬁé
'undcr comﬂitigﬁu éf,gteuﬂv stats 1llrm ﬂbeOJ and no irrew
_ Versible photochemlc&l rﬂaCulﬁﬂu; QQSQQ on ?hls stéédy
state aabUMpLEOﬂ and tie four equathﬁﬁ obOVés the followlng

con be wrztuen.

1’,4'. e -a-'--a.,;f.m‘..l_nj.w.m.;._ . k'l L A'”]

5__!
un
-
§
12l
4 ]
oEY
%
—}
it

16. - & Ia%d g [as] [q]

-y [ax] - %, [a%) = xo [A*] [Q]

where Ia intersity of absorbed light. After steady stale

coﬂdibio s are established L._...o = 0 and:

[a#) + wgla®] [al.

18, Ta = ¥y [a%] + X

Let éo = the quantum yield in absence of Qs then

19, & o= K1 L ¥y

I@t‘?Q = the guantum yield in the préSence of @, then
ky [a%] Xy

20, o = S -, e e et i e powtira g e

= q I, k1 v, P T



Lo ow ELTERT kol al gk |
g K+ k, KR

= fluorescence lifetime when L ql1l=0":

== .'! -{- K LQ]‘\’“

DN
LS
=
=
-
i
|

~13' §aT_ $ Ksve

qu mﬁﬂ tuﬁt Kagv 18 ngualily O‘L%thﬂéd oy mesns of the
Stera~Volner apparabtug. Since this J n»trument was naslaVailw
able, kq?”f was determined with the stroboscopic lifebins
_apaa* atum, | h

By deﬁermiﬂing the fluorescence lifetime of ribofla-

vin in deaserated snd t@manrthraw ot o]led sampless oconbolin-
Ing increazing concentrations of lodids ions, a seples of

regultﬁ ware obtalned showing a constaubt decrease In

Tlucrescense lifelines. The recibrocal of lifetimas 80

~

obtained plobtied versus cono,mtrailnn of :wrladv ien yielded
a stralgnt line. - The glope of the liue maltiplied by should
yield the Stern-Volmer constant, ¥ev. (See equatlon 23, )

hnat the sbove mechanism (ogua-



CHAPTER ITX
INSTRUMENTATION

A block diagrem, and bh@ deta;imd clruui+ for the

,_jmbhrumen? are givea oplow, Piﬁures b through &, pages’#Z

through Lé . One can best grasp_the géneral‘éparative:
prin 1 es GF thc in urﬁméﬁ£:byIekéﬁlniﬁértheibiméﬁ &iagr m,_”
(Dee Figure E,) | - | -
The blocking‘OScillator produoces a voltage pulse al
dpprozimately 5 ke, which is divided between two systems.
In the flist the lamp qystem, the volie age pulsé.firés a

-

thyratron which 1in turn fires the lamp. In the second, the

phcto*ultl@?jﬂ? ﬁygt@m, the'pﬁlse‘is delayed by & veriable

,deﬂay linz.,. This delayed pulse is shaped, inverted, end then
of 0 k = ] H

ey

used to pulse the photomultiplier. Adventage is telisn of the

fact that the Dhotomulu 116? tube 1s reéotiVe to light only

when'propar vmltages are applied to the cathode and dvnodes.

By applying these voliages the tube is mede to funelbion as

"

a light shutter. The fluorescence decay 1s then dsltected

by pericdically gating on the photomultiplisr for a tinme

interval shopt cowmpared To the fluorescence decay tlme at
some time after the ezcic&fﬁgn pulse, and electronically

integrating the signals obtalned over a relatively long

fime.  The time variation of fluorescence radiae

Q

tion is observed by incrsasing the delsy time bebween the

vhotomuliiplier gate (by means of the variable delsy line)



z.

and the excitation ovulse which- triw ared hfn“hronous ¥
The 1 1Leg1ated uignal ilg ﬂOtqujy ) trmﬂ'otvet 2d . recording .

of the actual fluorescence decayl The current from the.
Photomuitiﬁlier 1s:amplifie&-by'm@ans‘of_a Hewl Ptf»Packm%d micrg-
_mi@rqﬁéﬁﬁgtér and'thé:feSult_dilp ayed on é~$§¢orﬁeriagua‘~
fuggtioﬁ of délay time. |

~The funotlon of tne various conpanenits of the insiru

L

A

—
N
S
ey

H
6]
2
@
o

1

ﬁeﬂt, (Figures 5 throu sh &, pages 43 ‘througt
eribed below:
lg: The_bloéking éséillétor (Pjgara Eﬂ) is a fraew
rﬂnning.type produsing s continuous 9@1188 oP
bvl ©g ab the cubtput. ﬂnb brans fo ‘mer provides
a coupling between plate and grid clrceults. As
the current through the transformer windings is
incréased, the resultving magnetic field induces

