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ABSTRACT

Triplet-triplet absorption spectra of flavone, 7-hydroxy-

flavone and S-methyl.- 7-hydroxy fravone in t].e region 12,0oo .*-1
to 29,000 "*-1 were obtained in EPA glass aE 77oK using a con-

tinuous cross ilrumination technique. The T-T decay lifetime
$tas record.ed using a flash technique, and a comparison râras made

wittt measured phosphorescence lifetime data in order to verify
ttre T-T nature of the transitions. The presence of interference
due to photoproducts was noted in the attempt made to measure

the T-T absorption spectra of S-hydroxy flavone and. S-hydroxy-

7-methyl flavone. The photoproduct absorption spectra of these

molecules between 14r000 cm-r and 25rooo "*-1 has been recorded.

The total emission spectra of flavone, 7-hydroxy flavone,
S-methyl - 7-hydroxy flavone, S-hydroxy flavone and S-hydroxy-

7-methyl f lavone $rere obtained. i-n EpA glass at 77 oK. The range

investigated was between 300 and 700 nanometers. An attempt to
exprain the lack of fluorescence in the emission spectrum of
flavone and its appearance in the emission spectra of the hydroxy

derivat.ives has been mad.e. rt is proposed that because of the

reduced efficiency of intersystem crossing caused. by the shifting
of the nn* states in the hydroxy derivatives, fluorescence is
able to compete effectively with phosphorescence in these com-

pounds.

Theoretical calculations have been

a combínation of CNDO methods based on the

carried out utilizing

CNDO/S formalism of

tìì¡.ì
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Jaffe, eÈ 41. calculations of the energy of the rowest tripret
stat.er ês v¡el1 as the calculation of T-T t,ransition energies

and oscillator st.rengths have been performed on flavone, 7-

hydroxy flavone and 5-methyl-7-hyd.roxy flavone. The cartesian
coord.inates for all atoms in each molecule vrere determined by

systematic construction of each molecule using standard bond

lengths and bond angles and the assumption of a pranar geo-

metry in flavone. The calculations were able to account accu-

rately for both the energies of the T-T transiËions and their
relative intensities. The agreement between experimental and

carcurated results was excellent in the case of flavone.
I

Arthough the correlation was slightry poorer for the two 7-
hydroxy derivatives' the agreement in these latter two compounds

is still very good. The sensitivity of this computational
method to the geometry of the molecule examined v¡as mentioned,
and has been used to discuss the validity of the assumpt.ion

of planar geometry in flavone
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ÏNTRODUCTTON

Despite tt¡e lack of information on the triplet states of
many heterocyclic molecules, the role of such states both in
photochemicar and photobiological processes cannot be under-

estimated. Because of their abundance in nature and their
increasing use in pharmâcy, heterocyclic molecules are being
studied more thoroughly today than in the past. rnvestigations
however tend toward ttre biological and biochemical aspects of
the compoundsn and many of the physical properties of the

molecules, notably those related to their triplet states, are

negrected. The present study was undertaken in an attempt to
extend the knowled.ge of triplet states to a family of hetero-
cyclic molecules commonly found in plants.

Flavones, whose formation in prants requires the presence

of right, are found to be naturally occurring in the leaves

and petals of many plants. rlrlhen found in high concentrations,
flavones and hydroxy substituted flavones are known to contribute
markedly to the colouration of the plant (I). Besides their
occurrence in plant material, hyd.roxy flavones are known to be

important antioxidants and are useful in the protection of
Vitamin C from oxidation (2).
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I. General Description of Triplet-Triplet Studies.

The first recognition of a spectroscopic phenomenon having
to do with ttre triplet state was mad.e by Sk1ar in Lg37 (3).

The weak intensity of the absorption that sklar observed. in
benzene was at that time tentatively assigned as a Singlet-
triplet intercombination tranèition. Efforts to further under-

stand the "metastable" state known as the triplet state increased.

It was Lewis and Kasha who in L944 id.entified phosphorescence

as being the result of radiative combination between the lowest

triplet state and. the ground s5-ng1et state (4). Seven years

later McCIure published a comprehensive survey of triplet-triplet
(T-T) absorptj-on (5). This was ttre first well organized sur-

vey since the initial observation of T-T absorption carried out

by Lewis , Lipkin and l"Iagel on a solution of fluorescein in
boric acid glass (6). Since ttre time of these studies, much

research has been carried out on the triplet states of organic

morecules and it is now fel.t that triplet states are fâirly
well understood. That the triplet states of organic molecules

are extremely important owing to their involvement in photo-

chemical and photobiological reactions is.also recognized (7,8).
The lowest triplet state is of particular interest since it is
from this leve1 that, both T-T absorption and phosphorescence

In order to observe T-T absorption or phosphorescence it
is necessary that, a certain percentage of the ground. state
molecules in the sample being studied are excited to the lowest

iì

l

¡:

i

l:'',
t_:
irì.,'

l

I

l
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FIGUFG 1

Radiative and radiationless processes contributing to the
popuration and deactivatj-on of the T, state. The rate
constants k have the following meanings:

number of quanta absorbed. per second per molecule.

the rate constant of fluorescence (sec-I).
the rate constant of internal conversion
. -1.(sec ) .

kA=

kF=

1....
i. -': ,'.
i."..'
.: r:":.:

)t'
ì l:r:,::.
:.:, -1 -

kïc =

krsc = the rate constant of intersystem crossing (sec-l).
kp = the rate constant of phosphorescence (sec-l¡
ken = the rate constant of., the intramolecular radiationless

process T1* So (sec ').
kT-T = the rate constant of triplet-triplet absorption

-l(sec ') .
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triplet state. The primary photophysical processes leading ro
the popula.tion of T, and the pathways of triplet-triplet
excitation and decay are best visualized by the use of a

Jablonskí diagram as shown in figure (1). From the relative
position of the molecular energy levels in the Ja.blonski dia-
gr¿m it, woul-d seem that the most simple method of populating

T, would be by direct excitation. this however is found toI

be a most inefficient process under ordinary cond.itions due to i.,,,;'1'

the low absorption coefficients associated with Tl* SO transi- 
,::..:.:

tions. Population of T, is best achieved via excitation of
the ground state molecule to an excited singlet state, with

subsequent vibrational deactivation to Sr. The triplet manifold

is then populated via intersystem crossing from the lowest

excited singlet. state Sr. Both absorption and emission pro-

cesses are included in figure (1), with the rad.iative and radia-

tionless processes being represented by solíd and wavy lines
respectively. Further explanation of the Ëerminology and pro-

cesses involved is available in any book dealing with molecular

luminescence (9). This section deals primarily with T-T absorp-

':-r:ìr':

tion. A more thorough discussion of phosphorescence will be r l

given in ttre following sêct.ion

Two mettrods are customarily used in the investigation of
f":' 'ì ': 

"'i T-T absorption. They are the stead.y state and. ttre synchronized f..Iriì1.Ì

flash techniques developed by Lewis et al (6110) and Porter (11)

respectively. The former method is useful when the triptet. 
;

state lifetime tn is greater than 0.1 second. In rigíd solution, l
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in v¡hich intermolecular processes are minimized, deactivation
of T- is determined solely by iàtramolecular radiationlessI

and radiative processes. This is shown in equation (l):

-9, trl = kP trl + kQPlrl
dr

where kn and kge are ttre rate constants for phosphorescence

and radiationless deactivation from T, to so respectively.
The observed triplet. state lifetim" . p, is given by equation (2) z

r p = t/(kp * ke")

(1)

(2)

only when tp is greater than 0.r second will there be a .

sufficient buildup of Èriplets such that r-T absorption may be

observed.. The source of illumination required to obtain this
necessary steady state population of triplets must understand.ably

be of high intensity. High intensity mercury arcs are most often
used, but recently, lasers are being frequently used. other
than beíng susceptible to the triplet state lifetime, the steady

state technique is affected. by such factors as the efficiency
of intersystem crossing as compared to fluorescence, photo-

instability of the excited states, and. the presence of strong
Si * SO band.s in the T, i t, region. A summary of the importanË

criteria for maximizing the steady state population of the lowest
triplet state has been given by Henry and Kasha (12¡.

The synchronized flash technique has the advantage that,

compounds which possess a tripret state lifetime of the order
of 10-4 seconds can be studied (9), and as a result the technique
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is not restricted to rigid. media. rn this technique, a high
energy flash lasting only several microseconds is produced

by the discharge of a high voltage capacitor. A continuous
light source passes through the sample perpendícular to the
direction of tJ'-e light from the flash, through a monochromator

seL at a fixed wavelength, and into a photomultiprier. The
flash populates the lowest triplet state and energy is absorbed
from the continuous source to produce the triplet-triplet
transitions. The absorption of the sample at any wavelength
is recorded on an oscirloscope. By varying the wavelengttr on
the monochromator leading to the photomultiplier tube, the total
T-T absorption spectrum may be obtained. Although the flash
technique is subject to most of the criteria to which the
steady state method. is, the former method is much more sensitive
to problems arising from photoproduc! interference. This is
because of the higher intensity of the flash, and. the inherently
greater difficulty of filtering a flash as opposed to a continuous
source of excitation. Both methods however have yielded excellent
results

As indicated, triplet-tripJ-et studies can be undertaken in
the gas, liguid or solid -ptr"". 

The majoriÈy of work has however
been carried out in rigid solution due to the negligible contri-
bution of intermolecular deactivation processes under such con-
ditions- Equation (3) is the generalized expression for the
totar rate of deactivation of the triplet state, including both

:: )' :,
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j-ntramolecular and intermolecular processes.

-ååT]- = kptrl + keptrl + kr[r]2 * o*ro trl tsol * 
îno*tl'{il trl 

(3)

The third. and fourth terms are rad.iationless self-quenching
terms and the fifth represents quenching due to impurity or
foreigrt molecules Mr. The contributj-on from Lhe last term is
extremery significant in the gas and liquid phases due to the
high probability of intermolecular interaction. rn fact, it
is because of quenching species such às molecular oxygen that
phosphorescence in fluid solutions is often not observed. The

purpose of using rigid solutions ì s obviously to prevent the
interaction between impurities and the solute molecules, and.

thus enable phosphorescence to be observable.

No change in multiplicity is required in singlet-singlet
transitions, and such transitions are allowed at least with
respect to murtiplicity. Triplet-triplet transitions are by

ttre same token also multiplicity allowed. Data are not available
on all the Èriplet leve1s of a molecule studied, but rather are

restricted to the lowest and a few of the higher triplet states.
The investigation by emission of the triplet states immediately

above the lowest ones is difficurt due to exb.remely rapid
internal conversion processes occurring between the triplet
leveIs.

The electrons in an organic molecule can be differentiated
by the type of m,clecular orbiÈal to which they belong. Aromatic

molecures utilize both the highly localized. sigma (o) and



I

delocalized pi (n) bonding molecular orbitals. Heterocyclic
molecures also use o and n bonding, but also contain highly
localized non-bonding (n) morecular orbitals. Excitat,ion of
an electron from a orfi or n molecular orbital to an excited
antibonding o* or fi* molecurar orbitat is possibre in hetero-
cyclic molecules, whereas excítatis¡s from o and n orbitars
are t}¡e only possible transitions in aromatic molecules.

Because of the high energy required. to excite a bonding o

electron to an antibonding o* or n* morecular orbital, oo*

and on* states are of little interest in conventional excita-
tion studies. The promotion of a r or n electron to a s:t

antibonding molecular orbital also requires large energies.

The energy required in such excitations is equivalent to that
found in the vacuum ultraviolet region of ttre spectrum, and

tlrerefore no* and no* states are also not common to convent,ional

excitation studies. only nn* and rn* states significantry con-

tribute to the excitation spectra of heterocyclics, while fi*+rr

transitions are the main type of excitation in aromatics.

