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Abstract:

The absorption and emission spectra in methanol of the dyes of the 3,3'-diethylthiacyanine iodide series
and of the 3.3.'-diethyloxacyanine iodide series (except for the first member which was the triiodide)
were determined. The integrated intensities and oscillator strengths were calculated. In each series
these quantities increase as the methylene chain length increases. From the absorption and emission
spectra, the radiative lifetimes were calculated by the formula derived by Strickler and Berg as
modified by Birks and Dyson: The lifetimes were of the order of three nanoseconds for the thiacyanine
series and of the order of two nanoseconds for the oxacyanine series. The fluorescence efficiencies
were determined.. They increase by a factor of ten as the chain length, increases except for the. first
member of the sulfur series which is lower by a factor of 100 from the next member. The observable
lifetimes were calculate from the radiative lifetimes and the fluorescence efficiencies. Since the rate of
all decay processes is the inverse of the observable lifetime, a minimum may. be placed on the rate of
energy transfer from the first excited state for these dyes when energy transfer processes take place.
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- ABSTRACT

The absorption and emission spectra in methanol
of the dyes of the 3, 3'-diethylthiacyanine 1odide series
- and of the 3, 3'=diethyloxacyanine iodide series (except
for the first member which was the trilodide) were
determined, . The integrated intensities and oscillator
strengths were calculated., In each serlies these
quantities increase as the methylene chain length
increases, From the absorption and emission spectra,
the radiative lifetimes were calculated by the formula
derived by Strickler and Berg as modified Dby, Birks
and Dyson- -
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The ‘1ifetimes were of the order of three nanoseconds

for the' thiacyanine series and of the order of two
nanoseconds for the oxacyanine series. .The fluorescence
efficiencies were determined. They increase by a factor
of ten as the chain length, increases except for the
first 'member of the sulfur series which is lower by

a factor of 100 from the next member, The observable
lifetimes were calculated from the radiative lifetimes
and the fluorescence efficienciles., .Since.the rate of
all decay processes. is the inverse of thé observable
lifetime, a minimum may be placed on the rate of energy
transfer from the first excited state for these dyes
when energy transfer processes take place,
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INTRODUCTION

‘A colorful, briglit purple dye formed in small yield
when A, W, Hofm%nnl in 1887 reacted 3-pentylbenzothiazol-
jum 1lodide and 2~methy1-3-pentylbenzothiazolium,1od1de
in the pnesencé of ammonla. -Llke other dyes of the
cyanine class,‘this'compgund was. not stable-enéqgh for
. dfeing textiles. .Previously in 1873, H. W, Voge12 had
found that photogféphic emulsions could be. made sensitive
to colors other than blue by bathing the photographlec
plates in a dilute solution of dyes such as the cyanines, .
-Bince the cyanine dyes_including that one“first prepafed
By Hofmann were found to be useful for sensitizing photo-
graphic films, members. of -this family of dyes were
synthesized and characterized

Hofmann 8 dye was found by W. H Mills3 to have the
structure shown in Figpre 1_Where Y = 8 and n =1, The
common name fqr.thig dye is 3,3'-dlethylthiacarbocyanine
iodide (Dye‘II) while the dye with Y = 8 and n = o 18
3,3! -diethylthiacyanine iodide (Dye I) and the dye with
Y=9 andn =2 is 3, 3'-diethylthiadicarbocyanine Jodide
(Dye ‘III).

There 1is a s;milar vinylogous seriés‘of dyes where

Y = 0. The first member where n = 0. is 3,3'-diethyloxa-
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Figure 1

cyanine iodide (Dye IV when iodide is replaced by triio-
dide ion); the second where n = 1 is 3,3'-diethyloxa-
carbocyanine iodide (Dye V); and the third where n — 2
is 3,3'-dlethyloxadicarbocyanine iodide (Dye VI),.

A cyanine, such as that shown in Figure 1, 1is a
mono-acid salt in which the nitrogen atoms of two
heterocyclic rings are linked by a chain of alternating
double and single bonds, Since this chain consists

of an odd number of carbon atoms, the two structures
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are resonance hybrids. -Thus each nitrogen atom is
probably best represented as something between tertiary.
and quaternary, end each b&nd as something between
sinéle and double,

A molecule with a conjugated'system of this type
might be expected to have a relatlvely. small energy
difference between the ground state and the first elec-
tronic excited stéte. This has been fownd to be true.
Flgher and Hamer4 reported wayelengths for the. absorp-
tion maxima of the six dyes: Dye I, 422 mg; Dye II,
‘557 mjie; Dye III, 650 m u; Dye IV, 372 mu; Dye V,

485 m 443 ]-DyeAVI_,9 580 m)x; They also. gave the quali-

: tative visual colors of the fluorescence for these
dyes. Hofer,“gg;gl,S in 1950 studied the monomerkc
fluorescence of éémé of these. dyes at room temperature
in élyceroi.. The positions of the fluorescent maxima
were determinea visua11y from photographle plates,

The maxima quoted were the. following. Dye I, no obger-
vable fluorescence- Dye II 586 my.; Dye III, 691 mu;

- Dye V, 512 m i, Some work-was.done in a rigid medium
of E.P,A. (ethanél—etherpisopentane 2: 5 :.5) at ?70 K.
bvaazzucaﬁo,.gi_QLMG in 1964, Thelr regults were 575

mu for the fluorescence of Dye IT under these eonditions.

and 498 m « for Dye V.
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To measure the gbsorption gpeectrum of a molecule
in solution, the samp;é 1s contained in a,éell of path
length 1 (in em,), at a ;oncentfation Q (1n g. moles
per 1i£er), and tﬁe ratio of the transmifted light
intensity I to fhe incident light intensity Io is

determined, This ratio 1s glven also by

iog L - ec1
To

where € 1s called the extinction coefflcient (units of
1iter moles™l cm,~l), 'The meximum value of & (¢ max)
for an absorpt;on band'is,a roﬁgh measure of thé inten-
sitprf the band, However, absorption bands for most
molecules are broad. and different in shape; Thus a
better measure of intensity is the area under the ab-
sorption curve, that 1s, the integrgted iﬁtensity.
Since the oSciliator-strength T is proporﬁional to the
integrated intensity, the oscillator strength is general-
1ly. caléulated to compare the intensities of absorptioﬁ:
bandss, 7

The intensity of absorption for a transition from
a state of energy Ep to a state E (wh;re Em*> En) may
be defined as the energy_abSOrbeg—from’thé ineident

beam -of 1 cm,2 cross-section per unit time, If 53 is
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the wave number in cm.“l of the incident radiation and

//9(’2) is its, radiation density, then

Where'anis the: number of molecules p_e,r:cm..3 in the
iﬁitiél'state,ﬁggmuis‘Einstein's coefficient of absorp-
tion, which isia'characteristié"of the'molecﬁle, aﬁd al
is the thickness of the 1ayer in cm, The quantity h.
is Planck's constant while ¢ is the speed .of light

The intensity of,the incident light, I, which

is the energx~falling on 1 em,2 per second, can be

s:wén by
I.= e @(2)4D . (2)

If equation (1) is multiplied on both .sides by 47 ,
and equation (2) is substituted into equation (1) then

the following equation is obtained:

Igpg, 80 = I NyBpyy b 2 . 4al. (3)

When I passes through an absorbing layer of
thickness d]. .the part of I absorbed will be propor-
tional to both 1 and 41 such that
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Where =< 1s the absorption coefficient. .The absorption -
coeffigient 1é'ne1atgd to the mplar extinction coeffiecient

in the'fqllowing_wayt

T . I ’ 1/
In 28 = K1 = leg =2 | 1n 10 . 1
T I ( )( 22.:251) €L

so that. | « = 0.1028 € - ., (5)
Substitution of the value of € into equation (4) gives:
Igbs, = =0.1028 € I.41 . (6)

If equation (6) is multiplied on both sides by
4 D and subtracted from equation (3); the following
will result '

0.1028 € (V) 42 =W, B, b7, (7):

8ince the ébsorptidn band of a molecule 1is broad, the
strength of a molecular electfonic transition cén.be
defined by the integral of theAintensity_over,tﬁeywhole
band of. the. particular electrpqic,t#ansition. Then

equation (7) can be written as

o.1028/€ (D) aD = Nn\.Bnm,h’z) - (8)

for molecular. absorptlons.