K

a voltage in the gecondaryy winding. Since ths

[

plate current is-increasing,_tbe voltage in the
'~$econdary‘windiﬁg and the érid is positive with
regpeét to the éathddé.,,ﬁ positive incrsass in
grid valtage further increases plate current and
thus regenerative Teedback reéults,‘ The plats
current inersases until the saturation point of
the tube 1s reached, a2t which time the current
Decomes constant. 8lnece the plate current il

no longer changing, no voltage ig induced in the

secendary windings of the tranzforrmer. At this



Z2s

blocking oScillatcf because'capaaitar'c-f

13

pointg iﬁ might be expacted tnat Lne g“lﬁ Voifas

'would a?op to zero and . tQG tubb chuu1d “t{ﬂ

conaucting again.  This dees nol heppen in a

charges up to uhe pu%iflve Vo

3
2
o
a
fa

]
e
Ty
o
3
o

.secomdary winding during the wositivé eynle of .

_the'tubeaV.Whel t}e gr¢a u:rcat drops to zero

and the tramsformer gsecondary winding voltage

becomes zero, the tube i1s biased below cubt-off”

- by the capacitor's voltageo The oapauluor, Cl,

begins to discharge thzough Hl hecanse the grid
to cathede circult is now an open circult, The
cuﬁnoff'pe iod:will_deﬁend upaﬁ_the Rlcl‘timé
conatant. | |
l:As.thé o *thov d::cha%vo through ﬁhe réSiS“

tor, the grld voltage 1ucre9ueo Uﬁujl afte” a

veriod .of tﬁme the cut off value g reached,

- AL this time the tube starts to conducht ssain,

The 1258 Tungsol thyratron (Flaure SB, page$3) s

triggered by the bhlocking oséillator at & repi-
titious freguency of 5.kc. Ths capacitor C, is
charged to the full vgluﬁ of tho.oupnly veliage
and no current is flowing. & posltive pulse on
the grid fires the thyrabron snd C, will dise

charge through it and the serles re s ahor PZ; o

short and a very large outpul can be taken scross



e

-

-~

e

f‘t’e

1,

1

Bye If thé plate resistor is greater_thaﬂ

QDpTGXLmafely ?0 A it du 28 nob @ags“eﬁoﬁgh
current to keep the thycqtr n cond1 ting, and 1t
- goes oufu ’Tne cabac‘tor CZ ohgrﬂe up zgaln -
_thrqugh the‘plate resistor and after a feW'time
constauts ig TEQLV to dmllve; suother. nnl e of~:"
ngssential¢y the same size. {The reszgtor Ré_'
ig necessary to prevent the tube from carryving

too much current and de qu1ng itsels)

The He11del delay line (Figure 64, page M@) is a

contlinuously vériable9 distriouted constant,
elachro nﬂnot¢o delay 11ne that pérmits vres Lsf
selection of exhremely shorﬁ times with linear-
ity and exeepCLOnally'finé fesolution, Tte

cons truetion can bc compared to a coaxlal cable
wound in a- LJVht helixe. Thig arrangémeﬁt DET-
mits an elecuricaW OOﬂUQOt aith_the inner con-
ductors; this contact'can be readily meved elong
the delev 11%& by a shalt input@ _The elecﬁrical
output will lag the inpubt propox ‘tional to the

meclhiznical shaft angles

The lamp deley line (Figure 63) is zlso & Helidel

variable delay line. However, it is set ab a
fixed valuve. This allows the vhotorulitiplier o

be gated gynchronously wilh the lamp.

ne lemp (Pigurs 88, psge L6 wag construcied
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following the design of Malmberg (15) and modi~
Pied Dy waré‘(2},_excégt_£hat.theﬂ2 21 thyra¥
Vtrﬁn was replaced by a 7191 A.,Tungsol thyratron. .

The jdmu ig £i lled with dry alr sporexinately

. at jﬁﬁ ¥m. pressure. Thae electrodes sre platinum

amnd ﬂet,ﬂ Ty th. The lanp snvelope is
made oF oyrex 57253 amd the window of quartz.