The .orbital character of the lowest triplet, state in a

heterocyclic molecure may be pure nn* or nn* whereas aromatic

molecures generally have ?rr* triplet states. As indicated,
the presence of non-bonding erectrons in nitrogen and oxygen

heterocyclics and in aromatic keÈones generates ttre possibility
of nn* states. Aromatic ketones and. aldehydes often have pure

nr* oiuitat character in Ty but when both nn* and nn* states
are possible, the lowest triplet may be found to be a hybrid

""- i.j':;:i-:.lril
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of the two. (Equation (4)).

tU = a3O (nn*) + U3O (nn*)

rn ttre above relation, tú is ttre resultant orbitally mixed

state resurting from ttre mixing of the orbitally pure 30 (nn*)
âand'O(nn*) states, and, the factors a and b are the mixing

coefficienÈs. The criteria used to discriminate between t{rrrr*¡
?

and '(ttn*) states can lead to confusing results when the triplet
state under consideration is of the mixed type. This point
will be furttrer discussed in the forlowing section.

(4)
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II. Emission Studies.

WiÚI the increase in the number of molecules found to
exhibit T-T absorption, most scientists have become aware of 

i,.,,; ,.,,tl¡e importance of the involvement of triplet states in most ¡,'.,',,',,,

fields of chemistry. Howev.er, the phenomenon of phosphorescence

remains even today the more familiar manifestation of the triplet
state. Thís familiarity is likely a direct result of studies ].,,..,,,,,' ..:..:..,:..

- carried out subsequent to the monumental work by Lewis and " '

i:,-..,',.,.rKasha in whj-ch the lumj-nescence of eighty-nine compound.s was i':;':':;i;:

examined (4). Early studies u¡ere mainly restricted to aromatic 
,

Imolecules, undoubted.ly due to the relatively long phosphorescence 
i

lifetimes they exhibit. More recently however, the improvement 
ì

I

of our understand.ing of tt¡e mechanism of phosphorescence, as i

lwell as our increased technological efficiency have enabled the
I

study of phosphorescence to.be extended to molecules exhibiting 
,

^-: ^-: ^- ivery weak emission.

Phosphorescence is not the only type of emission produced 
ì,..,,...,,

by organic molecules. Kasha,s rule (-11) states ttrat the emitting i,,,',.l',,'i

l'-1.-,'..,t,t,,level of a given multiplicity is the lowest excited level of i'.,',,i,','

that multiplicity. Accordinglyr vrê expect two types of emission:

one from Trr called phosphorescence; and one from s., which is
labelled fluorescence. Experimentally it is found. that some

molecules fluoresce while others only phosphoresce. rn other
cases, both fluorescence and phosphorescence are observed.

The absence of both types of e¡nission is arso common. The pre-
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sence or absence of fluorescence and,/or phosphorescence has

been found to depend on the relative rates of bottr ttre radia-
tive and radiationress processes taking place. solvent and

temperature effects on lumj-nescence have also been noted, and

are ttre result of a change in the rerative rates of the radia-
tive and rad.iationless processes.

The rates of the radiative and radiationless processes

shown in figure (1) are found to be quite dependent on the
orbital character of the states between which the transition
is taking p1ace. The efficiency of ttre radiationless transi-
tions will be discussed here. A discussion of the radiative
transÍtions is forthcoming.

Population of T, is generarly from the lorvest excited
singlet state srr alttrough upperî triplet states may be signi-
ficant in the population of Tr. rnternal conversion from
higher excited singlet states to s, and from the higher excited
triplet states to T1 is generally quite rapid, and therefore
the rate determining step in ttre population of T, is the inter-
system crossing process. rn a molecule whose lowest triplet
state is Tfr*, ttre singlet state from which intersystem crossing
to Tl is occurring may bJ a rr* or an nîr* state. using the
theory of radiationless transitions given by Robinson (r4),
El-Sayed has shown that ttre Srr]r***rrr* and Snn**Trrr* radiation-
less transitions are far rnore efficient than the snrr***rrr,*

and Srrn**Trrn* transitions (15). V{hether intersystem crossing
may possibly occur between any two states is obvi-ously depend.ent.

i:.:.:
|..:t.

i: r:- :

l: -r::-.i.'.r:l
i:'l r'¡,'.,;'t
iiri:''1t:'

r:l l:..1
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on the relative positions of those two states, since such

deactivation will occur from a state of high energy to a state
of lower energy. Therefore the relative positions of the
lowest Srrr*, Srrrr*, Tr,rr*, T"r"r* states will be of interest in
the examination of the intersystem crossing rate of a molecule.

The increased effj-cíency of intersystem crossing between

states of different orbital character as noted by El-sayed
enables it t'o compete effectively wittr radiative fluorescence
from sr- As a result r, becomes populated to. some extent, and

phosphorescence may be observable. This contrasts wittr the
situation in which the arrangement of the lowest singlet and.

tripret nn* and nn* states is such that only transitions
between states of similar orbital character is possible. ïn
tttis case the less efficient S__*+T__* or S__*+T * transitionsN?T NÎI _ ?TIf - 'IT TI

do not enable intersystem crossi-ng to effectively compete wittr
fluorescence. Here fluorescence is the only luminescence likely
to be seen. A series of papers containing a more detailed
d'escription of tt¡e competitive nature of tt¡e radiationless and

radiative processes as a function of the relative positions i'

of the lowest Srrn*, Srrrr*, Trro*, Trrr* states is available in
the U-terature (16,17,18i. The reader is referred to these 

'

papers for a *ot;;-oonn description of the processes which 
j,,"...,,:,,,,

affect relative fluorescence-and phosphorescence intensities. i'¡"*'

In any discussion of ttre lowest triplet state of a molecule,
an important piece of information is its orbital character. As i

iindicated earlier, in aromatic hydrocarbons, the lowest triplet
1".,,.,'..'':l

'.
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state is reached by the excitation of a singre n erectron to
an exôited antibonding n* orbital. This results in a tripret
state whose configuration is said to be rr*. The formation of
nr* triplets in heterocyc'l ic molecules and aromatic aldehydes

and ketones has also been noted. rn the situation in which

both types of tripret states, that is nfi* and nn* are possible,
the properties of the triplet state observed are dependent on

which of the two states is lower in energy. properties such

as the phosphorescence lifetime, tJle energy gap between T,
and sr, the polarization of the phosphorescence or0 band and

the presence of particular vibrational frequencies are all
diagnostic of the orbital character of T1. These criteria are

not unique, since ottrer perhaps less reliable factors are also
available in ttre identification of the orbital character of
T, (9) .I

rn equation (3), presented in the previous section, the

implication is that, in order for phosphorescence to be observalrle,

the totar radiationless decay rate must not significantly ex-

ceed the phosphorescence decay rate. Phosphorescence is rarely
apparent in the fluid phase because of the extremely efficient
radiationless processes which take place under such conditions.
The quenching of phosphorescence by impurities such as molecular
oxygen is one such process. Thereforer âs in T-T absorption
studies, supercooled rigid glass solutions have prayed an in-
creasing rore in the erucidation of phosphorescence spectra.
solvents commonly used includ.e ethanol, 3-methyl pentane,

!. r,t. ìj.._Tt:ì
ir:.i 1:.,\-1!:j ::..
i:.....ì
:.
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hexane, mixtures of ethyl ether and ethanol (E:E), and mix-
tures of ethyl ether, isopentane and ethanol (EpA). Extreme

purity of both the solvent and solute is critical because of
the possibility of effÍcient emission from an impurity: EpA 

;,,,,-,..,,,. ': : .

mixed solvent is used in the present, study, and. is suffj-ciently
pure to permit accurate phosphorescence studies. No phospho-

rescence of the EPA sorvent system is apparent from freshly r.,,,.
opened bottles, but a slight blue-green emission is not.ed in l': '''

aged sampres. This interfering emission is probabry caused ¡.:;,,:,,,

by the peroxides formed by the air oxidation of t,he ether
molecules.

j

Based on experimental results, it is well documented that 
i

phosphorescence originating from nn* triplet states has a dis- i

l

tinctly shorter decay time than do decay times resulting from 
f

iemission from nn* triplet states. ïn regard to the actual mag- i
??nitudes of '(ttn*) and '(nrr*) phosphorescence emissions, a decay

harf-life greater than one second is considered to be from a
t.-'tt(nrr*) states, whereas a lifetime less than 10-1 seconds is r.,.:,,,',:,.

?..:.::
from a '{.rn*¡ state. The d.ifference in radiat.ive lifetimes .,',,',"'

" ? : :r':
between '(nnn¡ and " {rn*¡ states resurts from differences in
the spin-orbit coupring involved. The transition from T, to
s0 is multiplicity forbidd.en. rn order for phosphorescence to ,,,,.,.

i :- 
i':;i:' r'occur, there must be spin-orbit coupling of T, to some si_nglet 1,,,::;'.:'i

state which has a non-zero transition dipole moment to the
ground state. Since states of different orbital parentage mix 

:

most efficientry, u t13 (nn*) state will be coupled to t {rn*¡
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states. However, the allowed transition moment of an
1s1-(nn*)<-s'o transition is low, and the coupling of such tran-

sitions to rr3(nn*)+go transitions does not give much ,,alrowed.,,

transition dipole momenÈ to the tr3(nn*)+go transition. Thus
.?
. T1'(nn*) state is expected to exhibit a long phosphorescence

lifetime. on ttre other hand, . ,r3(nn*) state.wírl be coupled

to 1(nn*) states which have highly allowed transition momenÈs.

Thus the phosphorescent rr3(nn*)*so transition contains a

strong "stolen" transition dipole moment, and. accordingly the
phosphorescen.ce rifetime of . ,13(nn*) state is quite short.

Another factor which may permit differentiaÈion betlveen

filT* and nn* Tt tripret states is the energy gap betr¡¡een the
emitting Tl "tate and the lowest excited. singl-et state sI.
The singlet-triplet interval is given by equation (5), where

E" and Ea are the energies o.f the rowest singlet and triplet
states respectively; and Krro is the electrostatic exchange

integral for an nk electron configuration.

E= - Et = 2Kr,k (5)

Knk is given by

Knk = I f VrL(xr) ü¡ (xr) rfr, (xr) ú¡ (xr) {e2 ¡l *r-*z 
¡ 
i dxrdx, (6)

f where /Urr(i)rÞ¡(i)dx. (i = L or 2) are the overlap integrals [irt,,,
It is obvious from equation (6) that the singlet-triplet
energy gap is d.irectly related to the overlap between the 

,

orbitals n and k. fn ïfi* states the overlap is between an l
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out-of-plane r orbit,al and an out-of-plane n* orbital.
This overlãp is strong and. therefore the exchange integral
is large, yielding a large singlet triplet energy gap. This
gap is smaller however in nn* stat,es since here the .overlap
between an in-plane n orbital and an out-of-plane n* orbital
is much weaker. Experimentally it is found ttrat ttre energy

separation betvseen nfi* and t(.rrrra) states is approximately

2000-4000 cm-1, whereas the energy gap is from 3ooo-20,000

cm-I beÈween t{rrn*¡ and 3 (nr*) states
Porarizat.ion d.ata can be obtained onry when the phos-

phorescing molecule exhibits a weII defined 0,0 band
a

Generally, emitting '(nTr*) states are in-plane polarized and
I
'{nn*¡ states are ouÈ-of-plane porari zed. rn the polarization
of the phosphorescence 0r0 band, the important considgration
is the orbital character of the perturbing state. That is,
phosphorescence from a t {rrnn¡ state is in-plane polarized.

because the perturbing state is rîr*. similarly Èhe perturbing
nfi* state in 3(nn*¡ phosphorescence yield.s out-of-plane
polarization. The difficulty in obtaining polarization d.ata

lies in our ability to obtain a well resolved phosphorescence

spectrum, something which is not always possible

rn well resorved phosphorescence êpectra, vibrational
modes are often quite pronounced. The analysis of the vibra-
tional structure is often indicative of the orbital character
of the state from which emission is occurring. Aromatic

molecules, which contain o and n erectrons exhibit charac-

I t::-:ifl.i..'- : '
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teristic ring stretching frequencies which indicate a triplet
T?I* state-' In aromatic ketones, the C-o stretching vibrations
are often quite pronounced in. the phosphorescence spectrum,
which is evidence that the emission is from an nr* state.
should the lowest triplet state lie in close proximity to
another triplet state, it becomes difficult Èo determine the
orbital character of T, since the vibrationar envelope is

likely due to the vibronic interaction between the two closely
spaced triplet states

The four criteria just d.iscussed a.id tremendously j-n the
assignment of the orbital character of the lor¡¡est triplet
state. This is strictly true only when T, is configurationally
pure. rù{hen an orbitally mixed configuration is involvedr rê-
sults from phosphorescence lifetimes and the singlet-triplet
energY gap are often ambiguous. Under such circumstances Èhe I

vibrational structure of the phosphorescence spectrum is
ieither very complex or poorly resolved. Thus polarization daÈa 
i

cannot be obtained' or are confusing. ïn cases where the results ;
|:

indicate a mixed triplet state, assignment of the orbíta1
character of T., should be undertaken wittr caution, and by con-I

sidering as many criteria as can be obtained. ¡:

i r-rl:.:-ì.,,,
l::l : 'ì,: fi,
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rrr. Development of Theoretical Methods of Electronic
Absorption Studies.