If an electron were considered to be g thrée-dimen-
sional harmenic oscillator‘then,the intensity of
absorption would be |

o, |
- 2
Tabs, = T Mu 7 5o /7 (D) 41 (9)

where fnm,_the,oscillatof strength, is equal to one,
In this equation me 1s the mass of the electron and e
is the charge of an electron,

Then ‘equation (9).can be equated to.equation (1).

to glve
: 2
h ¢ . —
f‘{‘ Y N e_ ’z) .
= B 10).
wh = T P ne
When equation (10) is substituted into equation
(8), the oscillator strength is given as
e 0.1028 ¢ Mg J/fé (D) .a®
T T DY.aD
nm Nn//—f e?- _
%,319:X.1077 f € (B)aDd . (11)

Thus the oscillator strength is proportional to the

integrated abSorption.intensity.8
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The mean lifetime for spontaneous emission from
an exclted state of a'molecule 1s the inverse of A,
the Einstein transitign probability eoefficient for
spontaneous emission,';ihe'spontaneoﬁs.Qpission proba~
billity Waszshdwn bEJEinstein to be direcplx,ppoportional
to the eorresponding“absorbtion pfobability and to the
third pewer of the fregquency bf the transition.

If the molecule hasrtwo.elecﬁronic states, a ground
state I and an. excited staté.g,;the\cofresﬁonding.elec—'
tronic wave functions may.be galled'69lland O, A
"series of vibrational states are associated with each
electronlc level, 1In the Born-Oppenhelmer approximation,
each vibronic state has a wave function Sﬂ'which can
be written as.a product of an electronic function &
and a vibraticnal function D, such that ¥, = o, 5513_.
and Awub = Oy ¢ub' where gz and b are the quantum
numbers describing the state of nuclear motion,

If a large number of these molecules, immersed
in a nonabserbing medium of refractivé‘ipdex n, ere
in thermal equilibrium within a cavity in some material
at a tempersture T . the radiation density withln the
medium is given by Planck's bladkbody radiation law

/oDy = (8T n w3 n3/c§) [éxp.(h’” /kT)?i] -1 (12).




vwhere is’ the. fre.quency,‘ in cy.c_les[_seé.

These molecules can be excited from state la te
state ub by transitions induced. by the.radig.tidh’ in
the ca%itx;W.The rate of molecules undergoing this
transition by _absorp'tiqp of-radia,tioﬁ is

Mg Blas we /2 (Pras wp) - - @3).
where l\Tla,,:l_,s‘ the number of molecules in state la.
Molecules in state ub can go to.state la by spontaneous
emission with probability Aub# 10 OF by, induced emission
with probability . Bub-»la ﬁ hjub»l ). The rate. at

which molecules undergo this transit.ion downward is

Ub [—ub >la ubéla ﬁ(vubél ﬂ (1&)

where Bub>1ls = B, and 2 =2 ‘At :

la= ub: ub—>la la—> ub‘ .
equilibrium the two.opposing rates must be equal 80
if expressions (13) and (14) are equated, the resultant

equation is ‘

Aubela{Bub»l.a' .. (Nla/Nub)"lj ﬁ (Z)ub-%la) (15)

~According to the Boltzmann dist._rib,.ut.ion law, the number
.of molecules in each of the two statés.at equilibrium

1is related by
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Mg = exp [0 Dy g /e ] a6

If equapions_(lz) and (16) are substituted into equation

(15), the resultant is Einstein's relation

3 ¢=3 B (17).

Ayp >1a = 8B Tn 2 3 Dy a7 “ub—1la’

A gb—>1a U

‘In the usual absorption experiment the molar extinc-

tion coefficient & can also.be definedlby
2(0,1)//° (0,0) = 107 & (V)01 _ o-2.303 € ()01 (1)

if  (,1) is the radiation density in the light beam
after 1t has passed a distance 1 through the sample.
- and /2 (2,0) is the initial radiation density. If
a short distance 4.1 1s considered,. the change in radia-

tion density may be wvritten as
-4 2(?) = 2303 € () A(2,0) ¢4l (19) .

~All the molecules will be assumed to be in the
groun& vibronic state, 9910,‘for ease of derivation.
gince the result will not be materially different than
1f the true distribution of molecules in the ‘vibionic
states were used. When ng 1sﬁthe'numb?r of molécules
in the lowest vibrational iével}péyxcm.g crogss-section

and 7{ i Avogadro's number, the following equality
o .
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can be made:
¢ d1 = 1000 .Ny, 77 ~L. (20)

Furthermore AN('z)), the number of molecules excited

_ per second with energy ‘h?, is given by

AW(D) = -¢d 2(2)/(h ¥ n). (22)

. The cdxﬁbinafoiqn of equations (19), (20) and (21) gives

AN(v)/nlo = [2303 ¢ €(2)/h D n??] f(”’@)-' - (22)

Equation (22). glves the probability that a molecule
in state lo will absorb a quantum of energy h?2 ‘and
go to .gome excited state., .To obtain the probability
of going. to state ub, equation (22) must be integrated
over the finite range of frequencies for this occurrence,
Then ,7.(2,0) can be agsumed constant over this range
and eqiual to. ﬁ (2 16->ub) - . Thus ﬁhe‘,in’oegr_'ateq,

equation is

A qu.f'? ub

1\Tlo

_[- 2303 ¢ -,fé(wlo»;ub) dvlo—aubJ (2. y
h?? nlo__;\ub le'?ub L. / - Lo —->ub:
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2303 ¢

-This'equation shows for a molecule in state lo
“that the\prcbability'cfbundergoing;a transition to .
Lo-5up)e- the: donstant
of proportionality being the term in brackets. Expres-

state ub-1is proportional to /O(?p

sion (13) gave a similar relation for a molecule in
state lo with the ‘proportionality constent being given
aS-Blc—aub*' Therefcre;:identifying,the‘constant '

Blo—;ub
glves

with the bracketedueXpression,cfﬁeQQation"(?3)r

= e 230 2 Y .41 , o
303 ¢. /é(vloaubxdjﬂ'ylm%wy (y@.

B
lo>ub - W7 nyg sy

St111 assﬁming.that ell the mciecules originate'
in ‘the state lc, it is pcssible to sun. expression (2&)
"over all the vibrational ‘levels of] the excited elec-.
tronic state to -obtain a probability coefficient for
‘all transiticns tc the electronic state u,, This'is
given by '

Blosu: = %?109111?:

BT nlé?ubf €(D105up) 4 10 7)10 > ub /(Dloeub)
(23)
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— 2303 C. fé(vl _;,u) d 11’17)

h 770y gsny - Io>u , (25)
where nlo—%u is the mean refractive index -of. the

non-absorbing medium over the absorption bandﬂwhich

is an approximation

- When a molecule . goes from a lower electronic state
to ‘an’ upper one by absorptlon it will often be to

an excited vibrational level of the upper electronic
state, ,Howeve;, if the molecule is in a condensed
medium, it will'ﬁsuallynlose~ehergy,by.collision pntil'
it 1s.in'the‘lowést'vibrationaiflevel.of‘the state, In
. fluorescing, the molecule may then go to. various vibra-
.tlonal levels of‘thefgr;und electronic.state, .Thus |

in absorption the transitions observed are. the 19¥e§:ub,
while in flueresgence they are thé:uo —>E:Ia. It is

- a

necessary, therefore, to find a relationship*betWeen
. 10?11 Z “sub- -and- Auo)»l Z’;'Auo-—éla‘

The wa?e-fgngtigﬁé‘pf-vibrOnic‘stétes;je, are
ftqgtions;of;both.the electronic coordinates x and
the nuclear coordinates, which. may-be taken . as'the’
normal codrdinateS'g L If _L;l is the &lectric dipole
operator for. the electrons, then the probability for

induced absorption on'emissionwbetween.two,states is
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proportional to the square of the matrix elemgnt of
gégl;petwegg the two states; that ls
EI;;-%I:Ab-A = Bup>1a |

=K [f/%;(“_x_,é) M (x) ﬁbub(X,Q,.)_?d.X‘.d%'e- | '(,26_)
.whére~glisvthe ﬁroportionality canstgnt.