Thie lomp yilelds a2 hign intensity beltween BOOOOA -
200 YA with a decay of 2.0 bynguucouu and
Vélmmst no tall,

Ir. the photomiltiplier aystem (Pizure 7,
pane %%) the variashls dﬁLaJ line makes it pos~
siblg to ezamine different sechiong of the
deﬂ“w cutve by varging the geting time of the
motomult Jlier.“ A,?l?i A Tungsel thyratrcg
(Figuee 7A) with itg 6 feetb of‘RG . 62/U czble
geriorates a Tast HbiPW_posi%119 pulse.whioh is.

arwiied to tﬂﬂ Wﬂim of a 5687 Tumgscl tubhe -

e

I

{(tigurs ?B,, I this way the Thg“*'vo% SErVes

ag & switoh. A grid biaé (6?05 bztﬁéryj of the
56587 wacuum tubs (2 sections in parallel) is
used to control the anmp
~edan slope of the negatlive pulse which is applied
to the phot@huﬁti?lier transmission cable.

Tre photomultiplier tube (Pigure 8A) consists

of 2 photeewmissive cathode and a chein of
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.~secondaty.emisgive.dynodes,r.The_c thode mafer-
 _1§£ (CS - §h) détermines the quantum_éfficieﬁcy
of the tube and the wave_length reglons in which
the photomultiplier will be uséfﬁle' Thié-
‘efficiency‘is aeflﬁed as, tqa ratzo of thﬂ number
of phot ou]cctrozs efe ‘ed to thp numoer of 1jﬁht."’
Quanﬁg incﬁdent on the ca*hodea 'WLmﬂ bﬂltmllﬁ
" voltages are applied to the successivé daynodes
electron mﬁltiplication regults at each dynode.
_The gmplification of the tuberdépegds UDOTL the
hunmber of dynodes and the'secondary emigsion
dﬁefficignt of each dynode.
| The eicctroma from the last 63ﬂoﬁc 2re cole
luﬂtpd at the anode ?ﬁibh is at ground potential.
'Ideally the respcmse of the tube is lineer with
eé@ect to light intensity, but actuaelly 1t dependé upon the
charactefisties.of %hé circﬁit supplyingAthenrequired inters
eleétrode'oﬁefating Voltages. The type of voltage divider
COﬁlOQly uaed is a strwnm of resistars 1n Qerics, xnich
divides the applied voltage equally or mmequally smong the
various s?ages asg recuﬁred by the electrostatic focvsinw
systen ol the tubeﬁ
The photomultiplier tube has neny sources cf nolse,
the vrinciple ones at ordinary signe 1 1eVels, ave the fluctu-

ation of the dark curreﬂt asnd the fandcm fluctuations in the

nurbher of eleseirons emitited from the various dJrode
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Veriation of thermal emlssion of electrons from the cathede
is Icsbons ible for the fl‘uc'tua‘tion of the dark’ éﬂrzﬁe'ﬂt .
This can be reduced by lowering the,temperatufe of~$heuﬁhotqm —‘
cathode (16). |

Although the chain of resisfors sre used most {re-
-;quenﬁly_gslvoltage dividers,beﬁwaen.the,ﬁynadeﬁgrin,thc;,.
present,instrumeﬂt approximately 16".of-H;G. 62/U"¢afle was
-ﬁﬁsed ﬁetween the dynode stages (4). By careful sequential
trimming“of.tha‘interdynode transmission line, - 1% was pos=
sible to achieve very short gating times gf ahproximate}y
1 x 10~9 Sec;-'A 1ow'voltage_puise (abéut 200 wvoltg) is
, propagated along a tapped delay line cable connected to the
photonuliipllier dynodes. By propey selecti@n bf_cable,'the

pulge waveform is made to;travel ot the same average gpeed

o B YO A

a5 the electrons bebween ﬁhé'dynodéégrtﬁuS cuuting'dowﬁ ene
.source of noise and défocﬁésing effécts;'in the tube. The
optioal éystém ig arranged as in‘Figure 9, page »7, and
qntirely sealed frowm light sources., The lernses aré pyrex and

‘the sanple holder is Tiquid cooled..
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CHAPTER TV

o c.ALCULA TTONS

T Helidel Dalasy Line hag 20 turns with g tobal

de Jav of 200 nznosesonds (nseec). It is driven by s mobor

Which makes & prevolubions per miniute. Qhﬁﬁﬁi”f" sash turn

S VR S R T e o ot e e e oy ey e R
-of - the delay lins represeuts 10 nsec., and eaeh ninuvte reore-

i

gsents 40 nsec. The -recorder chart spsed i3 2% per mirmtes

!—‘
oy
L
o3
T
3
o

tnerefore each inech on the chart represents 20 ns

wiloh mesnz that easch

I

division representsg o ngec. Fach major divisicn on the grepn

Sepilogasrithnice plots ave dee by ta Ying rasdings at
intervals of 2 nzec. from each decay curve. The half~lives