(a) Earl)¡ Methods

Since the birth of quantum mechanics, chemists have been j'.,,',',.,.,.
,:':.r'::r':-'

interested in its apprication to the calculation of the elec- 
l

tronic structure of molecules. The mol-ecular orbital (¡to) 
l

approach has proved to be the most flexible of al1 methods, 1::,::,, ,,.,

and ttre present discussion j-ncludes t}Ie d.evelopment of tÌ¡e i"''""':"

techniques from the earlier ab initio calcula.tions to the

more recent cNDo formulations. During the development of
many of the methods of calculation, particularly in the earlier
studies, correlation was sought, between experimental and cal-
culated singret-singret spectra. The present interest is
however primarily in the correration of triplet-triplet
spectra, and where possible, an effoÈt has been made to limit
the discussion accordingly.

The earliest methods involved ab initio calculations in
which only fundamentar constants such as the speed of light,
the charge and. mass of the'electron and Planckts constant were

used as input in the calculations. Alttrough such methods $/ere

relatively straighttorward, they were hindered by severe com-

put'ational d.if f icult,ies. It became obvious that such method.s r, . i:ì

were not feasible for large molecules in a practical sense,

and work was directed to methods which combined experimental

resurts with theoreÈicaI calculations, that is, the semi-

ernpirical method.s. These methods often required very crude
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approximations, !,¡hose effects 'r¡¡ere minimized by the choice of
numerical .values for some of the terms in the carculations
such that tl¡e results obtained agreed with the known experi-
mental findings. Results obtained in this fashion were then
further tested in similar calculation on other molecules.

The development of serni-empirical methods led to the
recognition that the electronic properti-es of planar unsaturated
or aromatic molecules could be determined by considering only
the r erectron system of the mol-ecule. The possibility of
separating ttre 6 and n electron systems by treating the o

electrons as a rigid nonpolarizable core led to the well
known Huckel Molecular orbital (HMo) methop (20). (A review
of the HMO method is available i_n reference (21) ). Although
it has the merit of simplicity, the Huckel method utilizes the
approximation ttrat the many erectron function of a morecule,

ü(1r2,3r-) may be factored into a series of one érectron
functions, ú(f¡ ,þ(2),..., where each {,(j) is a one electron
function, dependent only on the space and spin coordinates of
tl¡e jth eI".tron. This implies that we can tell which electron
occupies which spin orbitalr ên obvious impossibility. Also,
difficulty arises in giviig a precise definition of the one-
electron Hamiltonian. .Another serious approximat.ion is that
all electron-electron repulsions are either negrected or
averaged out through ttre use of empirical parameters. The

failure of the method in predict,ing electronic absorption
transitions as werl as its weaknesses in several other areas
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has resulted in the method being replaced
borate Extended Huckel Method. (EHI{O) (22¡ .

be discussed later.

by the more eia-
This method will

I

ì;,i::-t-¡
.ìala:,,Ê

i.:¡¡l:ì1i":5i

(b)

with the formulation of the serf-consistent field (scF)

method of Roothaan (23) and its application by pariser and

Parr (4) and Popre (25) the difficurty of ne.glect or aver-
aging out of the electron-electron repulsions inherent in HMO

theory has been corrected. The pariser, parr and pople (ppp)

method incorporates the purery theoretical method. of antisym-
metrized products of molecular orbj-ta1s, and includ.es configura-
tion interaction. Configuration ínteraction, which is a method

of generating spectroscopic states by allowing states which

'arise from different electronic configurations to interact,
is included since it has been shown (25) that different con_

figurations cannot always be treated independently. Moreover

the interaction of various configurations often leads to impor-
tant changes in morecular properties, particularly excited
levels. The method also includes semi-empirical quantities
for tJ'.e atomic orbital integrals involving the core Hamiltonian.
In the n electron approxímation, significant simplification is
achieved in the evaluation of the electroni-c repulsion integrals
by representing the n orbital by a uniformly charged sphere.

Differential overlap is considered in this treatment, and.

The Pariser, Parr and pople Self-Consistent
Field Molecular Orbital Method..
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further simprification of the calcurations is achieved by
setting the overlap integral suu egual to zero if p*v, and,

assigning a value of unity if p:e. A more thorough mathe-
matical treatment is available in the original papers of 1..,, ,

'j.r.. l'

Pariser, Parr and. pople.

The PPp theory was primarily designed to predict both
wavelength and. intensity of the main visible and near urtra- 

:,,,,,.,:.,,.,

violet electronic absorpiion bands of unsaturated organic :::r::i::rrìr::

molecules - The fj-rst triplet-triplet calculations using thís it,.,,;,.1,,1,.

method vrere carried out by pariser (2g-) on benzene, naphthalene,
anthracene, tetracene and pentacene. rn this study, the auÈhor 

i

took àd.vantage of several generalizations applicable to even 
i

Ialternant hydrocarbons. These included the neglect of differen-
tial overlape ërs well as rimited configuration interaction (cr). 

i

cr was restricted to ground state and singry excited configura- 
i

Itions whose energy lay within three electron volts of the 1owest 
:

energy configuration of the particular symmetry representation. '

This restriction in ttre authorls opinion was due to the fact i.''',,¡,:,..¡.1:i

;:'..:..:':..that further cr would increase the work tremend.ously, whire noÈ r,,,, .¡ -
- : I l-

significantly improving the final result. In the treatment of
the core, Pariser considerea only nearest neighbour resonance
interaction, while penetration integrals were either negrected 

i,i,,,,'.;;.,,.'or taken to be constanÈ. The results obtained by pariser i;:;i::'i:::i:"i:r:i

yielded energies for the lowest triplet which were too low.;

some as much as twenty percent. The oscillator strengths for l

the T-T transitions vterer orl the other hand, too high 
-:,l;;,'.,1,,1.,,
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The author also noted an inversion of the intensities of the

two first T-T transitions in the naphthalene molecule as

compared to experiment. Pariser made no effort to account for
this important discrepancy, although he did stress that the

calcurations \¡rere based on an isorated morecule. He stated

that small discrepancies are possible since the experiment,ar

results rÁrere d.etermined on molecules which were not isolated,
but rather in an environment where the solvent matrix may have

played a part

Pariserrs pioneering work in the study of T-T transitions
inspired many others. Further study using the PEP-SCF-MO method.

was undertaken on naphthalene by DeGroot and Hoytink (27) in
order to remedy the problem of the inverted triplet-triplet
transition oscillator strengths found by pariser. They felt
that the error in his calculations was d.ue to fact that aÌthough
all singly excited configurations with respect to the ground

singlet state were included, singry excited configurations
with respect to the lowest triplet state $rere neglect,ed. DeGroot

and Hoytink therefore repeated pariserrs calcurations using
however a more extended treatment of configuration interaction.
They considered all configurations whose energies ray below

7.5 electron volts, both singly and doubly excited with respeci
to the lowest tripret configuration. Alr other parameters

remained. the sane as those used by pariser. rn this case

however, the erroneous intensities were found to be in the
correct order, in agreement i,rrith "*p"rir"rrt 

(2g) .

ta:
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About the same time as tfie work of DeGroot and Hoytink,
orloff extended the theoretical study of r-T transitions to
a series of twelve alternant hydrocarbons (2g). By utili zíng
ü. Coulomb integrals and. resonance integrals given by pariser
(26) and restricting cr to first ord,er, orroff was able to
predict the energy of the most intense T-T transition for each

molecule to wítåin 0.1 electron volt of ttre experimental'value.
Agreement for the weaker transitions was however onry gooo to
about 0.5 electron volts. rn a subsequent paper (30) it was

shown that agreement between the calculated. and experimental
oscillator strengths for the molecules studied by Orloff was

good when the former results u/ere scaled by a factor of one-
sixth. rhe successful applicatíon of the scP-Mo method of
Pariser, Parr and pople by orloff led to an equally successful
calculation of the T-T absorption spectra of phenylnaphthalenes

, (31).

Theoretical treatment of the T-T transitions of aromatic
hydrocarbons based on the PPP method seemed to have developed.

to the poínt where calculated results agreed wel1 with experi-
ment. Meyer et al (32) did not approve however, of the met.hods

used up to that date to linit the extenÈ of configuration inter-
action. Accord.ingry they proposed a less restricted method

using very large cr. The application of their methods to T-T
studies of naphthalene, anthracene and tetracene gave excited
state energies for the higher triplet states which agreed

within one electron volt of the observed values.
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Useful as the PPP method is, chemists were not satisfied
wittr the restriction to purely n electron systems and planar
molecules. the Ppp-scF-cï method. had been designed mainly for
ri elect'ron systems, and its extension to molecules containing
non-bonding electrons met witJ1 rittle success. rn order to
remove these restrictions, such that n+rr* t:ransitions could
be examined, methods $/ere sought in which alt the varence

electrons could be incorporated into the calculaÈions. such

methods comprise the sr,rbject of ttre following section.

(c) All-valence Electron semi-Empirical .self-consistent
Field Methods.

one of the earliest all-valence electron methods was

that of lfolfsberg and Helmholtz (¡¡¡ in which the spectra and

electronic structure of three tetrahedral inorganic ions were

investigated. rn this study, diagonal matrix erements H¡
$tere taken from valence state ionization potentials, and the
off diagonal elements H* determined from the approximation
proposed by Mulliken (3¿¡, that is Hr* = kS,- (H==*H, =)/2.l_l l-l aa --J J. , _-

Although tl¡e results obtained did not agree quantitatively
with experimentar resurts, qualitative agreement was found

both in the energies and intensities of the transitions
Yet another treatment of all valence erectrons is the

Extended Huckel method d.eveloped by Hoffrnann (22¡ . Unlike
the basic Huckel method described earlier, an"la"nded method

is not restricted to n elect,rons. ffre method has essentially
!

1j ia:.:.:;J

lÌr::ìj;ì::i:¡
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replaced the original Huckel method., but like its predecessor,
performs miserably in the prediction of spectral properÈies.

of all the all-valence-eIecÈron, self consistent fie1d,
molecular orbital methods, the calculations using the com- r :,::::

'. : "-plete neglect of differential overlap (CNDO), developed by
Pople et al (35) are probably the most widely used. The l

, 
mettrod is an approxj-mation to a fulI LcAo-scF calculation, j,,.,.,r,i::

. of inner sheI1 and valence she1l atomic orbitaLs. In the ::ii:rrr.
:: :: ... .