Ehé.wave functions can Bé written as proeducts of

-the electronic and vibrational parts, for example,
P10 = 8,0 ¢ ). ()
So .the integral in equation (26) may be expressed as

JJ EEN-) :M-.(ﬁ.x‘? W (xiQ) ax ] d‘?»

)
4

:/¢1:(Q} n(Q) ¢_.ub‘<g,) ae- . (28)
where
@) = [0, (a) uw) O (x,0) ax

is an'electronic“transiﬁiqn moment’integral,forvthe
‘transition, assuming the:nucléi to. be fixéd in a position
Q. It can be expanded in a powercseries in the normal

-coordinates of the molecule:
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'Mlp.(‘Q_') = "Mlu‘(‘o)' + ;‘(‘() Mlu/CB Qr,’?@- Q’r T (?9)

For strongly allowed transitions in a molecule,
and for reasona_.bly_h small displacements from the equilib-
rium nuclear configuration, the zeroth-order term in
this expansion should b:e the dominant one, With the
assumption that this is the case, .e_qgation _('“2'6_) reduces

to

Blasub = Pub-1a
=K f u, (o) ] 2 Jf%; ¢§b.c},@;zJ2" (30)

The quantity necessary for the calculation 6f the
lifetime 1is -'-Auoal” the rate constant for emission
from the lowest vibrational level of the excited
electronic state to ‘all the vibrational levels of the
ground eleétronic state. From equations (17) and' (30).

this 'can be written as
‘Aﬁlo_—al, - };—Aub-%la

\ z ). | . 2 3
- ('E.; T on o »13/03)" X I Mlu’.(-‘gi)i'}- Za"y uo >la

] ]./gb_l;e. ¢ub dQ} ° (31):




Enl6i=

where .n 1s the mean refractive index of the

uo—>1
non-absorbing medium over the fluorescence band, an

approximation,

It:iS‘desirable to be able to evaluate the teri

Z 2 wo- >1a - {f¢la ¢ub dQ,’ : experimentally. Sihce

.the fluorescence band is- not narrow, a>possib1e proc

can be derived by dividing the term by, Z / ¢ ¢
a
=1. This sum is equal to unity since the ¢H- com

following expression.
_ s
z;; 79u04?la }-[¢§a' ,}iQJi
| ¢la | ¢uo : ?1@7" .

. Each term-in,the,numereﬁor of this expression_is,pro

tional to the intensity of one vibronie band in the
_fludreseence_spectrum, Each term in the denominator
is;proportiqnal to D> times the iniensithof one
vibronic band, The sums over‘sll the vibronic bands
caﬁ be replaced by integrals over the fluorescence

spectrum, so that the expression reduces to

1]&(7)) 4. - <ﬁ9 -5\¥'J;1‘
Jv=2 i(»)-av £ ./

edure

dQ
uo

prise :

. a. complete orthonormal set in Q space,. This.givesithe

PO

(33x

2
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the reciprocal of ’ohe mean value of V -3 in the
fluorescence spectrum, where I(’?)), the. intensity in
the spectrum,. 1s. measured in terms of relative ..numbersi
of _c';uant.a, at each ffeqx;ency.'

..From equation (3,0‘),'{4.-'\&1?).6‘15. -'Blo»'_ve‘-db«is summed over b,
the result is '

B:Lo_;? w Zb ?10 > ub,

:ﬂﬁMQHE,éjfé;§%@dSF;f

It

|

Bro>u "Kl Miumo)’ ® “ ‘ ; L

since ‘th.,e ¢u‘o comprise a. complete ort.henormal get
in @ space. Thus from equations (34) and. (25), the

ex,press,'-i_onns‘- i‘or B

X /;Mlu(o.):/ °

o>y S8n Pe equated:.

| R7 o . & {"v'loﬂ?u).d“ln vlou;u . .. (35),

If equations (33) and (35) ‘are substituted into equation
(31), the result is:
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8 x 2303 7T nyo_1° <7)f"3> St
a

Mol = 5
-qﬂ% %gau.'

e (36)

lo—>u

Jfé_(jzaﬁ>9u) d'lé 2

If either or both of the eleetroniec states are
@eganergteg_a factor of gl/gu is multiplied times the
right-hand side of equation (36) to sum over these
states.

It 1s morse conﬁgnient,tp uge,th;s equation in terms

of D instead of 2, .The result of this conversion is

1 8% 2303 77 e'nyy 512 <7_) NN
T, " Pwosl T s £ /av

L8 — L — .
,gu jre (7910—9u) d.1ln 2)1oe>u’

= 2,880.X ;079 _nu0e>l <f23 -3 -1 gy
Blo—>u £ av 5;

e (Bpony) a1m By (37)

This equation is applicable to strongly allowed
transitions and to only reasonably'small displacements

of the atoms from the equilibrium nuclear configuration

in both electronic states;9

1
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Another qgantity of interest which may be determined
from fhe emission.spectrum is the quantum efficiency of
the fluorescence; To‘determine fluoresceﬁce efficiency
direcjly it is ﬁecessary to cdmparé the‘fafe Qf.gbsorp-
tlon of execlting light with the total rate of emission
of fluorescence of all wavelengths and in all directions,
In principle this is simple but in practice it is a
difficult experiment to perform-wifh ﬁrecision. An
easler method by which fluorescence efficiency may be
determined is comparison between a known "standara"
substance and the;material of interéét.lo ‘

‘If a solution of the compound of intepesﬁ_ﬂs diiute |
enough that errors due,tq excessive absorption of exciting
light or to sélf-absorption of the fluoréspence are :
negligible,'the‘toéal rate of emission of fluorescence
i's proportional to the product_'Iov' £ c1 ¢f: where ¢f
is the quantum efficiency. Now the integrafed area under
the corrected fluorescence gpectrum is a13§-proportional
to the total rate of emission of fluorescence, Thqs,'
if the fluorescence ém}ssion spectra of two solutions
are measured with thelsame'insﬁfumental geometry and
" at the same intensity of exciting light, the. ratio of

the two observed fluorescence intensities is given by




20

_ areay I, € o Cpil ¢2 : - (38)

If the absolute!fluoresqence’efficiencz;(_gsl) of one of
the‘substanceg is known,,that of the otﬁer is'simply
calculét?d.ll . ' '

-Ingﬁractice mosf of the above conditions are not
met so corrections must be madeifo? them, | )

A 6hange in refractive index (n) of ‘the solution
.result; in a variatibn,in-ﬁhe angles of the rays emerging
from a plane;cﬁvettefaif}interface. Thus if. the, two
substances to. be compared gre'dissolved,in diffé}ent
solvents, the observed intensities must be corrected by
multiplying‘by"nQ.lg

If the two substances are excited at two different
wavelengths, then the intensity. of the exciting light
is probably different. To correct for this, each area
can be divided by its ﬁeaﬁ heightﬂ Then the ratio of
these two numbers can be multiplied by.a ratio of the
fluorescence‘peak heights when both substances are ex-
citéd by,light of the same wavelength, usually some-
where between the two original exciting Wévelengths.