-

are determined from each semilogarithmic curve znd fn - 1s

-

debe “mi nad. dne Jﬂfttlmv‘f 15 then caloulated Tor bthe com-

pound using the e;1jtion:

. ,W'“ car o
877 ( 2000 ) o {¥Fpp)”
'&H o == N 5 4L i i e LS £ P € A ot = AT AL R AR

e N




where Veu =
2tk

'ﬁu_ oy B e

7

¢ = gpsed
R
CRE(F)av =
o

from Figure

to the above

H
Therefore,
}

the probablllity coefficlent of

1 of light =

8 X 3 b x 2. j x 3 X

the mean frequency for the absorption baand.

abgoyption

]

{related to the u]nutﬁlﬂ nbho:‘ption cﬁelfioieni)

6,02 x 1093
Olocm

numnbher =
SRR

Eecy

3.0 x 1

of & planimeter.

5, page 92 , the following values were
variables:
T g s ~1
Vo, = 2,92 ¥ 107 om.
gu .9 _ : ‘

W5.25 em.”

Abﬂorbmdge coordinate (£) = 4,00 x
Wave munber Coo
5,25

2. 3?'x 107,

€ (¥)ay =

1@10

P

<

: £,
Au_ ——3 Z T AT
- 1
To = e

Au_ wy &

From ax

1.537 x 1070

anthraniliste

71l x 107‘880;

periunent (I

6. 02 x 1623

-1

= S

P e i S S T e b

17350 ngec,

Wignre 58, page 96 ) T o= 15,37
sec. The absolute guentum yield (5.)

102'

rdinate (¥) = 4.00 x 102

% ﬁeOQ % 102 % .00 x 102

x 1000 x (2,92 x 10" %x

assi

= arvea Under the sbsorption curve deterained by

gned

G

llu ‘h £

Tor

i}

athyl

Z

30>

c [,

e
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gt .
Since 1, = e
o :

where = absolute quantum yield .
o 1.537 % 1078
?,::‘ Uet}u

0.685

il

2203 leo*a SEC,

_ _ To = ?2 Q; nmec,
‘Thiﬂ valueg ig igﬂﬁficantry diffore nL Prom 1? 50 nsec.y the
calzsulated valuea

2. 9,L0-Diphenylaanthrecene (Figure 55, page 93 )
.

6(“)dv = ?409270mg

“y,

”
RMERE AT

N , b
gy = 2.59 x 107 om, L

Absorbance eoordinate = 8 x 10% ver on.
Wave puiber coordinate = 8_K 107 (¥) per oue

? EAF)AT = 78,92 x B.00 x 102 x §.00 ¥ 10° = I ovg oy 107

A o LA T T

- 6,02 x 1040

0.149 x-107sécq"1

>
-
R

i

The absolube qaeutua yield for 9,10~Diphenylanthrscens {O0) =

0.81 (17).

& x.3.1k x 2:3 % 3.0 x 10105 107 x (2 5? 20 N2 b. 795107

INTTIE

e i



fad
e
¥

i

SO -9 .
ﬁuﬁ&ﬁ&SLmﬁ R 9203 % 1077y 49 x 1078

erence beliween calculated and experi~

Here vhe 411

Caleulation on the Ouenching of Fluvorescencs of Riborlavin (18)

~ LRibofliavin]

mental TX 1s approximately 1 usec.

[r= ] 2 103'_i’{~ve)nséc¢ kox lOd

<o

1% 167

X

-

3 g

e B

x 1075

X

“Tne plot of kvs [17] yields a straight line (Figufe £9, pazge .

10% . The slops of

. (9.575 - 7.800) x 107
20 x 102

o |

e line ylelds:

=78.887X 108 3 mole™d sec”

7.80 X.107 secfl

= 12,8 ¥ 107 12.8 nsec

P ———.

TLTEELT

x 12.8 x 1079 = 11.37

1IN
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The Stera-Yolmer constant can also be. calounlzted {from
the following equation (19):
'kqu’ ' , P{x)
- - . 4 . . -f - -- - -
LI-F(x)] Lol [I-r(x)]

wet {erfo (x)]

o
=
it

kl ' Q]
e
I+ kg Llal

where:

I =  the quenching constant observed from fluor-

L

. . ' - . ‘“-]
escence Lifetime messurement. (1 wole 1sec'")
-]

1
Tat
{

=. Coneentration ol gquencher in moles 1
} . . . : .
T = fluorescence 1lifebtime when LQ) = O (sac=}

= radlius of molecule in ci.