' CwoO treatment, the SCF approximation is that a,ll integrals
i

i of the form (Uv I po) shown in equation (7) are neglected unless 
ì

'I u=v Ërnd p=s. Since the number of remaining parameters is rela- 
l

________ 
J 5__ s-r¡v ev- v

tively small, application of the method to large rnolecules is I
l

possible

lr (uvlpo) = lr þ.. (r)ov(r) t "2/ttz t 0oe)þo(2)dtrdr, (7) 
;

'U 'v'-' ' - '-I2 J YP "t Ya

rn the apprication of the cNDo method to some d.iatomic 
'
i''.-,',.,-.,: '.and small polyatomic molecules (36), pople and Segal noted. that !,,,,,,,,:

' 
ulthough the method appeared to yield good molecular orbitals i,", .,,,,'

::. 
.:. : ,- 

:1-

Energychangesinvo1vedwithchangingbond1engthswerefound

to be .in erro.r - Bond lengths were found to be too short and ;...,, . ,i - i'¡',;,i i:iil] binding energies too large. rn order to correct for these i::''.t.',i1"+';1

discrepancies, two modifications in the method were made. The

modified version has been labeIled. the cMDo/z version, whereas 
i

ttre unmodified method is labelled cNDo/I. The first change
: . :: l:r

:{



26

made was that certain penetration type terms were omitted,
since it was their contribution which 1ed to excess bonding

resulting in shorter bonds and higher bj-nding energies.

secondly, the atomic matrix elements concerning the core, that |.,-..,,,

is, the uuur were obtained with both the electron affinity and

ionization potential of the atom, rather than with just the

latter. In addition to these modificationsr ân extension of
the theory was made to incrude open shell configurations in
the cNDo/2 formalism. The authors apptied the new method to
symmetricar AB, and AB, type systems and found that good agree-
ment was achieved between calculated equilibrium angles, dipole
moments and bending force constants, and experimental results
(37). Bond lengths, which in the cNDo/r method came out too
sho::t, \Ârere found to be for the most part verîy good using the
modified. version. However, aé witrr the cNDo/I method, the
stretching force constant,s determined by cNDof2 were found to
be consistently too 1arge.

several at,tempts to use the cNDo /2 meLhod, in the calcula-
tion of singlet-singlet spectra did not prove too successful
(38,39,40). The difficulty was with the intermingling of o

and n orbitals, and only after slight mod.if ications, \^rere

Del Bene and Jaffe (41) able to successfully calculat,e both
n+r* and n+n* singlet-singlet transitions in aromatic and

heterocyclic molecules. The changes involved. the substitution
of semiempirical coulomb integrals similar to those used in
the PPP method; and second, the introduction of a ne$/ parameter
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K to differentiate resonance integrals between o orbitals
from those between n orbitals. Results obtained wittr these
modificatíons r4lere further refined by a limited cr calculation.
The modified cVDo/z method of Jaffe et al was labelled the :: :

l :: l: '

CNDO/S method.

Jaffe and co-workers successfully extended ÈLre theore-
tical study of singlet-singlet spectra from benzene, pyridine ,..,....

;' .'.r' -,and diazines (41) to five membered. rings (42) , monosubstituted i.:,

i::--r:.::benzenes and pyridines (42¡ and. several smarl molecules (44) . i:,,,.r

rn an extend.ed study of n+n* transitions (4s) , Jaffe et al
found that replacement of the pariser approximation for the
two center coulomb repulsion integrals by the Nishimoto-Mataga
approximation (46), significantly 5-mproved the calculated posi-

-t]tion of the *"ro*-orn electronic transition in benzenoid com-
pounds.

The calculation of triplet state energies for a number

of carboñyl, aromatic and heterocyclic molecules has been

carried out, by Chang, .Jaffe and. Ir{asmanidis (47) using the
cNDo/s formalism. Based on the results obtained in their
study, the authors concluded that the application of the method

to ttre predicËion of T-T transiÈions is possible.
The authors have produced a computer program which is 

ir,i.,,i...i.a general purpose combínation of the }NDO/2 and CNDo/S meÈhods. !i!:::::''

The combined. methods are applicabre to the calculation of ,

specÈral properties of both open and closed sherl systems.
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Prior to the release of this program, only one earlier
study of calculated T-T spectra using the cNDo /s mett¡od has
been published. rn an effort to reproduce Èhe T-T spectra
of coumarin and 7-hydroxy coumarin using Jaffe's original
cNDo/s method (4L), crozet. (.ig) was unabre to correrate his
calculated findings with his experimentar resurts. He ":rr-cluded that the cNDo/s mettrod was yet noÈ reliable in the
calculation of higher excited tripret states. vrhether the
same conclusion is applicable with the combined cNDo/2

CNDO/S mettrods will be discussed later

t-
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IV. Scope of the Present lriork.

-"*"-dertaÈen in order to extend

the knowledge of upper triplet states to a series of hetero-
cyclic molecules known collectively as flavones. The emission ,. ',.

. .,, :'
spectra of flavone and four of its derivat.ives were obtained
in EPA mixed solvenÈ aE 77oK in order to see whether the use

of tttis solvent produced any significant changes in their
] 
' 
-,':t

emission spectra previously obtained in other systems i,': .ì

Triplet state energies and. T-T transition energies and i.,,. ,..,
' .i-r..

osci11atorstrengthshavebeerrca1cu1atedforf1avone,7-hydroxy

flavone and S-methyl- 7-hydroxy flavone in order to examine the
I applicability of the CNDO/2 CNDO/S method to molecules of 

,

lthissize.Theca1cu1ationsarea1soappiiedtocoumarinand
:

, A-hydroxy coumarin in an attempt to examine the similarity of i

taññô* .Fçin'l^¡- a¡-¡!a- ^t !L^ !--^ 
-^a^---a --Ute upper triplet states of the two molecules. ,

t:

:
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FXPERT¡4ENTAL METHODS

The il-T absorption spectra were obÈained on a cary 14

spectrophotometer, using the stead.y state cross itlumination
technique previously described by Henry and Kasha (4g). The i ,

j,.1,,,,.procedure involves cross excitation of the sample by an in-
tense light source through an opening cut inÈo the side of the
sample comparlment, while the analyzing lighÈ passes through : -

,:,, the sampre perpend.icular to the exciting right.

,: , fn obtaining the T-T absorptj_on spectra, the posiÈion
of the sample in the spectrophotometer is very critical. The

: $eometry of the system results in a concentratj-on gradient of
triplets throughout the sample container, with more triplets

l

Ueing formed on the side closer to the exciting light. There-
fore rather than having the analyzíng beam pass through the

l

,. centre of the sample, harring the beam off ôentred, that is
¡ closer to the exciting light results in the enhancement of weak
'
j

transitions (Figure 2).

ì The absorption spectra as well as emissions and lifetime i,,.-.:,; _,. 
i;,:,::':::_:::

- studies $lere carried out in EPA glass at 77oK. The molecules ,,,,.,.',.
r!-r ''tt:t"''' studied: f1avone, 7-hydroxy flavone (Aldrich Chemical Company) , , . '

5-hydroxyf1avone,5-hydroxy-7-methy1f1avoneand5-methy1.

7-hydroxy flavone (fClu pharmaceuticals) were of relatively 
i

i,
,i high purity and were used as received. Each compound was i.,...i.;:;;

dissolved in EpA mixed solvent (ethyl ether, isopentane, ethyl I

alcohol 5:5:2) (American Instrument Company) and frozen to, a
clear glass at 77oK in a dewar containing an all quartz cel1

lj . :'Ì-:i

ij l:



1-T absorption

.ture dewar- ce1l

partment, ,with

FIGURE 2

optical.arïang'ement showing the 1ow tempera-

in ttre Cary L4 spectrophotometer sample com-

auxiliary excitation source.

al; .i .. r r::-l i
l:.:::,ì ;'1.''

t: :::
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approximately eight centimeters long (No. 20390g quartz cerl
dewar frask, H.s. Martin co., Evanston, rLL.). The EpA was

passed through an activated silica gel column in order to
remove traces of water which caused cloud.ing of the otherwise 1,,

clear glass. rmpurity absorption in the T-T spectra of the
' flavones is not expected to be a problem because of the row

concentration of excited. state molecules. Moreover the T-T
character of the spectra was verified by lifetime studies
(see results section)

Wit,h a 1000-watt BH__ __6 mercury arc as the exciting Iight.
and the r-R. tungsten source of the cary as the analyzing beam,

rthree scans v¡ere obtained in the spectral region from 3500A. j

ito 9O0OA". The first scan (I) vras carried out \"rith the 
f

analyzing beam alone. The second (ff¡ was carried out during
l

simultaneous cross excitation from the mercury arc, while the I

i

third scan (rrr¡ rirras again carried out with the analyzing light 
i

alone' this method enable us to id.entify interference due to ì

photoproducts (III-f) ana also obtain the triplet_triplet
absorption spectrum (II-III).

rn obtaining the spectra, heating of .the sample was re-
duced by placing a one centimeter cell filled with distilled.
water in front of the analyzing source. The light from the
mercury arc hras filtered. by means of a one cm. path of Nison.6H20
(500s/L of Hr0) and a corning grass filter (cs 7-s4), but in
some cases the glass fi-lter or both were dispensed hrith in
order to increase the intensity of light striking the sampre )
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A modification of the experimental arrangement of porter
(50) was used to measure the decay of T-T absorption following
flash excit'ation (rig- 3) - Light from a Thorn Halogen L2v/shw
bulb was collimated' and passed through the sample prepared as ,:,,,,.,

described previously, and then admitted into a 0.25 m.

Jarrell-Ash grating monochromator, which was set at the T-T
absorption maximum of the sample. The intensity of the trans- ,,,,,,,.',;

mitted light was measured by means of a phototube (Hamamatsu

R1O6), the signal amplified (Gencom Nanometer Model 911) | and
record.ed on an X-y recorder (Omnigraphic 2OOO, Houston Instru_
ments) . The excitation $'as provid.ed by an electronic flash
9un (Honeywell Strobonar 7,80) with its protective polystyrene 

i

cover removed.

The decay of ttre tripret state was recorded as intensity
of light transmitted versus time. A prot of rn rog (xo/xì
versus time, where xo is the transmittance of the sample before
flashing and xa thê transmittance at time t following the flash,
was fitted to a straight line with a least mean squares analysis Iti,,iliuta

' ..-.-,_:: : .:

The triplet lifetime was obtained as the negative reciprocal t.,.,;,..:¡'...,
'..i '.. :,

ofthes1ope.Fromtentotwentytria1sI^¡'eredoneforeach

sampre, wittr very little variation being noticed. The averag:e
values were obtainedr âs well as tJre standard deviation from 

l_.,,rr.¡ì:r;r
tl1e mean. The correlati-on coefficÍent r, which is a measure l:i:'r:r!ìiìÌil

lof the fit of the data in ttris. case to a first. order decay, \^/as 
l

calculated from the equation: 
l



Flash apparatus used

from the decay of T-T

FÏGURE 3

to obtain triptet state lifetimes
absorption.

t:'.. .::-.
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n
E

i=1(xr-Il Cvr-ll
(8)n^n

E (x- -I¡ z ; (y. -i) 2
.i-1 ¿ .:-r J-I-¿ I=I

In ttris case x. corresponds to values of t and y, to
values of ln log (xo/xr). perfect correlation is indicated
if r=-1, whereas a value of 0 indicates no correlation.

rn tlre measurement of the phosphorescence spectra, the

., molecules were once agai.n dissolved in EpA and Èhe solution
coóled to 77"R. Here the initial concentrations of solutions
$rere slightly larger than for the T-T experiments, and were,-of the order of'r0-3 to 1o-4 molar. Each sorution was placed
in a sample tube consisting of a 5mm. quartz tube with a 2mm.

I 
finger and then frozen in a quartz dewar. A modified Aminco
spectrophotofluo::imeter (4-8401 Ao motor driven monochromator

: .with 
an All-61041 grating, 3150 Ao blaze at the excitation

position, and' a 4-8401 Ao motor driven type monochromator with
r an A248-61041 grating at the analyzíng position) was used

to obtain. all phosphorescence spectra in the spectral
range from 3000 Ao to 9000 A.. Excitation of the sample
liras achieved by a Mercury_Xenon lamp (200 watt Hanovia 9Ol_B),

, ând emission was detected by a photomultiplier tube (Hamamatsu

' R446S). A photomui-tiplier microphotometer (Aminco 10-2g0)
served both as a high voltage por^/er supply and amplifier for
the phototube, trith the signal recorded on an Aminco X-y
recorder (model L620-gZ7). phosphoréscence was isolated from
scattered light, and fluorescence by placing a corning glass
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cut-off filter (cs o-s2) immediately in front of the photo_
murtiprier tube- The filter cut off approximately goz of
light below 40oo Ao. All spectra b¡ere calibrated with a

mercury arc. No correcti-on *." *.à" for the variation in
spectral sensitivitlz of the analyz1ng monochromator and
photomultiplier tube.