The eqﬁation is 11
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( area, ) : .
p'k...:.h‘b.e' Ao , (pk. ht.o) Az I, €, Cp ,1"%2, (39)

- .areaq ) S (pk .ht.l'?/l'3" é'"I'O €y Cp 1 ¢4

The fluorescence spectra of the twe substances, in
general, will not be over the sanme wavelength region.
So thé areas must be corrected for these three wévelength
aependent fact@rs:‘_the quantum efficiency of ihe phoﬁo;
multiplier, phe band width of thexmonochromator and the
transmission factor of the monochromator. . If'RSL is

the photomultiplier response, then

Ry, = (29/a A)gy (S2) - (k0)

where (4 Q/da 2 )SL is- the true:intensity at Wavelength'ﬁ

and 8 7 is the correction for the three wavelength

dependent factors.lB’
If 'a series of .compounds are available for which

the corrected fidorescence emission spectrum has been

preclsely determined, measuremeﬁt of the uncorrected

spectrun of these compounds with the insirument to be

calibrated permits the direct calculation of S since

(a4 @/da A )Sﬁﬁncw_represents the known spectral diétribution

of one of the standard compounds and Ry the observed

L
readings.. The compound must be free from other fluorescent
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materlal and the fluorescence mustnbe meagured under
the same cgnditions'of_temperatyre, solveht, concgntrgn
tion, pH,weté. for which the standard fluorescence
curve is prqv}ded, Then this calcula@ed 8, cen be
used to correct. the intensities . of ‘the two,sﬁbstances

uged for the quantum effi'ciency_,__determination.‘14
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RESULTS AND DISCUSSION

The cyanine dyes I through‘VI were selected for
3 study of thelr absorption and‘fluorescence‘spectra,
thelintrinsie lifetime of_their Tirst excited sihglet
state, the fluorescence efficiency from that state, and
a calculation of the observsble lifetime of the first
excited sinélet state. These particular dyes were
chosen because they‘were the most readily_evailable
vinylogouseseries ef dyes which had the unusual ﬁroperty
that the bond order-is the\same bet;een any two carbons
in the methylene chain (See p. 2 for. a more complete
discussion of this property.). These dyes are also
of interest because they can transfer energy from the
first excited singlet state,. One example of this abllity
is thelr use in- sens1tiz1ng photographlc films, The
rate of the energy transfer must be at the least as
great as the. rate of‘emission from th first excited
state in order to be competitive with the flﬁoreseence
If the rate of this emiss1on could be determlned either
by measurement or calculation then thls would be a

lower llmit on the rate of energy transfer. Even though

there have been some reports of the absorptlon maxima’

_and some rough estimates of the fluorescence maxima (See.

D%
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p. 3 for details and references.), these data could nof
be used for furfhef calcula}ions because the solvent

must be the same fpf botﬁ the-&bsorption and the fluores-
cence and the inﬁégrated areas under the spectra must. .
be known., . Also no observable fluorescence has ever

been reported for Dye I. Thus the‘purppse_of this research
was tp.determine gither by measurement or calculation, the
oécillator strengths of the absorbandes; the corrected
in?egrated afeas of the,fluoresqencesﬁ the intrinsic
lifehimes, the qdantum efficieﬁcies; and the obserﬁable
1ife£1mes (the inverse of the sum Qf.thé rates. for all

decay processes) for the fi?st exbited,singlet)statés of

thesé dyes, ) A
. Each of the dyes was prepared by the method outlined
in detail in the experlimental éectibp,.lAfﬁer the initial
reaﬁtiqn betweeh'3;§thy1-2~meﬁhylbenzoxazolium iodide
with igoperxjt.yi.'n’j.trite, the dye formed is the trilodide
salt, To prepare the iodide in order to have the same
anion as the other dyes, the triiodide was preduced by
bubbling sulfur dioxidenihrough a suspensioh of the dye.
Then the reduced dye was recrystallized from methanol. -
Upon the second recrystalllzation, the dye apparently
decomposed into a foamy yeliow substance. Sinee the

‘1lodide was not pupe‘after only one recrystallization
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and the trilodide was found to be pure by elemental
analysis, the triiodide of Dye 1V was used for the
gpectroscoplic studies.

A possible mechanism for the formation of Dye.I1V,
similar to that proposed by Fisher and Hamerl® for the

thlacyanine Dye I, can be written as follows:

@L@/\-Me + CgH30NO —> 05H110H

gt x©
0 ,o\

o Qo ~x o/-CN + Hx0
R gt xe

Ope + =10, —
]]‘:t x© gt x©
@:ON>=CH—<\;© + 5% + HoN + x©
N
Et X© Et
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It is questionable whether.the fimal coupling step of
thig mechanism, that.of»z—cyanOPB-ethylbenzoxa;olium
iodide wiﬁh 3=ethyl-2-methylbenzoxazolliunm iodi&e, would
occur, '

The triiodide anion ig formed by the oxidation of
two lodide ions to iodine %hich then reacts with an
lodide ion to form the complex ion, triiodide. The
oxidizing agent in the reaction is the isopentyi nitrite
which is probably reduced to nitric_bxide and isoﬁentyl
‘aleohol,- ‘

Originally a third vinylogous series of dyes waa§
_ to have been studied é;so. The dye 1,1',3,3"-tetra-
ethylbenzimidazolocarbocyanine iodide could be fbrmgd
in only, a small yieid and very poor puriiy even under
drastic reaction conditions .such ags the reaction of
1,3=-diethyl-2-méthylbenzimidazolium iodide in nitre-
benzene with 3 M sodium athoxide as a basie catalyst.
The prodiict of this reaction after five recrystalliza-
tions from methanol had anvextinction coefficient of 51
at the 486 m AL maximum. The exfinction coefficient at
the maximumvabsorbtion for aliowed transitions such
as those in these dyes are usually in the fegion of
104, Therefore, the study of this serles of dyes was

abandoned.
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In Figure 2 may be found‘the.abSOrption spectra
of the lowest electronic transition for Dyes I, II and
ITI, while Figure 3 gives the absorption epeetra for
Dyes IV, V and VI.. These spectra were examined in dilute
solutions of about 1072 M in methanol and are plotted
by € , the extinetion-coefficient, versus the wavelength
in mw. All the spectra have a similar shape with
a shoulder at shorter wavelenéth. In each series the
extinetion coefficient et the maximum absorption in-
creases.as the chain length increaseg, As calculated
by‘equation (11), the oscillator strength similarly
" increases. The integration for the oscillator strength
wag performed by the method of the sum of the areas of
small fectangles. The error in the reﬁerted osecillator
gtrengths is estimated to be about three per cent. The
absorption results are summarized in Table I

Figure 4 gives the emission spectra at room temper-
ature for dilute methanol solutions of.Dyes I, II and
ITI, while Figure .5 gives the emission spectra‘for
Dyes IV, V and VI. .The concentrations of the dyes were
about 10-6 I for Dyes IIT and VI and about 1075 }f for
all the others, -These spectra are corrected for the
gquantum efficiency of the photomultiplier as given by
the curve 4in- Figure 6 for a typical tube of this type
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Table T
' Dye Amax é max;. . Je aD f
m 4 X .10-5 X 10-8
I 4ol 0 0.868 1..90. 0.822
II 556.0. 1.56 2,52 1.09
IIT  651.5 2.53 - 3.51. 1.52
Iv 375.5. 0.786 2.39 1.03
v 483.0 1.51 2,90 1.25
Vi 579.0 2,27 3,42 1,48

where the quantum efficiency in per cent is plotted
against the wavelength'in m Ll . Tge intensitieé of the
spectra themselves are plotted in arbitrary.units,<

The lifetime for spontaneous emission, 7?0, is
the same as the observed lifetime éf the radiative state
if there are no other competing processes for the loss
of energy. If there.are other methods of deactivation,
then the observed lifetime is'shorter than ?3O'by the |
factor of the quantum yiéid. :Since- -the lifetime is the
reciprocal of the rate donstant for the transition,
in the case of no cpmpeting processes'the observed

lifetime may be weitten as
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where ke,ig the rate constant for spontaneous emission.

When kg 1s the rate constant for competing processes,

—
then the observed lifetime L may. be given as

or T= L E@)
= G ( kﬁ)
5 ) < ¢

where ¢; is the quantum yield., Thus the radiative life-
time may be calculated from the observed lifetime.and
the quantum yield. However, these two .quantities had
not been determined for thesé dyes..

-But the radiative lifetinme may also be|calcu1ated
from the absorption and emission spectra. So equation

(37) was used to calculate the spontaneous emission
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lifetimes of the-first_electfonic excited state for
-‘these two series of .dyes. Both states of these djes
were assumed to be nonédegeneratep

From the Landolﬁ-BBrnstein tablesl6, a curve such
aS'Figure 7 may he plotted for the index of refraction.
of méthanol versus the wavelength., The values of huo,;l
and Ny g5y WETe pbtained from this gfaph.