O =3

B
‘R, = radlus of guenchaer in one.
R. = R, + Ry, in cm,

D

e diffusion constant for molecule in'cmg.seo,

N

Dy = diffusion consbant For quenchier in cm.”  sec.

D= By %Dy

2 i L2
e’ Ay
i

erfo(x) = L « exf(x),



Caleulation of Frrowvs in Measurement

[

-
Trtia 2w

<F
bt

S - o 1N
l. Average Lifetime = 7 {(ave.) THT e A

n = numbsr of messurements.

2. Bange (w) = T (max.) ~ T (min.)

3. Relative Henge % = el X100
g lave. J

L. Devizitlon from the average (d} = 77 -7 {ave.)

i

. .
S R
5. Standard Deviation (g) = . S

6. Relative Deviation = _moosee
{ave. )

NG 5 5 e A, 8 AL R SR 0 At TR G AE S, M "k S



Deviation from : Relative

Compound T (nsec.) {ave. ) average Range Range %
Methvyl Anthrenilste o

Sw 15¢6O + 0423 : ’ '

ba 15.30 15.37 - 0,07 ' 0.40 - 2.62

C. 15.20 ‘ - 0,17 :
9,10~Diphenylanthra-
cene - .

Bia 9.23 - 0.39 ‘

Da 9.82 9.62 + 0.20 0.59 6.14

Ca 9.82 ‘ .+ 0,20 : : ,
Anricdine o

2. 15.0 _

.bo 1506 15."'!' bl 005—5«0 ’

Ce 15.6 + 0.20 ¢.60 3.87

"‘E" OBEG ’ ‘

Anthracene

ao 'éeas _ . Ea 0038

ja )™ 50?8 599? 2 0338 055? 996

[ '5a?8 hand 9019

Zarbituric Acid _
a 2 |
. 5,78 5478
5

Ca

[ ]
)
[40]
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2
&

Ly

-

ompound

C

Glycins

G.22

[ TN
OO

OO

+

-0

P 8

Boe
Ba

0.6‘

24,6

&N
rf

3

13

-0

\D 0O O
L e o .

&

<r Sy

0.38

-~

5.67

_F
L] 30

'
0 0

+ 0,80
{3

19.40

20,20
19.10

12.10

©

Yy

OO0
Qeshenion

[

AL A

T
Proflovin

=3
. o
W )
02} @ QN0
© Cai ]
o aynd . nu -.in
oo @ =0
ed-6) 1 (]
b t o B
e T e 0
o o oY
[ = <
Cwel b v} b
B v r-f N o
. . @ Wrdi ¢ ¢ 2] o o & Wed o @ &
A0 3O Ml gL oL g0 o Higoo
O &) ] 0O &
- & O - &
0O ) = O
<t -1 5) -]

5.13

.30

W

L.30C

s
L

]

+ 0,40

L

21,20

22.50

21.50
21.2C




TAB

Devigtlon from _ Relative

Compound T {nssc, vi{ave. ) average Hange RBange %
Shorit-iived species

e 10095 - 90?5 :

_::?a‘ 9083 1G§2O -+ an'j? 1.12 . 11.0

Cs 9e83 + 0.:37
@ainine bisullate

flo 20.0 + 0.10

e 20.9 20.7 + 0.20 0.40 1.93

Ce 2@05 - 0920 ' )
Z-tmincoyrinidine .

e ‘]4‘0?1 ’ -+ 06-02 .

'\w 1}96‘1‘%’ 4069 - 0005 0007 1.50

Ca 471 + 0.02
.-.-ok'?"‘:)l-O-Lq* yj.. :L 335“‘

hexairisne
=
[o

T

Guinicine Sulfate
B

12.80

4+

QOO

L] L]

1

OO0

9.30

2.34

14




TABRLE T {continued)

Deviation from Relative
Compound T {nases. ) T {ave. average Range Range %
Riboflavin +
LI™) = 5 = 107~
© Bl 12,10
=)8 12.10 12,30 0 ¢ 0
e 12,10
Hibofigvin -+ -
[I°] = 10 x 1077
A, 11,50
b 1. 50 1150 o} 0 0
G 11.5G '
Ritoflavin +
L1"] = 15 z 1073
Ze 11.20 _
bn iieOD 11008 + 001.2'
Coa 11»05 b (\}008 0020 1981
- 0.303 '
Eib@fla“fi«& -+ - -
LI"1 = 17.5 z 10~
S 10.52 : _ 0
T 10,70 10.52 -+ 0.08 0.18 1.69
Co 1 : o= D10

B
b

Cs

L)
L3
\J
faxy
O
<

i




CTABLE I {continued)

_ Deviatlion from : Relative
Compound nEEc. ) T {avea, average : Range Bange %
Long-Lived species '

Se 11;-60 - Oe5

T 12,70 12,168 + 0.5 1.10 9.1

[ 12010 ‘ G .