Phosphorescence lifetimes $rere d.etermined on an appara-
tus d.escribed by Charlton and Henry (51) (Figure 4) . Samp1e

preparation was as described for ttre phosphorescence spectra.
The apparatus consisted of a Honey^rell strobonar 7go elec-
tronic flash gun (polystyrene protective cover removed) which
connected Èo a synchro compur shutter so that triggering of
the shutter mechanism caused the flash to f.ire, and. af ter
approximately ten milliseconds, the shutter to open. The

time delay shierded the phototube from both exciting light
and fluorescence, but alrowed the transmittance of the longer
lived phosphorescence. The phosphorescence passed through the
shutter, dorrn a brass collimating tube (iA" 5 mm.) to a housed
Hamamatsu rp21 photomultiplier tube. The signal was fed into a

photomultipJ_ier rn-icrophotometer (Aminco 10_2g0) and. reproduced
as a plot of intensity versus time on an Aminco x-y recorder
(model 1620-827), whose x-axis was used. as a catibrated Èime

base- As in the triplet-triplet decay lifetimes, the average
phosphorescence lifetime for a molecule was determined along
witt¡ the stand.ard deviation of at least ten trials. The cor-
relation coefficients were again cal'culated. Ðetermination

- ___--_-'j _ -'._i

.:
I r' :
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the phosphorescence sÈudies was

(intensity) versus time plot to
least squares analysis.

accomplished

a straight line

i, j L::!,!::t-'ii 
::.a*:(4:)i: i ì :1.; ::j

i..:..



FÏGURE 4

Flash apparatus used to obtain tripret. state rifetimes
from the decay of phosphorescence emission.
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RESULTS

I. Absorption and Emissíon Spectra.

T-T absorption spectra in EpA glass at 77oK have been 
1,,r,,.,,,determined for fravone, 7-hydroxy flavone and S-methyl - 7- :'ì-:i::'

hydroxy flavone, and. are presented in figures (5-7) respec_

tively. The spectra generally represent the best spectrum
1 ,,. ,. ,for each molecule, taken from ten or more trials. small changes ir.,i,,:,
''

in intensity of exciting 1ight, and particurarly the offsetting 
j¡,¡,;,,;;..,

of the dewar with respect to the analyzing beäm, resulted in ì:::::::

:very significant changes in the intensity of the T-T absorp- 
i

tion.Quantitativecomparisonofpeakratioswithinagiven

spectrum is only approximately possible because of the varying j

amounts of light entering the detector. The ord.inates repre- 
|

sent arbitrary intensity units and are not comparable from j

spectrum to spectrum

The positionsof the observed maxima and their associated t, 
,

errorsare summarized in Table I. The positions of the principal '.,.,
i-'ttt"ttt ''maxíma as well as the associated errors are average results :.,,,,.1,,

:: . i:l _1::-_l:taken from a series of f ive or more T-T absorpti-on spectra run ;,',',':. 
;,

for each molecuie. The uncertainties in the positions of the
shoulders are estimates based partly on their relative inten-
sities. The T-T lifetimes and phosphorescence lifetimes are i.,,,,..:_l:::: ,': :-':l

also included in Tab1e L, as are the correlation coefficients
for each series of lifetime rneasurements. As mentioned pre- 

lviously, the values of the lifetimes are based on at least ,

l¿:i.:;1r:r'.tii:
i:iì:tq:.1:iì1
i.:. t1 . ..
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ten trials. where. avairable, results of lifet,ime studies
from the fiterature are given. Reratively good agreemenÈ

between the T-T and phosphorescence lifetimes confirms the
T-T nature of the absorption bands.

rn an attempt to observe T-T absorption in S-hydroxy
fravone and S-hydroxy - 7-methyr flavone, a very broad and
intense absorption due to photoproducts was observed. The

transient species was present as long as trre grass remained
frozen but disappeared after the grass merted. The photo-
product absorption spectra of the two flavone derivatives
are shown in Figures g and 9. once again the peak intensi-
ties cannot be compared from spectrum to spectrum because the
units along the ordinate are of arbitrary intensity. The posi_
tions of the absorption bands along with their estimated uncer-
tainties are given in Table II.

The total emission spectra of flavone, 7-hydroxy flavone,
S-methyl - 7-hydroxy flavone, 5-hydroxy fravone and 5-hydroxy-
7-methyr flavone in EpA glass aE 77oK were obtained and are
presented. in Figures (10-14) respectively. The fluorescence
maxima and phosphorescence maxima are summarized in Tabre ïrï.
As in the absorption 

"p.Jar" the ordinates in the emission
spectra represent arbitrary intensity units

r. t-



FIGUR-E 5

T-T absorpti-on spectrum of flavone in EpA rigid grass
sorution at 77oK in the range r3,0oo cm-l to 2g,ooo

-1cm': (ordinate) arbitrary linear absorption uniÈs.
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FIGURE 6

T-T absorpti.on spectrum of 7-hydroxy fravone in EpÀ, rigid
glass solution at 77oK in the range 12,000.*-1 to 29,OOO

-'tcm -: (ordinate) arbitrary linear absorption units.
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FÏGURE 7

T-T absorption spectrum of S-methyl - 7-hydroxy flavone in
EPA rigid glass sorution at 77oK in the range r2,oo0 

"*-1-1to 29,000 cm': (ordinate) arbitrary linear absorption
units.
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FIGURE 8

Photoproduct absorption spectrum of 5-hydroxy flavone in
EPA rigid glass solution at 7'1oK in the range r4,ooo 

"*-1-1to 25,000 cm-': (ordinate) arbitrary linear absorption
units
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FIGURE 9

Photoproduct absorption spectrum of 5-hydroxy-7-methyl
flavone in EpA rigid glass solution aL 77oK in Ètre range

- I 
-l14,000 cm * to 25,000 cm-t: (ordinate) arbitrary linear

absorption units.
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FTGURE 10

Total_emission speetrum of flavone in
solution at 77oR ín the range 300 nm

arbitrary linear absorption units.

EPA rigid glass

to 700 nm: (ordinate)
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FTGURE 11

Total emission spectrum of 7-hydroxy fravone in EpA

rigid glass solution at,77oK in the range 300 nm to
700 nm: (ordinate) arbitrary linear absorpt.ion units.
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FIGURE L2

Total emission spectrum of S-methyl - 7-hydroxy flavone
in EPA rigid glass solution at 77oK in the range 300 nm

to 700 nm: (ordinate) arbitrary linear absorption units.
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-.FÏGURE 13

Total emission spèctrum of S-hydroxy flavone in EpA rigid
gIäss solution at 77oR in the range 300 nm to 700 nm:
(ordinate) arbitrary linear absorption units.
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FTGURE 14

Total emission spectrum of 5-hydroxy-7-methyl flavone in
EPA rigid glass sorution at 77oK in the range 300 nm to
700 nm: (ordinate) arbitrary linear absorption units.
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TABLE TT

PHOTOPRODUCT ABSORPTTON ¡4AXTMA

OF

FLAVONE DERTVATIVES

IvlolecuIe
Photoproduct Absorption Maximum

(cm-I¡ 
'

5-OH Flavone

5-OH-7-CH3 Flavone

19 400

18 800

1

t
200

300
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T.ABLE TTI
EMÏSSION CHARACTERTSTTCS OF ¡T,AVONE DERTVATI\ZES

Molecule

t.:

Fluorescence phosphorescence
(nm) (nm¡

Flavone

7-OH Flavone

5-CH3-7-OH Flavone

5-OH Flavone

5-OH-7-CH3 Flavone

none

382

4 59 (s)
468

494
502
532 (s )

462 (s)
472

497

507

538 (s)
456 (s)
466

493

502

531(s)
462 (s)
47L

497

504

538 (s)
477 (s)
484
5L2
524

555 (s)

375

393

none

i.',.... ¡ .r
J . :::. r-:::,

(s) = Shoulder
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ïf. Moleqular Orbital Calculations-

rn order to evaruate the T-T absorption energies using
the modified cNDo/s method. of Jaffer €t ê1., described in the
introduct'ion, it is first necessary to obtain the atomic co-
ordinates of the molecure. Generally, the coordinates are
d'etermined from the known crystal structure of the molecure,
but in the case of flavone and its derivatives, such informa-
tion is not presently available. ïn fact, information from
crystallographic data is not always accurater âs the atomic
coordinates of a morecule in its crystarline form need not be
identical to 'the coordinates in another environment. This is
more likely t'o be important in molecules containing substituent
groups, where different orientations of the substituent could
result in differenÈ molecular packing in the crystarline form.
The phenyr ring in fravone courd result in such differences.

The assumptions made by Orlovr êt â1., (52) for the geo_
metry of the chromone molecule formed the basis for our des_
cription of the geometry of flavone. The authors assumed the
chromone molecule to be flat with rberr" = T2.3 = 1.40A" ì ,g.1 =
,L.2 = ,4.I0 = r3.4 = 1.45A. .rd ,.=o = 1.20A". All bond angles
r^rere taken to be L20". For numbering in f lavone see Table rv.

chromone differs from flavone only in that it racks a phenyl
group at carbon 2. rn the determination of the coordinates of
the flavone molecule, the bond joining the phenyl group to chromone
rras taken to be the same as the ring-ring bond in the biphenyl

I

l;:-- i,
L:!:::
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molecule, that is I.51 Ao (53,54). In a theoretical study of
the steric effects in hydro;r; molecules containing phenyl
groups (55), the bond joining the phenyl group to naphthalene
in 2-phenyl naphÈharene was assumed. to be 1.5 Ao. our assump-
tion of a 1-5r Ao bond rength thus seems reasonable, as 2-
phenyl naphthalene and flavone are structurally very similar.
All carbon-carbon bond rengÈhs in the phenyl group Ì,vere taken
to be l-40 Ao' and aIl angles L2oo. A1l carbon-hydrogen bonds
Ln t-L.avone hrere taken as 1.07 Ao.

A study of the zero field spliÈting in the phosphores-
cent triplet state of 2-phenyl naphttrarene (3r¡ resulted in
the conclusion that the molecule was pranar in its rowest
triplet state. The structural si-milari-ty of 2-phenyl naphtha-
lene u.rrd fIu..rone having previously been made apparent, the
assumption Ètrat the structure of flavone in its lowest triplet

, 
state be planar does not seem unreasonable. This however need
not be the case, but .i s reasonabre since this geometry would
resurt in the greatest overlap of the n electron orbitals, and
therefore the greatest stability of the molecule (55).