~The quantity <z§3f“5 av?l was calgulated by, equation
(33). where each of the integrals were approximated by
the method of'the sum of the areas of small rectangles
from the emissioﬁ spectrum and then the integral
fl(i) d7  divided by the integral f55 -3 ()47 .
The value of <i§5 f°3;>avfl 18 probably accurate to
about three per cent.

.From the absorption.spectruﬁ,the integral
f E(D 1oy & .1n_"2310_?u was calculated by the method
of the sum of the areas of small rectangles, Since
the error in this integral is estimated to be about
three per cent, .the total error.from éxperimenﬁél
‘facgors in the calculated radiative lifetime, 7T/0,
should be approximately six per cent.

The .sulfur conbaining series of dyes, that is
Dyes I, II and III,;were‘calculated to haﬁe radiative

7? .

lifetimes, 0? around three nanoseconds while the
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oxygen contalning dyes, Dyes IV, V and VI, were calcu-
lated to have radlatlive lifetimes around two nanoseconds.
. 8o the radiétive lifetime seemé to depend more upon

fhe hetero-atom difference between the:series of dyes
than upon the métﬁylene chain length within eaech séries.
- The data for the 1ifetim§ calculations-are summarized"
in Table II,

As can be seen from Table II,. as ﬁ<§}f'3j>av"l
decreaées‘thé integral fe (iilb=>u) a ln:EEOJ?u
increases for each dye series so that the radiative
lifetimes are about the same for each series, .The differ-
ence 1in 1ifetiﬁes-occurs,mainly,because the wavelengths
of absorption and emigsion‘are not the same for the
two ‘series of dyes for the same methylene chain length.
The oxacyanines are alliat shorter wavelengths than £he
corresponding'thiécyaﬁinesl Since the mean wavenumber
for the fluorescence band is éUbed,_this increases the
difference between the .two series,,as reflectedlby the
lifetime for spontaneous.emission. So the root qf the
matter is the smaller difference in energy between the
ground state and the excited state in the thiacyanine
dyes. as compared to the oxacyanlne dyes;

Considering the sulfurs or oxygens conjihgated infb

the methylene chain as well as the nitrogens for the

% .\




TABLE II

, SN
D) fem, yanz
Dye nuo-—>1 nloau < f /av é-(vlo—?u) In lo>u
: -12 4
X 10 _ X 10
I 1.3301 1.3348 8.588 ' 0.779
I 1.3263 1.3281 4.750 1.346
01 1.3244 1.3256 3.139 2,198
v 1.3338 1.3404 13. 20 ‘ ' 0.863
Vv 1.3288 1.3310 7.187 1.351

\ 1.3258 1.3270 4.335 ' 1,927

‘=8£'=
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thilacyanines andloxacxanines reSpectively,"then the

effect of this conjugation could be described by the

terms inducfive-effect and mesomeric effect, These

terms were defined by the cléssical theor& of valence

or‘its quantum mechanical équivalent, valence bond theory.17
The inductive effect Of,ﬁ substituent is the .effect

of the potential field of the substiment' on the 7

electrons of the.unsubstituted moiecule. The replace-

ment, of a CHo group by NH, 0, or S can be considered

ag an iﬁductive rerturbation, Nitrogen and oxygen being

more electronégative than carbon,_oxygen even more than

nitrogen, will tepd to attract electrons from phe"reat‘of

the molecule. Since sulfur has an‘electronegativity

more nearly that.df 6arbon, this:effect will be negligible.

Also sulfur could accbmgdate a partial'positive charge.

ﬁore easily. than oxyggn.l8
The mesqmefic effect of a substituent is defined

as the'ability of the substituent tp extend the space

over which the;TT electrons of the molecule are delo-

calized., Since the non-bonding electrons of oxygen,

nitrogen, and sulfur are p/ type, these electrons

repellfthe 77 electrons of the hydrocarbon.. ?his repul-

sion is due at least in part to the &@lectrostatic field

of the p7f electrons and decreases in the order of
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oxygen, nitrogeﬁ, sulfur,19 In addition the low lying 4
orbitals of sulfur possibly, play. some role in the éx-
tention of the conjugation,

Resonance structures such as those in Figure 8
can be drawn for an open chain cyanine, an oxacyanine
and a thiacyanine. Those pictured are for a short methy-
lene chéin length but the same type of structures can
be drawn for a longér'chain with the same resulting
conclusions.. .From the inductive effect and the mesomeric
effect, an enefgy diagram of the structures could be
shown in a qualitative way,

A1l the structures afe considered to contribute
to the dye molecule, both in the ground and excited
states. In the grourd state, however, theré_will be
relatively greater contributions from the low-energy
eitreme structures where the poéitive charge is on the
nitrogen,, while in the excited state the higher-energy
structures play a greater part. Thus the énergy differ-
ence between the ground state and the excited state
is less for oxacyanine than for:an_dpen chain cyaniné,
and even less for thiacyanine,

Even though arguments like the'preceding:give an
estimate of the expected difference in the radiative

lifetimes of the series of thiacyanines versus the series
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of oxacyanines, théy do not give a number that is accurate
to a six per‘cent‘experimentalAerror; To use the life-
time for spontaneous emission in other calculétions

and to establish the properties of excited states, an
accurate_figure is needed,

If the fluorescence efficienéies were known for
these dyes,. then an abservable|lifetime ﬁf ecould be
calculated with épod'accuracy_even_though gome of these
lifetimes are probably too sﬁort to -measure with known
methods, especially. the short chain length dyes., The
fluorescence efficlencies weré'determined by comparison
with known standards. |

For the comparison to be accurate, the raw fluoreé-
eence spectra were corrected for the following wavelength
dependent factors: the qnantum efficiency. of the photo§
multiplier,,the band width of the emission monechromator
and the transmission factor of that monochromator. This
was done by recording the spectra of the following com-
pounds excited at 366 my,e for which the corrected spectra '
are known?0s21,22;  guinine bisulfate, 1 scg/ml in 0.1 N
H,80,; 3-aminophthalimide, 1 4cg/ml in 0.1 N H,80,; 3-
nitre-N,N-dimethylaniline, 100 xg/ml in 30% benzene
and.?d% heiane by volume; and 4-dimethylamino-4'-nitro-:

stilbene,.lOO'/Lg/ml in o-dichlorobenzene. The values
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chosen were those given by Argauer?? for dilute solutions
at 90° raﬁher than thpse of Lippert etaal.go_for front
surface concentrated solution fluorescence. The fluores-
cence spectra of these compounds co#er fhe visible spectrum,
The least reliable region is that less than 425 m.L
since the quinine bisulfate fluorescence is 50% §f-its
maximum at that wavelength and decreasing as the wave-
lengﬁh decreases.. ' So a small errof'in either the stgndard
curve or in the measured curve will glve largér errors
in the correction factor at the shorter.wavelengths.
The spegtra of the compouhds.ovérlap with at least T0%
'of thelr maximum intensity except for the region between
590 . and 640 m/L where the two spectra cross at 50% of
their maxima. The. sodium salt of 2,2'-dihydroxy~1;1'-
' azonaphthalene-4-sulfonic acid cqgld ndt be obtaineq,
otherwise, it would have.been used, as the fluoreécent
aluminum chelate, to cover this région.