{ Lamp

=3 2.31 : + 0.09

Bo 2.31 222 + 0,09 G.26 11.7

Co 2.05 - 0.17

ge



TABLE &d )
Standard Relagw Standard Rela~
; 5 o apal o k! oy gu—
Componnd Devistion(s) tiveig) vi tive{s)

Sompound Deviabtiors)

2l

Profliavin

U~Agcorbic Acid

b]

Allozezine (H.0)
Long=iived spe

5

Short-lived species

0.94
0.65
G 04

0.15

aonTE
Un\._)_)-
0.022

e}

L]

o
(4%
o

- M W = oy W o) R ap &1 N TS WO W b Gy B W T TR M &b sk 3 A0 WP rR M W ER o o e

1,6~Divhenyl~

1s3,5~-hexatriene G
Quonidine Sulfate s ¢
Ribeflavin 0.173 G.17

7.5 x 1073 0.128 0,09
Guinine bisuifate 0.2L 0.010

Indazole (0.01 N NaOH)
Short=iived species ¢ : ¢

Long~-lived species 0.56 ' 3.045




| Concentration T {experimental)~s T(literature)
Compound {¥} Sclvent : (nzsec.) ~ (nsec.)
Guinine hisulfate 1 x 10“6 to -
- 0=t 1 oW ogoan £y ) T s 9
1 pia R FU R W A (s O AN f.— Uozm 20-.1.
F e 2 .
Aeridine Savurated H50 15.4% 0,49 1545
inthreacene 1 ox 10676 Hexsne 5,97% 0,40 5.7
5 ,10-Diphenyi- 1z 10"ﬁ to
suthracens 1w 107 Abs. Ethanol 9.535% 0,34 m———
- / . )
Hethyl Anthra- 1 x 1077 to _ o L '
nilate 1 x 10 Abs. Ethancl 15.37- U.21 e
1 x 10:2 . | R
1x 10 Abs. Ethanol _ 104402 0.0 -
- - by s T e - \ .
1 ¥ i 0.01 N NaGH (E,0 . ‘
3.76% 0.0 ———
12.01% 0,56 e
- - | s . ,
1z 307" 0.01 N N,S0 (H0) 4.69% 0.41 S
Proflavin 1x 1G—§ £0 .
_ - - -
1 x 10 HLO 4.08% 0.13 4.5
L-Agcorbic Acid - Hy0 4,61 0,42 ———
Glycine 1w 107 H,0 4.78% 0.13 —-——




TARLE II {(continued)

_ Concentration T {experimental)fs T{literature) |

Compouwnd { 1) Soivent _ . (nssc.)} {nsec.) L

i

775 33 SN T I n T I
uinidine Sulifate I x 1¢ .0 12.7 = 0.0 ————

>
-
(e

——

Barbituric ieid 1z 107 0.01 ¥ H,S0, (H,0) 5.8 I

Llloxszine . Saturated ~ H,0 o '

Short~iived specics B 5.8 - 0.0 —— :
Loag=-lived species 19.4 X 0.63 —~——

Allozazine 1 x 1075 9 H H,50, (H,0) _ |
Short-lived species 10,20% 0.65 ——— :
Long-lived species 21.860% 0,94 e

e b | E

Eiboflavin x 10 to : [

10 H.,,0 - 12.80% .17 )

S S
s

Biboflavin X 1{0"5 (1"} = 5% 1072 (1{20) 12.10% 0.0 ————

T —-—

i
B
o
(8]
bdy
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o
oo
¥
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i
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]
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0
14
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oo

62% 0.13 —
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¥
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CHAPTER V.
CONCLUSTONS

VThe fluorescence lifetimes of the standérdsg quiniﬂe
bisulfate, acridine, ‘and anthracene; are in good asgreement
with those obtalned from the literature indicating the instru-
ment is reliable at least within the range Trom 2.0 ngag to
aﬁpréxiﬁéteiyiéﬁ.nsec; The performance of the instrument
cen also be checked by measuring the speed of light over dis-~
tances of several meters.