The actual atomic coordinates for flavone were obtained
by assign-ing-g1q--c-o-o-g{i4-a-tes. (-Qr0r0) -tq one atom, with subse-
quent calculation of the coordinates of the other atoms from i.*,,,

lledoe of al] â*r ---a ^- F,-.aknow1edgeofa11bond1engthsandang1es.Thecoordinates

so determined for fravone are shown in Tabre rv. :

For 7-hydroxy flavone the basic flavone coordinates
were not altered. The carbon-oxygen bond length aÈ carbon 7 ,
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!,tas taken as 1.35 Ao, the oxygen-hydrogen bond as O.g4 Ao

and the carbon-oxygen-hydrogen bond angle as Lr2o. These
parameters were taken from an average of values given for
the hydroxy group on the phenol molecule (56,57). Afthough
the two planar configurations in phenol are identical, this
is not the case in 7-hydroxy flavone. ït has been noted that
the cNDo/s calcurations may be quite sensitive to geometry,
and so two trials were run in tJ.e calculat,ion of the triplet
energies of 7-hydroxy fravone. rn one the hydroxyl hydrogen
pointed down, away from the chromone nucleus, and in the
second ít pointed toward. the chromone nucl_eus. The resur-ts
showed very smarr differences and therefore the choice of geo-
metry of the hydroxyl gïoup in z-hydroxy flavone did not pre-
sent a problem.

rn S-methyr - 7-hydroxy fravone the carbon-carbon bond
length at carbon 5 was taken as 1.50 Ao, the carbon-hydrogen
bonds as 1-09 Ao, and. the carbon-carbon-hydrogen bond angles
as 110". The orientation of substituent groups again was not
a problem in'the determination of the atomic coordinates. The
coordinates used for 7-hydroxy flavone and S-methyl - 7-hydroxy
flavone are summarized in Tabres v and vr respectively"

The program used for the calcuration of Èhe triplet
states of the flavones was a general purpose combinat.ion of
the cNDo/s and cNDo/2 programs, with a refinement consisting
of combining scF and cr carculations to obtain extrapolated
tripret energies. The program r^¡as able to handle both open

t.
i

i:l+ L:{a:iÍ :.¡

i;JÎ:jil::ìrtÌ.'
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and closed sheI1 systems. computations were carried out by
a straightforward application of the Roothaal restricted
Hartree-Fock open shel1 method (4L,42,43,45). The matrix
element,s !üere evaruated. according to the rures of the zÐo

approximation in the CNDO/S form (5g). A more detailed des_
cription of the method can be found in ttre introduction. The

resurts from the molecular orbital carculations, including
the T-T transition energies, their corresponding oscillator
strengths and the energy of the lowest triplet, state of the
three flavones, are summarized in Table vïr. A comparison
between theoreticar and experimentar T-T transitions is given
i-n Table VIïf

i .': .:

i,,.......
r': rij. :1t::1 tj-

: ., .
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TABLE IV

ATOMIC COORDINATES USED FOR MOLECULAR
ORBTTAL CALCULATIONS FOR FLAVONE

i: :

- 
j: 

;ì'':-.- 
'

ATOM

-. I
2
3
4
5
6
7
I
9

10
11
T2
13
L4
15
16
L7
18
19
20
2T
22
23
24
25
26
27

AT. NO.

I
6
6
6
6
6
6
6
6
6
I
I
1
1
1
1
6
6
6
6
6
6
I
1
1
I
1

COORDINATES

3.68
4.94
4.94
3.68
t.2t
0.00
0.00
L.2T
2.42
2.42
5.86
3.68
I .2r

-0.93
-0.93
t.2r
6 .24
6 .24
7.46
8.67
I .67
7.46
s.32
7.46
9.60
9.60
7 .46

-0.73
0.00
1.4 0
2.L3
2.L0
1.40
0.00

-0 .70
0 .00
1.40
1.94
3.3 3
3.t7
L.9 4

-0. s4
-]-.77
-0.76
-2.L6
-2.86
-2.L6
-0.76
-0.06
-2 .69
-3.93
-2.69
-0.22
L.02

0 .00
0.00
0 .00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0 .00
0.00
0 .00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0. o0
0.00
0.00
0.00
0"00
0.00
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TABLE V

ATOMIC COORDTNATES USED FOR MOLECULAR
ORBTTAI, CAT,CULATTONS FOR 7-OH FLAVONE.

ll j
i .' . .:
r'..1.'.:.: -:-
l:'r._7 1',

ATOM

1
2
3
4
5
6
7
I
9

10
t1
I2
13
T4
15
I6
T7
18
19
20
2L
22
23
24
25
26
27
28

At. No.

I
6
6
6
6
6
6
6
6
6
1
I
I
I
I
I
1
6
6
6
6
6
6
I
I
I
I
I

3.68
4.9 4
4.94
3. 68
L.2L
0.00
0. 00
L.2I
2.42
2.42
5. g6
3.68
T.2L

-0.93
-I.L7
-1.04
L.2L
6.24
6.24
7 .46
8.67
8.67
7 .46
5.32
7 .46
9.60
9. 60
7 .46

-0.73
0.00- 1.40
2.13
2.L0
1.40
0.00

-0. 70
0.00
1.40
L.9 4
3. 33
3.t7
L.9 4

-0.68
-1.61
-L.77
-0.76
-2.L6
-2.86
-2.L6
-0.76
-0.06
-2.69
-3.93
-2.69
-4.22
I.02

0 .00
0 .00
0.00
0 .00
0.00
0.00
0. 00
0.00
0.00
0.00
0.00
0.00
0.00
0 .00
0.00
0.00
0.00
0.00
0.00
0.00
0. 00
0.00
0.00
0.00
0.00
0. 00
0.00
0.00

--. CooRDTNATES

i-;ì',¡¡

4s
6 3'l
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i r:: j i : '

i.1..1 '.!
ir... .i
f_ 1 r-. r::

ATOM

I
2
3
4
5
6
7
I
9

10
11
L2
13
t4
15
16
T7
18
.19
'20
2L
22
23
24
25
26
27
28
29
30
31

At. No.

I
6
6
6
6
6
6
6
6
6
I
I
6
1
1
I
I
I
1
I
6
6
6
6
6
6
1
I
i

3. 68
4.94
4.9 4
3.68
1.21
0. 00
0.00
1.21
2.42
2.42
5. g6
3.68
1. 21
0.19
1.61
l.6l

-0.93
-L.L7
-1.04
I.2L
6 .24
6.24
7 .46
8.67
I .67
7.46
5.32
7 .46
9. 60
9.60
7 .46

-0.73
0.00
1.4 0
2.13
2.L0
1.40
0. 00

-0.70
0.00
1.40
t.94
3. 33
3.60
3.97
3.97
3 .97
r.9 4

-0.68
-1.6r
-L.77
-0.76
-2. L6
-2.86
-2.t6
-0.7 6

-0.06
-2.69
-3.93
-2.69
-0.22
L.02

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0. 00
0.00
0.00
0. 00
0.00
0 .00

-0.94
0. 94
0.00
0.00
0.00
0. 00
0.00
0.00
0.00
0.00
0 .00
0.00
0.00
0.00
o. o0
0.00
0.00

COORDTNATES

i,,iji'

L-,-1

I
1

T'
22
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TÃBLE VTT

SUMMARY OF T-T TRANSTTTON ENERGIES, oScILLAToR

STRENGTHS AND THE ENERGY OF' THE LOWEST TRIPLET

STATE AS DETERMINED FROM MOLECULAR ORBÏTAT

CALCULATTONS FOR SEVERAL FLAVONE DERTVATIVES.

FLAVONE 7-OH FLAVONE s-CH¡ 7-OH FLAVONE

22444 
"*-1

-122343 cm ' 22389 
"*-1

Frequency
(cm-r)

7622

7880

892L

L0440

1106 s

116 70

L2o7 4

L489 4

16819

24I33

24924

27066

30 760

3113 6

Oscillator
Strength

o. ooo0

0.0001

0.0003

0.0001

0.0000

0.0001

0.0001

0.0034

o. ooor

o.oo47

0.0001

0.1205

0.036s

0.0000

Frequepc
(cm-a¡

7293

7 785

8905

10 209

LtÙ42

tL342

119 95

L47L6

14 859

2364s

2 5181

26756

29LOI

29883

Oscillator
SÈrength

0.0002

0.0000

0.0003

0.0000

0.0000

0.0000

0.0001

0.0001

0.0035

o.oo24

0.0001

0.0779

0.0035

0.0303

Frequency
(cm-l)

6993

7s68

89 10

TO4L7

1100 6

1116 0

119 59

13706

t48L7

23s27

24L20

26s85

27991

28783

Oscillator
Strength

0.0000

0.0001

0.0002

0 .0000

0.0000

0.0001

0 .0001

0.0000

0.0036

0.0058

0.0001

0.0335

0.0711

0. oo00

!.-:,:.'

i:,:,. i:
i1.:::.i::.'.
1:;':::;'::, '-l:
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TABT,E: VIII

EXPERTMENTALLY AND

TRANSTTTON ENERGTES

ÎHEORETTCAI,LY DE TERMTNED

FOR THE FLAVONE DERÏVATÏVES.

THEORY EXPERIMENT

tj*r Er-t
(xIo-3cm-1)

Oscillator
Strength

Et-t
(xro-3cm-1)

Flavone

7-OH Flavone

5-CH3-7-OH Flavone

9

11

13

10

14 , gg4

24 , L33

27 ,066

L4 , g5g

23 t645

26,756

L4,gI7

23 | 527

26,595

0.0034

0.0047

0.1205

o .0035

0.0024

0.0779

0.0036

14,950

24,L50

27 ,]-00

t
I
t

100

400

100

10

11

13

11

13

15,500 t 2oo

16,600 t 2oo

18,500 t 100

23,400 * ¿oo

2s,3zs t roo

15,000 ! zoo

t6,2oo t 2oo

1g,500 t Io0

23,soo t ¿oo

26,400 ! zoO

0.00s8

0.0335

i:.' ::..:': .:1.::i
l:..- .:. 1

i.-. : :: '; .:r:

;
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DÏSCT'SSION

I. Absorptioh Spectra

The T-T absorption spectra of flavone and two of its
derivatives are presented in figures (4-ç). A summary is :

given in Table r of the observed maxi-ma and the triplet state
l-ifetime data. The agreement between the triplet-triplet decay
and phosphorescence decay times unequivocally establishes the
T-T nature of the absorption. The T-T spectra of the three
flavones are broad and unresolved, and lack the vibrational
struct'ure typicar of carbon-carbon ring stretching modes in
aromatic molecures. The carbonyl stretching frequency is like-
wise not present, despite the presence of the carbon-oxygen
group in flavone. Fravone exhibits three maxima: at 27 rroo
(3*-I, 14'950 .*-1 and an unresolved shoulder at 24rI5o .*-1.
The large energy differences between the absorption maxima
suggest three disti-nct T-T transitions rather than the vibra-
tionai band of a singre elecÈronic transition. ïn comparison
the T-T spectra of 7-hydroxy flavone and S-methyr - 7-hydroxy
flavone are similar in overall enveroper but are red shifted.
Furtt¡er, the 1ow energy transitions in the two 7-hydroxy deriva_
tives are much more structured ttran in fravone, which may be
indicative of vibrational sub-structure or perhaps yet another
electronic transition. A slight blue shifÈ of 5-methyl - 7-
hydroxy flavone over 7-hydroxy flavone is noted, The magnitude
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of the shift suggests that the effect of the methyl group on
the n electron system is negligible. previous studies attest
to the minor contribution of methyr substituents in T-T ab-
sorption specÈra (,59).

Assignment of the orbital character of the lowest trip_
let state in flavone is not a straightforward apprication of
the rules used to discrimi-nate between t(.rn*) and t{rrr*¡.states.
A summary of the rures is available in the literature (9).
Difficulty arises due to the rather ambiguous results acquired
through lifetime data, polarization studies, the singlet_triplet
energy gap and phosphorescence spectra (60). The triplet state
lifetíme for flavone (0.65 seconds) lies between
the values expected for lifetime studies of pure 3 (nn*) and

Ipure -(ntr*¡ states. Flavone has a relatively low symmetry,
cs, and as a resurt each of the cartesian coordinates does not
transform as an irreducible representation different from the
irreducible representations of the remaining coordinatês. Thus
polarization studies are of little he1p. Equally perprexing is
the fact that the singlet.-tripret energy gap in flavone ries
between tha-t of a pure t{rrr*¡ state and a.pure 3(nrr*) state (60).
Finally, the presence of carbonyl streÈch frequencies or ring
stretching modes often yields information on the character of
Tl, but in the case of flavone and its derivatives studied here,
the phosphorescence spectra show no indication of a vibrational
progressi_on, but rather display broad peaks

I !,-.1

iÌri
i\''rl

i .i:.,":::liar:i....:.:.,,.



65

rn spite of these difficulties, the lowest triplet stat,e
in flavone has been assigned as 3 (nn*) , based primarily on
triplet state lifetime data (60;6L,62) and on internal
"heavy atom" effects (60r63) . Due'to tÏ¡e similarities of
triplet state lifetimes and T-T absorpÈion spectra in flavone,
7-hydroxy flavone and S-mett¡yl - 7-hydroxy fravone, the orbital
assignmenÈ of T, in the latter two is tentatively set at t{rrn*¡.