Then S 4, the correétion for the three wavelength
" dependent factors, was calculated from equation_ﬁ#@):
where (dQ/dji)SL now is the known spectfal distribut;on of
one of the standard compoundé and RSL is the photomulti-
plier response of this inSbrumént‘to the same compound
under the same conditioﬂs as_thaﬁ_fof ﬁh@éh'the.standard
g

fluorescence curve is provided. The resulting 5, °s
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.are plotted in'Figure 9. The aotted line gives a maximum
uncertaintyﬂin,the‘sfl's in the reglon less than 425f@;¢,
The  fluorescence spectra of‘thevdyes-I through VI .
and of the known compounds quinine bmsulfate and rhodamine
B were determined. with the same 1ns£nument configuration
as that for which the 53 's were calculated. For . the
energy“correction-using;peak heighté, two of the compounds.
were exclted at the_sgmeEWavélength and 1amp.intensi£y.
See Table III. for the excifihg;wavelengths.-
| Since the fluorescence efficieﬁcyﬁqf some of the
dyes is very low, solutions which absorbed an appreciable
amount of the exeiting light had to be used, So that
any corrections for‘this would éancel_for the two so;utioﬁs
to be coﬁpared,,all the solutions were made tq.have an
absorbance of 0.4 per cm. at the exclting wavelength
a8 suggested by-Pafker.le | _
The resulting,fluorescence.spectra were then used
to determine the fluorescence efficlency of the six
dyes. This entalled dividing the photomultiplier response
at each 5 m%L.interval by the correspondingMSﬁ and then
integrating by the method of the sum of the areas of
the rectangles formed by the corrected relative intensity
vérsus the wavelepgth to find thé area under . the -

fluorescence cunve,
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TABLE IIT

Compound

. Dye
Dye
Dye
Dye
Dye
Dye

I
II
111
v
v
VI

Qﬁinine Bisulfate

-Dye

Dye
Dyell

Dye
Dye .

v

.Dye
Dye

Dye
Dye

Dye
Dye

Dye

IV .
IV

I
V.

IT
IT

VI
VI

IIT
IT

Rhodamine B
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~The true absorbances wene determined for all the
eoiutions.: Then both the areas and the peak heights
were corrected to OmAOO-byeaseuming_a linear relationship
between absorbance and fluorescence quanta. Allfof.the
absorbances were within 9 per cent of being 0,400,
with most of them Vefy c&ose, go thie assumption should
be valld. |

The correction for the index of refraction was
made for the calculation with Dye IV in methanol (n =
1.335 from Figure 7) and quinine bisulfate in 1 N'H,30,
(n = 1.338.23) and with Dye II.in methanol (n = l.326‘|

from Figure 7) and rhodamine B 'in ethanol [n = 1.360.2%),

.All the dyes were dissolved in methanol so no corrections
had tokbe made for the refractive index.

The fluorescence efficlencies were calculated with
quinine bisulfate ( ¢ = 0.55 27) as the standard and
with rhodamine B ( # = 0.97 %) as the standard. The
resulps_o£1these calculations and the corrected erees
under the‘fluorescence\curves are given in Table IVE

As can be seen in Table IV, the ;{fs as-calcniated
from the two standards ere disparate, Sincelrhodamine
B has a_value of 5.0 from guinine bisulfate, it would
.appear theﬁ the problem must lie in one or more of the

four shorter chain-lengph dyes..
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TABLE. LV
Compound Integrated é' from . ~¢ from
Ares, : Quinine .Rhodamine B
l Bigulfate ,

Quinine 913 0.55. 0.11
Bisulfate

Dye I 1.91 0.003%0 0.00059
Dye II 491 | 0,25 0.048
Dye III 4570 1.7 0.33

Dye IV 5.77. 0.0037 - 0.00071
. Dye V. . 282 ~0.27 . 0.053
Dye VI 5110 2.2 0.43

. Rhiodamine B. 8290 5.0 0.97

The integrated,aréas are corrected fop everything'
but the lamp-intensity,“the band width of the excitation
monochromator and the transmigsion factor of that mono-
chromator. -If 1t is assumed that the last two factors
are much smaller than the variation iﬁ 1amp‘intensity,
then the major correction is the decreasing quanta of-
light with decreasing wavelength_from the tungsten lamp.

Now Dye I has an integrated area of 1L91ufép exeitation




LIk

~49-

at 424 meu while.Dye.IV:hes an area of 5.77.for excitation
at 376 muw., a ratio'of;approximately 1:3. If the tungsten
‘lamp is assumed to run at‘BOOOOIK and if it is assumed |
to emit like ‘a blackbody radiator, then at 424 mee it -
will emit 2.13 X 102 einsteins per /u_m“l interval
while at 376 mi 1t will emit 6.73 X 1070 -einsteins
per‘ALm“l ihterval.27 This is a ratio of approximately
~3:1., So it would appear that the ¢ 's of Dyeil to Dye IV
should be at least 1:3 .if not gfeater, but they‘are not,
they are approximately the same.

So the relationship between Dye.I and Dye IV, which
were calculated one from the other%mwould seem to be
a weak link in the chain of,fluofescence efficlency
calculations, The wavelength at which both were excited
for comparison was one in which neither had a very
large absorbance and‘the energywpr the lamp is also
very 1ot in this region., -Between these facts and the
fact that neither has a very 1arge fluorescenee efficiency,
the instrument sensitivity was pushed to its utmost,
to give a very small peak height, Thus error could
be introduced in this manner. However even all this
can not exﬁlain.an error of a factor of five,

The .dyes I and IV are different from the others

in that they do not give mirror image fluorescences,
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This ‘may mean that there is a molecular rearrangement

upon excitation, The fluorescence efficiency;qalculat;qnf

Hhas the basic éssuﬁption that the fluoﬁegcence,efficiency
is cdnstant across the.absérﬁtion'bandg__l} there is,
8, molecular.rearfangement iIn the excited state@“perhaps
some excitation energies are more favorable for emission
thah others._ Excitatioh to some particular vibrational
levels might reérrange_mdre readily_and;then fluoresce
~féther1than decay radiationlessly. Thus the fluorescence
.efficiency may not be a constant across the absorption
band..

.Thén the bést-fluoresceqcé'efficiencies may be
those in_whigh,pyefl.andﬁDxe IV are calculated most
direetly from‘a_kﬁowﬁ_standardLand not from each other,
This glves a ratid of ¢>"s of approximately 1:6 for
Dye.I to.Dye IV. The ¢ 's from this assumption with
their estimated errors, the'observableilifgyim?s,cglcuﬁ
lated from these ¢ 's and the calculated 1ntfinsic |
lifetimes are summariZed in Table V, The‘lafger_error

in Dye IV comes from the uncertainty in Sﬂ’ while the

error 1in Dye. I comes from the uncertainty in readiﬁg

the curve, Thé;error,fbr the othern four dyes 1s asséssed

at the nominal 10 per eent for this procedure since

there 1s not the uncerfainty in S 7 and since the
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TABLE V
Dye ¢ : giT; 77

I 0.00059. 20% 2,94 X 109 1.7 % 10-12
IT 0.048  10% 3.09'X 1009  1.5.x 10710
III 0.33 10% 5,87 X.1077  9.5:x 10~10
SIV 0.0037.  50% 1.72 X 1077 6.4 x 10712

v o 0.053 10% 2,02 X 1079  1,1x 10710
yI 0.4%  10% 2,37 ¥ 1072 1.0 x 1079

standard‘rhodamine B has its fluorescencg in the same
region as these dyes.

The fluorescence efficiencies vary most by chain
length iﬁ the. two series of -dyes, As the chain length
increases, so does the_fluoreécence;;fficiency. jihq;
”pred}cted,observable lifetimes vary in the same manner,
Sﬁall differences between the two series for the same
chain length dye for the fluorescence efficiency and the
intrinsic lifetimes céncel each other out to gilve
approximately fhe same predicted observable lifetimes
ekcept for the shortest members.‘ Dyg.I isgmore crowded.

énd thﬁé may.pe expected to be different from bye IV,
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. The rate.of all decay processes is the inverse of
the observable lifetimes so that for shorter lifetimes
the rate is.fasterL The rate of énergx,transfer must
compete with this fluorescence rate to be effective.