.The fluorescence lifetines of G, 0-~diphaenylanthracens,
1,6=-diphenyl=L, 3, 5-hexatriene, methyl anthranilate, proflavin,
and riboflavin were comcemtratiQn‘independéﬂt within the -
renge 1 x 1070 ¥ to 1 XVIO"“MG Furthef investigations as to
tenperature and solvent effects together with studies in
guernching would provide more insight into the structure of
the excited staté, as well és'the mechanism of dissipation
of excltation energy.

_Ihe'fluorescence lifetime of rlboflavin is not in
agreement with the value obtained by Chen, Vurek, and Alex~
ander (3). The velue reporited in this paper was cobbalined
from 2 1 X 1079 M desersted waber solution of ribofliavin, and
the tenperature was controlled at 25Q ¢ T 20 ¢, Chen, et
gl., uged & 0.01 tris Cl7 solutlon as a solvent atb 23° ¢..
Trhe concentration of riboflavin was also 1 x 1077 ¥, out the

solution wag not deserated., Purther studies must be made on
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the effect of CL” on fthe Fluorescence lifetime of rivorlavin,
‘and the effectiveness of ain as.é-quenching egent, before
any valid comparisons between the repdrted_resultS'can be
made.

The results obtained from the guenching studies of

Jote

riveriavin with I7 ion, indicate that s mechanism is operdating
i which there iz competition betwéen bimolecular guenching
éﬂdmé unimciééﬁlér process (emission) for the dezctivabtion
of A% (1) -(13). - This is expressed by equétions 10 through
13, The kq valvue can be checked by messuring the diffusgion
coefficients for riboflavin, for the 1~ ion, and the redius
ofnﬂachggusing_equation-19w A more . sccurate check can bhe
.obtaineﬂ.by mesnsnring the-Steru~VOlﬁar congtent by means of
g Stero-Volmer apparatus (18)a

Although the cuenching process as well as the rela-
tionghip between the chemicsl nature of'the gquenching nole-
cule and its gquenching effectiveness 1s not completely undez-
“stood. - It %8 believed that the deactivation process is not
o sinple collisionzl one (19) (2@). It is believéd.that an
‘activated complex is formed between the fluorescent moleculs
and the guencher; and that a rearrangement of eﬁergy than
- takes place within the activated complex. Twou ﬂypés-of
rocesses might ocour (20):
L. Static Quenching

~In this type a complex may form with the

fluorescent molecule before excitalbion.
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‘where © A is non-fluorescentd.
2. Dynamic Quenching
The quencher interacts directly with fluor-
escent molecule after it has been excited,
forming a complex that can return to grouand
state without emitting'lighta
Av v A = A% = A 4 hy Tlvorescence

CAR b Qo= A% Q *‘?. ATt Q7% heat

In order to determine which of the above processes 1s
operating in the Riboflavinfiodide systen, the followlng
studieé éhoﬁld e made?

'10 Inerease of solvent viégosity should increasé
fluoreécence lifetime'of Eibmflavin* if dynesnmic
guenching is taking place. DNo change should ba
noticed Lif statlic guenching is taking place. _

_2e Increase in.temperéture ghould decrease the life-
time of Riboflavin® in the case of dynamic
quenchiﬂg but shOuld.have no effect on static
guenching.

3. TInersase in concentration of I~ should decrease
lifetime of Riboflzvin® for dynamlc quenching,
and no effect shouvld be noticeable for statie
queaching;

Tne non-exponentisl behavior of Alloxazine and
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| 3
Indazclé oannof be exﬁlained with6u£ é&ditionai.iﬁformatiéhs
Although compounds of highest purit& commefcialiy availablé
were used, i1t is possible that both compounéé contalined
fluorescent impuritieso

The fluorescence Llifetimes of Alloxazine incressed
51gﬁifioaﬂt1y in oa highly‘acidic Sélutiéno Tue fluoré§benﬂa

an, Tor the

lifetines. in water were 5.8 znd 19.7 n:

- F fiad

.

I

1ived and long-1lived specles respectively.  In a 9M HZSQ

L

golution the lifetimes increased to 10.3 znd 21.8 nsec.
- g ,
for the above specles. Since the 7 =7 transitions are