Arthough pownarl (60) does identify the lowest triplet
state of flavone as being of nn* character, he further indicates
that some nr* character is present. This statement is consis_
tent with the observation by Dym and Hochstrasser (64) that
aromatic ketones with molecular symrnetry l0wer than cr., are 

i

likely to have configurationally mixed states rather than con_
figurationally pure nn* or fiT* states

The presence of the hydroxy group in 7=hydroxy flavone
and 5-methyl - 7-hydroxy flavone is expected to raise the energy
of their nn*states relative to those in flavone. consequentry,

i,in the hydroxy substituted molecules the separation between Tr, 
i,

which is of t(rrrr*) character, and the upper t{rrrr*¡ states wifi ,,

beIargerthanínf1avone.UndersuchcircumstanceS,itis
int'eresting to speculate as to why the T-T absorption spectra
of ttre threq moJ-ecules are so similar.

since Tt in alr three compounds is thought to be mainly
of nn* character, it is ïeasonable that the energies of the
lowest triplet states in the three compounds be approximately
ttre same- This is borne-. out, as is.described in the forlowing

t_. -.:,

r:: .i riìæ'!

. ,. :.-:¡- i
:;: _:Ï:j
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section' by the simirarity in energy of the 0,0 bands in the
phosphores-cence spectra of the three f lavones. f t is not
inappropriate to hypothesize from the correspondence of both
the lowest triplet state energies and. the T-T absorption spectra !,,:.,,,,,,:

''of the three flavones that, the terminal triplet states in 
:

all three compounds are simirar. An extension of thís
- hypothesis is that the T-T transitions involved are T.,,* <- ?r?T* i.,,.,,.,,.

i t' ;',,...in nature' This follows logically sincerif the transitions vrere :, "
nt* + TT* in nature, the transition energies. would be higher ii::;t,t,
in the two hydroxy derivatives than they would in flavone.
This is a dj'rect result of the effect of ttre hydroxy substituent
as described previously.

The above explanation seems reasonable. But what rea-
soning can be used to explain tJ.e increased structure present
in 7-hydroxy flavone and S-methyl - 7-hydroxy flavone? with the
raising of the nn* states upon hydroxy substitution, the inter_
action between t(rrrr*) and t{nn*¡ states is likely to be reduced.

:...:..r.r'..t.
i:ì ':l¡;t 

rì':':This reduced interaction in the two hydroxy deri-vatives may be i:.,..,,,,,,.
j."; ;', ; , ::': ,,the factor resulting in tt¡e increased substructure in their j,¡,,,;,.,.:,.,. .-: :-T-T absorption spectra. This may be the case sincer ërs stated 
l

I ',$+,previousry, when two tripì-et states are energetically very crose t I

the resulting vibronic interaction often obliterates the fine i.,,,,....,,.
'.-i. il::.r:

structure' This tnras ment.ioned with reference Èo phosphorescence j*ir'''-

spectra' but may have some bearing in T-T absorption spectra.
IAn interesting correspondence may be noted regarding j

both the broadness of the T-T absorption spectrum of flavone and ;,.. ,
illi:;;:::ii::,i.i:the geomeùries of the states to which transition from)s to which tr Tl occur. j1'':..,i,^1,,

I.

l
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An aromatic molecule structuralry very similar to flavone,
that is 2-phenylnaphtharene, is found to have a vibronicarly
well defined T-T absorption speetrum (3f). The authorsexpress
the view that this is the resurt, of transitíons taking place
beÈween states with similar potential eneïgy surfaces. A
previous study by the same authors (65) indicated that the
lowest triplet, sta'te in mono-phenylnaphthalenes was planar.
since the T-T absorption spectra in their mor:e recent stud.y
are so well defined., it is proposed that the upper triplet
states involved in the transitions are also planar.

rn contrast with the mono-phenylnaphthalene resurts,
the T-T absorption spectra of two diphenylnaphthalenes are
rather broad and structureless. This suggests that although
Tt is, as indicated earlier, pranar, the upper triplet states
may indeed be non-planar. As has been discussed earlier,
flavone is assigned a planar T, state on the basis of its
similarity to 2-phenylnaphthalene. Although the similarities
between the two molecules is quite obvious , by no means does
this correspondence provide conclusive evidence as to the geo_
metry of the lowest triplet state in flavone. Ttre assumptions
seems valid however, since it is not expected that the presence
of the two oxygen atoms in flavone will prevenÈ the formation
of a planar structure. Based on the discussion of geometry in
the mono and. diphenylnaphthalenes, iÈ seems reasonabte to pro-
pose from the broad structureless T-T spectrum of flavone, that
the upper triplet states involved in the observed T-T transitions

I r.' ;,ij
i Lr',r'.,
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are not planar- The same argument may be applied to the 7-
hydroxy derivativesr âs the hydroxy and methyl substituents
are not likely to affect the geometry to any great extent.
obviously, the fact that the T-T spectra of the three compounds
are broad and' not well defined. may be due to factors other t1.an
the one described.. The proposal described here may in fac.b be
appricable here, but by no means should it be assumed that
this is the only possibility.

The steady state technique empl.oyed in the study of T-T
absorption at 7'7o]K offers excellent conditions for the occurrence
of a process such as biphotonic absorption. ïn this process,
the absorption of a single photon, leading to excitation Èo the
lowest triplet state Trr is forlowed by the absorption of a
second photon resulting in furttrer excitation. The absorption
of the second photon may simpry excite the electron ," -; to a

higher triplet state. However, if the photon is of sufficient
energy, the process may result in ionization. The possibility
of interference from the products of such an ionization process
is a factor which must be considered in the study of T-T ab-
sorption

rn an attempt io observe T-T absorption in S-hydroxy
flavone and S-hydroxy - 7-methyl fravone, a very intense ab- 

isorption due to photoproducts was observed. The presence of I

the photoproducts was in both cases sufficient to impede assess-
ment a's to the presence of T-T absorption. The photoproduct
absorption spectra of S-hydroxy flavone and .5-hydroxy - 7-methyl
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flavone are displayed in figures (g) and (9) respectively.
Tabre rr lists the absorption maxima for the two compounds.
A variation in corour from violet to purpre vras evident in the
samples containing the photoproducts, undoubtedly due to the 

,,.,.length of time the samples rârere exposed to the arc. The 
:

coloured species did not fade upon sitting at 77oK, but did ,

dj-sappear when the sampre merted. upon refreezing, the grass .:.:.

again appeared uncoloured..

A possibre reason for the formation of photoproducts
could be associated with the solvent, EpA. During the examina_ 

ition of T-T absorption in diphenylamine, CraÍg and Ross (66) 
i

Iremarked that the excitation induced absorption of diphenylamine 
:

- Ii-l^ - twas not likely to be due to diphenylamine itserf, but rather 
)

to a photoproduct. present in the EpA glass. rrradÍation of
diphenylamj-ne yielded a green colour, which was found to re-

imain as long as the solution remained frozen. Further investi_ 
fgationpointedtothedipheny1aminecationasbeingreSponsib1e

for tl.e T-T absorption. The authors noÈed that the green

: colouration and the T-T absorption, which vrere both d.ue to the i.:,-,1,
' tt..'_'' cation, r,vere present only in EpA solution. Diphenyramine , l

dissolved in a mixture of isopentane and methyl-cyclohexane
(P¡4h) (5:1 by volume), did not exhibit either phenomenon when ,,,,.,:: j

afcér T# r.r¡a .F^.r¿ !r^-! 

r------v-l¡v'¿v¡¿ vv¡'v¡¡ 

i-"ì..,,i.' ...'.i irradiated' Ït was felt that only in a solvent containing an l:r';':,-'
erectron acceptor, such as EPA, could photoionization of di-
phenylamine occur- PMh contains no such acceptor and therefore
the cation is not formed. Although the situation described for
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EPA is not inconceivable, it is perhaps unlikely since it might
be expected that the hyd.roxyr hyd.rogen in the ethyl alcohol
w:ould be hydrogen bcnded to the large amount of ethyl ether
presenÈ' thereby diminishing its availability to the much less
concentrated solute (67) .

According to the preceed.ing discussion, it appears un.-

likely that intermorecular hydrogen bonding is present between
trre solvent EPA and either of the two S-hydroxy flavone deriva-
tives' on the other hand, boÈh S-hydroxy and.S-hydroxy-7-
methyr flavone are unlike the other flavones studied here in
that intramolecular hydrogen bonding of the S-hydroxy group to
the carbonyl oxygen is possible. Such bonding is observed in
ethanol solution both at 77oR (6g161) and at room temperature

-:-(60¡. rnfrared studies support the presence of such an inter-
action (69). vüith respect to the photoproduct absorption in
S-hydroxy flavone and 5-hydroxy - 7-methyl flavone, perhaps the

'hydroxyl hydrogen acts as an electron acceptor in the same way
that craig and Ross assumed the alcohor present in EpA to act
in the case of diphenylamine. This statement requires further
substantiation.

ì.::--::'-.:.r:l

l: .- I
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If. Emission Spectra

The"total emission spectrum of flavone presented in
figure (ro) consists of phosphorescence onIy, and is in ex_
cellent agreement T¡rith prevíously published result.s (60,6g,62) .
Although the three earlier stud.ies aïe carried ouÈ at liquid
nitrogen temperature' slight differences in the various emission
spectra of flavone are apparent. These differences are likely
due to varying solvent effects present in the different sol_
vent systems- Ethanol is the most popular sorvent (6g,62),
but mixtures of ether and ethanol (60) have also been used.
The present study is the first carried out in which flavone is
dissolved in EpA- The absence of fluorescence in EpA is in
accordance with the studies carried out in other sorvent
systems

The phosphorescence spectrum o.f flavone is composed of
five poorly resolved maxima with the highesÈ energy maximum
occurring at approximately 45g nanometers. The broadband nature
of the phosphorescence emission does not permit assignment of
the'orbitar configuration of r]- based upon carbonyl or ring
stretching freguencies. The broadness of the peaks and the
absence of a werl-defined 0r0 band may be examined using Franck-
condon considerations. several authors have indicated. that the
resolution of the maxima in absorption and emission spectra may
be affected by the geometries of the states between which
transitions occur (70). specifically, it has been stated that.
transiÈions arising between states of dissimilar geometry tend

l:::: :'::
i,:.: ;: .

i-,._-...-_.

i',tr.i,-,:;.r":i::

. t-.:: -:-..;
i-:':-.:; -'

. :.: .:- ¿,: ..
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to result in broader maxima than do transitions between geo-
metrically si-milar states. The rack of high resolution in
the emission spectrum of flavone could be attributed to transi-
tions arising between geometrically different ground triplet
and singlet states. rt has been indicated in this study that
the lowest triplet state of flavone is planar, although the
assignment has not. been confirmed. A Russian team has ex-
pressed the opinion that due to steric hindrances flavone cannoÈ
be planar in its: singlet ground state (7f¡. Since the geometríes 

i

of the lowest triplet state and the ground singlet st.ate have
not yet been established, any assessment of the contribution to
tt¡e broadness of the emission spectrum of flavone made l¡y transi-
tions between geometrically different states would not be signi-
ficant. Even if the geometries víere known it seems unlikeiy
that the above factor is the sole phenomenon responsibre for
the broadband appearance of the emission spectrum of flavone.

The total emission spectra of 7-hydroxy flavone, S-methyl-
7-hydroxy flavone, S-hydroxy flavone and S-hydroxy - 7-methyl
flavone are presented in Figures (11 L4) respectively. Table
III includes the emission characteristicsr. that i_s the fluores_
cence and phosphorescence maxima of flavone and its derivatives.
The emission spectrum of 7-hydroxy flavone has previousry been i.,

l.idetermined in ethanol at 77oK, (6g) and the results agree wel1 i,,:.,

with those of the present stucly. similarly, the phosphorescence r

wavelength maxi-mum of S-hydroxy flavone in ethanol at 77o]K
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has been reported (61). The results presented for S-hydroxy,
7-meÈhy1 fravone and 7-hydroxy - S-methyl flavone are nev/.

All four derivatives of flavone exhibit phosphorescence,
and all but S-hydroxy - 7-methyl flavone appear to fruoresce. 1,,,,,,,,,,-.