If the rate of energy transfer is the same for all the
dyes, then it would appear thatlthe longer the chain
‘length the more easily the energy transfer could compéte.
This corpelates very'well with the fact that the longer
the chain length the better the dye sensitizes
photegraphic films.28;.
Dyes of the 3,3”5diehhylthiacxanine series in
high concentrations dimerize in water solutions, No
evidence of dimer formation in organic solvents at
room temperature hgs been feported.29 The following
gstudles were done to check for the possibility‘of dimers,
The original dye solutions prepared for the emission
spectra were almost saturated solutions; that is, . about
10°4 M for Dyes III and VI;and about 19"3 Y. for the other
four dyes. Thgée solutians plus-dilutions“of 10‘5,
107 and 1077 K for Dyes ITI and VI and dilutions. of ..
107, 1075 ana 1076 M.for the other dyes were studled
for differences. of shape of the emission spectrum,
These solutlong were also studied for variations. of

the emission spectrum upon excitation by different
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exciting‘ﬁavelengths. Those wavelengths used were
the maximum of the absorptlon band, the approximate
maximum of the abéofpt;bn shoulder, the dimer wavelength
a8 reported by West and-Peapce29; and a longer wavelength
than the absorption maximum,

The major change in .the emissien'ngctrum of all
six dyes upon a decrease in ﬁhe concéntr;tion of the
dye was. an increase in the relative height of the major
peak versus'the shoulder and a.shift in the maximum
of the major peak.toward shorier vavelengths, The
weakest two concentrations gave essentlally the same
spectrum with only‘moré noise in the weaker one. Thils
‘change with dilution may be attributed at least in part
to. self-absorpﬂc?ﬁ of the shorter wawelength emitted
1ight'by.the more concentrated solutions, '

With the most céncentrated solution of dye, excitation
at a wavelength longer than the absorption magimum gave
a spectrum in which the shoulder to maximum peak heighth
fatio was larger thah that for excitation at'othef
wavelengphs; This anomély.wés not observgd in any of
thelmore dilute solutioﬁs{7381née dimers have been
reported in watef solution329;_a saturated solution
of Dye III was prepared. The absorption spectrum gave

approximatelyvequal heights for the monomer and dimer
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.absorption peaks. The emission spectrum of this solution

had the peak maxuma at the same wavelengths as the dilute
methanol solutions;-;This;could;possibly,be-explained
by_the fact thet the:eXtinction coefficlents for the
water solution are much lower than for the methanol
golution of similar coneentration, gso there might. be
1ess~self-absorption. Different exclting wavelengths

did not change the peak height ratios in the water
solution,

So whether'dimers were the cause of the anomaly
in the concentrated methanol solutions is still a moot
question. In any case the concentrations of dyes used
for the absorption and emlssion studies were dllute
enough to give no evidence of the presence of dimers

or self—absorptiona
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SUMMARY

The absérptibn and emission spectra in methanol
of the dyes. of the-3,3I¢diétﬁyithiacyanine iodide series
and of the 3,3}—diethylpxé§yanine iodide series (except
for the first member which was the triiodide) were
determined. The integrated intensitiesland oscillator
strengths were calculated. In 'each series these
quantities 1ncréase a8 the methylene chain length
_increases. From the absorption . .and emission spectra,
the radiative lifetimes were caldulated._‘The lifetimes
,were.of the égder of_three_panoseconds for the thiaj-
cyanine series and of the order of two nanoseconds
for the oxacyanine sgeries. The fluorescence efficiencies.
were. determined. They increase by a factor of ten.as
the chain length incréages except for the first member
of the sulfﬁr series which is lower by a factor of
100 from:the next member, - The observable lifetimes
were calculated from the radistive 1ifetimes and the
fluorescence efficiencies. 8ince the rate of all decay
processes is the iﬁversevof the Observable.lifeﬁime,-
a minimum may be blaced on the rate of energy transfer

from the first excited state for these dyes when energy

transfer processes take place,

=55~




Lo 2D

EXPERIMENTAL

Melting points were determined on a Fisher melting
polnt block and were uncorrected

Analyses were performed by Galbralth Laboratories,
Incofporated,,P. 0. Box 4187-Lonsdale, . 2323 Sycamore
Drive, Knoxville, Tennessee 37921, \

The ultravieleﬁ and visible absorption spectra:
were paken-on.a Beckman,Model'DK~2'spec£rophotometer
for l,l',3,57séetraethjlbenzimidezolocarbocyanine iodide
and on a_Gery,Model_lA speetrophotometeﬁ for-ell the
others, | |

The .emission spectra were taken on a combonent
syetem. This eonéistedlof e tungsten 1amp,‘two Bausch
and Lomb Cat. No. 33-86-45 monochromators with the
grating blazed at 3000 &, an EMI Model 9558 B photo-
muitiplier,uand a Hewlett Packard Model Moseley .7030A
X-Y recorder. |

Methanol, Baker Analyzed absolute, without further
purificatibn was the sdlvent for the cyanine dye solutions
for abso;ptionfandvflnorescenee. I had no.detectable
fluorescence,

Ethanol, 95%, was used without further nurification.

It had no detectable fluorescence,

~56-
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o-Dichlorobenzene, Baker Analyzed reagent,”coﬁta;ned
no fluorescing speeies, B.p. 180.3-180.5° at 640 mm,
_Benzene, Baker Analyzed was dried over sodium and
distilled, b.p. 72.8-73° at 640 mm. |
Hexane,rBa%erIAnalyzed, was purified with chloro-
sulfcﬁic acidVBQ About 400 ml. of the hexane was added
to 80 ml of Eastman practical chlorosulfonic aeid in-
a 3-necked one liter round bottom.flask. After the
additien, two of the necks were stoppered the third
had a vent tube to allow the escape of the hydrogen
chloride formed during the reaction The " reaction
mixture was stirred_by,a glass-covered magnetic stirring
bar,: After fcur days the mixture was piaced,in a
separatory funnel and the acid layer%,a dark brown,
drained off, '$he'hydrocarbon-layer,ja light yellow,
was washed with 150 ml. of 10% NaQH'isesmall portions.
‘Then 1% was washed three times with 100 ml. of alstilled
water.aﬁdpleft,@p drx”cver.Na§S§4g, The hexane was thep
dried over‘sodium and distdlled b.p, 61.8-62° at 640 mm,
Sulfuric acid O 1N and 1 N, were prepared from
DuPont Reagent Grade concentrated sulfuric acid and

were standardized- againstvstandard NaoH.

Quinine Bisulfate,“Eastman,,gaye an Q,D.Lof‘0;368/cm.

for. a concentration of 0.005889 g,/100.ml, compared
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to 0.0062/cm, for a concentration of 1 4g./ml, for
Parker and Rees 31
 Rhodamine B, J,T, Balker Chemidal Co., had an extinc-
tion coefficient of 1.06 X 105 at 544 ch compared to
1.04 X 105 for Parker and Rees 31
B—Aminophthallmide, Eastman, was filtered hot and
.then recrystallized three times from~95% ethanol, Since
it sublimes at 640 mm. the melfing‘points wvere determined
_using_e sealedncapilie:ywtube_end a Thiele tube filled
with concentrated H,80,, m.p. 259.5° (L1t.20 260°),
€ se6. =" 3+24.% 107,
3=Nitro-N,N-dimethylaniline, Pfaltz and Bauer,
Ine., ﬁas recrystelliged‘once fnem‘95%.ethanol,lm.p.
59-60° (Lit. 20 59-60°), € 26 = 1,30:X 10°.
4-Dimethylamino-4u«nitrostilbene Eastman, gave
.a very . sharp melting point,,m.p.-2659 (Lit;zo 256°),
€ 566 = 567 X 10,

' ‘Preparation of 3-Ethyl-2-methylbenzothlazolium Iodide

Ethyl lodide (20.0 g., 0.128 moles) and 2-methyl-
benzothiazole (10.0 g., 0.0672 moles were refluxed -

together for four hours. A yellowish-white precipitate
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formed., -After the reaction.mixture was cooled, the
precipitafe was flltered and was. washed three t1mes
with acetone (about 10 ml. each time). The yield of
-white salt was 12.2 g, (0;0400 moles),

Ethyl 1odide (18 1 8., O. 116 moles) and 2-methy1-
benzoxazole (8.2 g., 0.0614 moles) were refluxed
together for 47 hours. The resulting yellow-brown
-8011d, when, cooled, was filtered and was waghed three
times‘with abgut'IQ ml, portibné of acetone, The yield
of pale yellow salt was 7.7 g.. (0.0267 moles).