%

short-Lived compéred te the -1 éyn tfénsitiohs (21), it la
tempﬁiﬂg bo aliribute the excited to éround_state transl ~
tiong in Alloxszine and Indazole to thef#iﬂ‘traﬂsition,'
Since ebsorption spectra of n -~ transitlion in polar sol-

veunts ternd to shift toward shorter wavelsngths and since

'd

the opposité ig true féffp¢7y* tregngition, 1T would.be
ianrmaﬁiverto study sbsorption spectra and fluorescencs
lifetimes of bdth'compounds in ﬁolarnas well aS nonpr1ar
solvents. It may be possible that the lower energy Bt
trensitions change'£0 the highefﬁf;ff%_ﬁfansitibns in polar
solvents {22). | ‘ _

fhe 1 x 1077 I solution of Alloxazine in 9 M H,S0y
had an intense yellow color, whereas the saturatéd water

golution was colorless. This would indicate a2 shift towsrd

abzorvtlion of longer wavelengths. However, the solubililty




of Alloxazine in.water-is veryilow and e saﬁurated water
-éolﬁtion1may_5e'substantially‘1owér in concentration thah
alx 10“5IM solution of Alloxazine in ¢ N I~1’28;b{n

The fluorescence of aﬁthracene, 9, 10--divhenylanthra~
cene and 1,6«diphemylml,3;5whexatriene iz probably'dﬁe to
i1y transitions. This may alsc be true of‘gljcine, and

ble eeld (13) (21)

e ke

=

9 e B L Ty
O TP LAY QONnclus

-t

Leaseo .
the structvre of the excited states can be advanced on the
bagls of the data @fesented'in this papér.

Although the maximunm inténsity of the lamp lies
between 3000 GA and 4000 °A the entire emiaéion spectrumAwas
not mneas u?=ﬁe Tne Inlenslity of the 1émp nay be low within

the région 2500 CA to 4000 C4 where glycine, indazole, and
_alloxazine show meximum absorptioﬁ. The micro-microammeter
indicated a current of'ldo micro«microamperes output ffom
thg vhotomultiplier. This suggesta a louw fluores ence inbten-
gity. Le-ascorbic écid also yielded an excevticnally low
- fluorescence intensity. The photOchfreﬁt for this COmpound
was abcrOXdeLely 30 micrOHEicroamperes. The abwolute
guantum Jzeld has not begen measured for any of the ubove»
mentioned compounds; A1l the other-cqmpounds yielded
relatively high fluorescence inbtensity. The photo-current
indleated by the micro-mloroammeter was within the 1 to 30
milli-microamnpere rangse.
A chart~speéd of two inches per minute wag nsed for

all the decay curves. A fastler chert-speed would provids a
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curve With‘greéter spread and would meke it pOséible té read
moré“pOimté with higher precision. Thisg is periticularly
true for decay curves of five nanoseconds or less.

A further improvement in oalbulating thé relation~-
- ship off’g (exp) and Ty (theoreticsl) can be made by using
The eguation déveloped by-Stridkler.and Berg (23), which
Tattempis Lo correet Ter the faﬁt that in meleculsy transi-
tions one 1s not dealing with Narrow band absorpilon nor

with resonsnce fluorescence. Thelr sgquation is:

1 ,> ~L
s , -9 2 w0

o .29886 % 10 X n <%f A ;
SN | , : . 13
e A § vy o - -

where <V@ - = i P(¥#)av P(¥)¥ “ave.
s 4 ave. - j ) S
[

F(V) belng the fluorescence intenslity in units of relative
munber of gquanta at each freguency, and ng_is the sguare of
the index of - refraction of the solvent. For the above
salculation it would be niecessary Lo have the fluoxescen:e
gpactrum of the compownd in qﬁestion& Since thls wéﬂﬂm@t
avallable; the lifellme of fluorescence was calculated from
abgorption svestra.

An improvemeﬁt'of the instrument is possible by
making chianges in the readout system.' Tnstead of using a
iinaar Time base, 1t would be vosgsible to uss aﬁ exponantigl
time baze by uvsing an anzloz compuber In conjunctlon wiih

the 1lifetime govaratus,. The ewxponential time base would.

then give a straizht line Tor thefunction, thereby elimin-~




-0

ating the laborious process of plotting a semllogarithnmle
CULVE. (See'Figure 70;'page-lﬁ8.) . The sbove prdgramuwas
checked using the Donner Analog Computer Modei‘BﬁbO. The
exponential decay of acridine was simulated.and the output
fed into tha.vertigal axls of the plotﬁer. Tﬁe value fér
k { see Pigure 70) was set at 2.96 ond the velue of IQC,
was set-aﬁ‘lﬁo V; and the output fed into the horizonﬁal

axis of the X-Y plotter. The result was a stralght line.
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Typical Franclk-Condon Emission

From Excitad To Ground State (13)

|
CEXCTTHD : ‘ |

wdild

::._‘ ‘ -

~ e NORMAL

rj_J. -

= Jt = 0 a = absorpticn
==

e

B (Huelear Distance o
: ‘ . o

FIG., 2
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