Preparation of 1,3-Diethyl-2-methylbenzimidazolium Todide

Ethyl fodide (10.00 g., . 0,0640 moles) and I-ethyl-
2-methylbenzimidazole (7.00 g.'s, 0.0437 moles) were
,reflhxed~tcgethef for nine hours. -The reaction.miXtUre
was allowed to cool and then was pqgreq into ether;
The ether solution was'filtered.l The solid salt.was
washed with ether ﬁabout'S ml. ) and'with acetone (about
5 ml.). The yleld of grey-yellow solid was 12,8 g.
(0.0405 moles); m.p. 19972020; |

Anal. . Calcd. ,:orlcmgl#mvgz_ C, 45.65 H,,5.37;

N, 8.85.
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‘Found: C, 45.70; H, 5.39;
N,.8.92, -

~Preparation of:3;3};biethjlthiaearbocvanine.Iodide
. Triethyl ofthefénmaté,(i.OOjg;,_o.oo675 moles)
and 3-ethyi-2—methylbenzothiezo1ium lodide (1.00 g.,
0.00328 moles) were heated'together'in 10 ml. of
,pyridine w1th magnetic stirring. When the mixture
reached reflux temperature and all the solid had
dissolved,.. six drops of triethylamine were added. 3At‘
~this time the solution tqrned very,purglel The solution
was refluxed for tenmminuteS'and then allowed to cool.
The:cooied.mixtUre~was poured inte about 100 ml, of
'ether?'thoropghly mixed and,then.filtered.' The crude
Jield was 1.2 g. fRecrystallization from methanol three
_timeéogave Ole g. (0. 060609 moles)'of Shmongreyfpurple
needles- m.p: 267 with decomposition. h
.1ggg;; Galcd for 021 211N28 ':C 51 23 H 4 273
' I, 25.8,,5,.13.04;
.Found:.;G,'50,96;-H,,4.323

T, 26,075 S, 13,26,

Preparation of 3, 3'-Diethylthiadicarbocyanine Iodide

Pyridine (l@ ml, ), 3—ethyl—2-methylbenzothiazolium
. iodide (1,00 g.; 0.00328 moles) and 1,1,3,3-tetraethoxy-
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propane (1,52fg;, 0.00681 moles) were heated ‘together
_until'all of the so0lid had dissolvedt':Two drops of
tfiethylamine were ad&ed. Immediately the coleor changed
to a blue, This mixture Waé refluxed for ten more
minutes after -which it was allowed to cool,
Then it was poured into about 150 ml, of ether
and was stirred well., Next the crude dye was filtered
and recrystallized from methanol three timés to give
0.20 g, (0.000386 moles) of shiny yellow-green matted
crystals; m.p. 254-69_withqdecomposition.
Anal, OCaled. for 0231{2'31329,2-:_ C, 53.3; H, 4.44;
- I, 24,53 8, 12,62,
Founds G, 52.375 H,. 4,44
I, 25.29; 8, 12.47,

Preparation of 3,3'-Diethyloxacyanine Triiodide

The.méthod used was principally'that,of Fisher

cand Hamerbg. PThe quaterqary,Salt, 3~ethyl-2-methyl-
‘benzoxazolium iodide (3,50 g.,.0.0121 moles) was' added
to 25 ml, of propionic anhydride which had been heated
to 135°. ALl of the solid dissolved when freshly aistil-
led isopentyl nitrite (1.5 ml,, 0.011 moles; b.p.. 88--89o
at 640 . mm,) was added slowly. Then the mixture was

allowed tq cool,
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The solid which first formed was an Srange color,
.The solution was decanted and a purple precipitate
formed Both of these precipitates were- flltered
ground with water and with ether and filtered again.
Each yilelded 0.2 g. of solid,
| . The ultraviolet and”miéible‘sﬁeetrum was taken of
each. The'orange 'solid appeared;ﬁo,havé'some of the
qﬁaternary“sa;t present_apﬁ‘the purple had aflarger '
leading edge to the dye abserption band, otherwise they
‘seemed the same, |
The purple solid was extracted three more times
A with about 20 nl, of ether each time, This purp;e
compound had a m.p. of“BOO-l with.decpmposition.
nal. galed. for 016 gT3005% I, 55.4,
Found: I, 55.21,
Attempts were made to reduece the triiodide to
the lodide salt. The trilodide was suspended in 10
. ml, of methanol cooled in an lce bath and tank sulfur
dloxide gas was bubbled through for six hours and-
for twenty hours, - The dye turned. lighter in color
but upon standing would turn aark égaiﬁ. .
Then the dye was reerystallized_ffom]methanol,
with 1ittle difficulty the first time, ."After the dye

digsolved in the second recrysﬁallizatién,a foamy
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yellow substance formed which had some purple épecks
in it, This.yellow substance was not soluble in water,
methanol or dimethylfermamide,’ Iﬁ'ﬁas slightly soluble

in ethep, mﬁch more so . -than the purple material,

Preparation of 3%3?-DiethyloXacarbocyanine.iddide
Triethyl orthoformate (3;20 8., 0.0216 moles)
and 3-gthyle2-methylbenzoxézolium‘iodide (3.0480 g.,
0.01055 moles) were added to 50 ml. of pyfidine in
a 20 cm, by 2.5 cm, test ﬁube. This mixture was heated
over a smgll'fiame. . When the solutidh:boileﬁ a total
of 21 drops of trietﬁylamine was added, ihe solid'
never séemed,to dissolve; however, when the solution
was cooled and filtered, shiny purple-pink crystals
were found, These were reerystallized from ethanol
twice to jield 0.55 &. (Ot00124moles); m.p. 281°_w;th
" decomposition, .
Anal. Caled. for CoyHy IN On: C, 54.8; H, 4,/56;
| ' I, 27.6.
Found: G, 54.69; H, 4.76;
I, 27.46,

Preparation of 3,3'-Diethyloxadicarbocyanine Todide
About 0.1 g. (0.0004 moles) of 3-ethyl-2-methyl-
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benzoxazolium iodide, about the same volume of 1,1,3,3~
tetraethoxypropane (approiimately 0.2 g.,'omoodg moles)
and about two ml, of dimethylformamide were hedﬁed
together in a iEacm. by l,éjcm,,test tube over alsmall
flame, When the solution sfarted'boiling, five drops
of pyridine.were édded. The mixfdre was a}lowed to
cool and then poured into about 150 ml, of elther and.
mixed well, This nixture was allowed to stand for sev-
eral hours with occasional mixing. Then‘the ether was
decanted, fresh ether added and the same process continued
,until the dye was no longer sticky. Then the dye was.
recrystaliized three times from methanol, The above‘
procedure was repeated four times to yield d total of
0.10 g. (0.00021 moles) of sllver-turquéise crystals;
m.p., 254-6° with decomposition, | .
?égg;é ﬂsaiqd°_f°f,023H23;N292§ Cgu5618; H,:4.73?
o | I, 26.1;
Found: €, 52,133 H, 4,42s
| 1,-32,10,

A Sample of 3 3'-Diethvlthiacvanine Iodide‘-

\

This yellow dye previously prepared in this labora~
tory gave satisfactprz analysis with m.p. above'le R
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48,95 H, 4,08;
27.2; 8, 13.75
48.85; H, 4,21;

Agal, Caled. fqr.619319;N2§2:

Ve

C,
I,
Found: C,
I,

Attempted ?reparation'ef 1,1',3,3'~-Tetracthylbenzimida~

quecarbopyanine_lodidé

An equal volume of 1,3-diethyl-2-methylbenzimida~
zolium iodide and tfiéthyl orthoformate were reaeted
togepher in a seriesg of éolvent and base pairs., Thesge
included pyridine and triethylamine, dimethylformamide
.-and triethylamine, nitrobenzene alone, nitrobenzene
and triethylamine, nitrobenzene and 2,2",2"-nitrilo-
triethanol, dimethylformamide an&'sodium hydrexide,
and finally nitrebenzene and 3 M sodium ethoxide.. The
product ef this last reactlon after five recrystalliza—
“tions from methanol had an extlnction eoeffieient of
51 at the'maximum of 486 mﬁo so. it apparently was not

very pure,

27.03; 8, 13,84,
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