Phosphorescence emj-ssion of the derivatives appears similar to
that of the parent molecule flavone; the only differences being
slight variations in the intensities and resolution of the t : .: a

il rt,t ,. ., 
".1

maxima. SubstituÈion by the hydroxy group, both in the 5 and i , ,

I : : .i..-.7 positíons results in a three nanometer shift of Èhe highest i:.;;i,.
energy maximum to 10wer energy. The effect of methyl substitu-
tion on the other hand appears slightly moïe compJ_ex. Methyl
substitution at the 5 position of 7-hydroxy flavone shifÈs the
phosphorescence spectrum to higher energy, whereas substitution
at the 7 position of S-hydroxy fravone results in a shift to
lower energy. These d.ifferences are probably not significant
as methyl substitution produces only minor effects.

one of the most striking features of the emission spectra i

is the appearance of fluorescence upon hydroxy substitution. i
',:,,, t.a,t,'.',,t.,,,;.',

The fluorescence is quit'e intense in 7-hydroxy flavone and. 5- ,,,,',,,.,,,

nô mrr^l^ --.^^r-^--: F i':-'"''t'-: 
:-::-':hydroxy flavone, much weaker in S-methyl -.7-hydroxy flavone

iand completely missing in S-hydroxy - 7-methyl flavone. The lack .

of fluorescence in S-hydroxy -7-methyl flavone may in fact. be ,..,,,,,..,,,
i : :t;: :j::r: -:1.1:ì 1:':accurate, but may on the other hand be t,he result of the overall itjìsì-il¡

weak intensity of the emission of the molecule. A reratively 
,

lhigh sensitivity was reguired in order to resorve the emission 
I
i
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of S-hydroxy - 7-methyl flavone, and even then, the emission
recorded w-as quite weak. rf the ratio of fluorescence to phos_
phorescence is as sma1I in S-hydroxy - 7-methyl flavone as it
is in the other flavone derivatives; then it is possible that j,.,.,,

the fluorescence may be hidden beneath the noise
Theabsenceoff1uorescenc'einf1avonenotedinthis

study agrees well with the riterature. ïn an earrier study of i.,;:
the emission spectrum of flavonoids, fruorescence of 7-hydroxy i"'',"''

i.: ' ::,..:lflavone in ethanol solution at 77oK was not observed (6g). i,,,,,.:,,,,j

Although the phosphorescence and fluorescence of S-hydroxy_ 
l

I7-methyl fravone have not yet been reported outside the present 
ì

study, the fruorescence of S-hydroxy flavone has been examined 
r

before' These earlier studies have indicated that fluorescence I

of S-hydroxy flavone both in ethanol and in neutral sor-vents
is absent at room temperature (69) and at liquid nitrogen tem_
perature (68,61)

The absence of fruorescence in fravone and its appearance
in S-hydroxy flavone and the 7-hydroxy flavones is an inÈeresting
phenomenon which warrants further di_scussion. The possibility
that the fluorescence of the flavone derivatives is solvent de_
pendent may explain why it is observed in EpA but not in ethanol
or neutrar solvents. The possibility that the fruorescence is ;,,...,.-.
due to impurities present in the sample is unlikely considering iË
the intensity of the luminescence in each iompound. Moreover,
the purÍty of the compounds as received was high.
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Both fluorescence and phosphorescence depend on Èhe
relative positions of the rowest excited singret and triplet
nn* and nn* states¡ âs well as on the relative radiationress
intercombination transi-tion effíciencies. These efficiencies
may be at least guaritatively determined using the El-sayed
selection rules (1s¡. Based on these selection rures, a series
of papers has been publishert by v.G. pl0tnikov on the relative
positions of nn* and TTr* states in molecures in reratíon to
ttreir optical properties (\6,!7,1g). fn the thírd paper in
the serj-es, the author proposes five classes of molecures in
which only one heteroatom is present in each molecure. Each
class is defined on the basis of the rerative positions of
their excited states; that is the l0west srrn*, snn*, Tnr*,
ttd Trrr* configurations are arranged in order of decreasing
energy- Higher excited states are not directly involved in
the luminescence properties of the molecules and. are therefore

'not considered.

rn order to utilize such a system, it is first necessary
to obtain the relative positions of the lower tripret and
singlet states in flavone. on the basis of spectral data,
Efimov, et a1, (62) determined tfie energies and relatj-ve positions
of the lower singlet and triplet nn* and nr* states in fravone.
As anticipated the lowest triplet state in flavone is of nfi*
character- The order of the lower si-ngret and triplet nn*
and Tîr* states from high to 1ower energies is Srrn*, SnTr*, Tnno 

i
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ttd Tnrr*' rn the format presented by plotnikov, fravone is
placed in crass rïr, in which the most probably deactivation
processes following excitation would be:

so

n:k

\

and

so

rn the above processes, a vsavy arroür denotes a non_
radiative process, and. a sorid arrolr indicates a radiative
process. plotnikov indicates that the rates of non_radiative
deactivation, that ís, the Snn* á ^^^> Tnn* ard ,:,rn* _*^*+ Tnn*
transitions are about three or four orders of magniÈude more
rapid than fluorescen.ce from either the snn* state or the snn*
state. Accordingly, such a system would exhibit onry phosphor_ i',

escence

The emíssion spect.rum of fravone is qui_te easily explained.
by the application of the Er-sayed selection rules. That of r:

7-hydroxy flavone is less readily explainedr âs knowredge of the it'

re1ativepositionsoftheexcitedstatesinthismo1ecu1eis

not aváilable- However, 7-hydroxy flavone and S-methyl - l

l



-77

7-hydroxy flavone ean be anaryzed by treating the hydroxy and
methyl groups as perÈurbations on the basic flavone system.
Hydroxy substiÈution is expecÈed to raise the energy of the
nn* sÈates relative to the îrr* states; that is both the Srrrr*
state and ú" Trrn* state will be shifted to higher energy.
Three possibilities are presented with regard to this shift.
FirsÈly, if the nn* states in being raised, do not exceed the
snn* state in energy, then the emission spectrum witr still be
composed of phosphorescence only, with perhaps only a change
in intensity being apparent. Secondly th" Srrrr* and Snn* qtates
may exchange positions due to the shift, such that the order
from high to low energy i= Srrn*, Snn*, Trrrr*,,r4 Tnrr*. This
arrangement corresponds to crass ïv in the plotnikov scheme (La),
and such a system would exhibit only phosphorescence from the
Tnrr* stat.e- Finalry if both ttre singlet and triplet nn* states
are shifted sufficientry that they exceed trê snrr* state in
energy, then the most probably deactivation following excitation
of this class V molecule would be:

S ¿áã^,^æ+ Snïrx - ?I

so so

Since emission from Snrr* is about as efficient as the
non-radiative process Snn*1^-+ Tnrr*, both phosphorescence and
fluorescence will be observed. it is possible Èhat the lasÈ
explanation is the situation in the case of the 7-hydroxy

¡*

\

ï*

l:l-:1

lrtirr::ì:i:r: :::l

i-l:.; ':'i:- .
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flavone molecule. with meÈhy1 substitution in the 5 position,
the relative positions of the excited states are not signi_
ficantly affected. Therefore S-methyl - 7-hydroxy flavone dis_
plays both phosphorescence and fluorescence as does 7-hydroxy
flavone. In fact, Efimov, et al, (62) explained that the quenching
of fluorescence in flavone was due to the intercombinaÈion
transition snr** Trfi*'. They also noted that the shifting
of the nn* states courd be responsibre for the appearance of
fluorèscence in some flavone derivatives (72). The same ex_
planation could be invoked in the explanation of the emission
spectrum of 7-hydroxy flavone and the other fluorescing hydroxy
derivatives. Just as the presence of nn* sÈates between the
lowest singlet and triplet nr* states causes the fluorescence
to disappear in flavone, several nitrogen heterocycles with
intermediate nn* sÈates fail to exhibit fluorescence (15).

Results from the presenÈ study indicate that S-hytlroxy
flavone fluoresces. rn the previous studies mentioned which
disagree with tfiis result, the authors of one particular paper
(61) credit the lack of fluorescence to the intramolecurar hy_
drogen bond. in ttre S-hydroxy flavone molecule. This hydrogen
bond is ttrought to neutrùi"" the electron donor properties of
the hydroxy group, and therefore inhibit its effect on the
emission- rn otlrer words S-hydroxy flavone is essentially the
same as flavone. The discrepancy between tl¡e two sÈudies may
be due to ttre differences between the sorvent systems used,
which may affect the ability of S-hydroxy flavone to form an

L 1:
l,:: '
L ..r ':1 1

i:ì,!ì¡:-,':iì,.--:
i., ',ìi..,.i :," 

" 
:l

tr
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intramolecular hydrogen bond.

l :.:.i :

l::.::: ¡::i::
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III. Co-"a"i=o" 
"f

The resul'ts of the theoretical study of the T-T absorp_
tion spectra of flavone, 7-hydroxy flavone, and 5-methyl_7_
hydroxy flavone as determined. using the combined. cñDo/2 and
cNDo/s methods d.iscussed earlier are listed. iii Table vrr.
The table is restricted to those transitions whose energies
lie below the maximum energy studied experimentalry. ïn no
case did the energy investigated experimentally exceed
29rooo 

"*-1, and thus the relat.ively intense T-T transitions
predicted to lie ahove this energy cannot be compared. For
the sake of clarity, only calculated. transitions whose oscir-
lator strengths exceed 0.001 are incruded in the comparison
of the two set.s of results. The weaker transitions have been
omitted in order to highlight those transitions which should
most readily be observed experimentally. This omission should
simplify the comparison of the experi-mental- to the Èheoretical

'results. The compariti-ve results are listed. in Table vrrr.
. The eneïgy of the lowest tripret state for each morecure

is incruded in Tabre vrr. rt is interesti-ng to note that fla-
vone has the l0west triplet energy of the three compounds. The
calcurated value for the eneïgy of T]. in flavone is 22,343.*-rr-
and is in good agrreement with the experimentally determined
value of 22,OOO 

"*-1 given by Efimov, et aI., (62). rtrou/ever, the
Latter value has been obÈained in a study carried out in hexane
solution- rn our stud.ies EpA is used as the sorvent. Efimov,
et al- ' note a blue shift in the phoçphorescence spectrum of

i::.: -.: i ,-
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flavone in ethanol as compared to hexane solution. This shift
signifies that the energy of T., of flavone in ethanol is 1ike1y
to be slightly higher than the energy determined in hexane.

,, The energy of T, both in 7-hydroxy flavone and S-methyl -:. l- r 
-

7-hydroxy flavone appears to be s].ightly higher compared to
flavone itself- Hydroxy substitution, which is expected to
produce the larger effect. on the electronic distribution in

:

t'." f'lavone, results only in a 46 "*-l increase in energy in the

i,i 7-hydroxy flavone molecule. Arthough the increase with methyl

changes are rather insigrnif icant in comparíson to'the rarg.e
energy of the lowest triplet state of flavone.

lf-
, In comparing the experimental results and the semi-empiri-

cal calculations of the T_T absorption spectra, two factors will
I be considered- These are both the positions and int-ensities of
i the maxima. Experimentar oscillator strengths were not deter-

mined due t'o difficulties inherent in obtaining molar extinctj-on
'l coefficients of T-T transitions. The numericar values of the
','

, oscillator strengths carculated for the flavones wirl therefore
not be taken as absolute. Rather, Èhey wil1 be used for relaÈive
comparison in checking the intensities of t]:e experimental
maxÍma

. i'''.;i:tlj..¡:¡,;1t,;t;,,;I Molecular orbital calculaÈions indicate that three T-T i '

transitions in flavone should be observed below 30,000 cm-I. l

' These transitj-ons' which correspond to transitions to the ex- i

cited triplet states nine, eleven and thirteen are predicted. to l

'.:-.,
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be seen experimentally at L4,gg4 cm-l, 24rL33 cm-l , 27,066 cm-l
respectively. The agreement of these results witlr the actual
observed T-T absorption spectrum of flavone is startling. The
coincidence between calculated and observed peak maxima is
excellent, the former lying well within the experimental error
of the latter. Moreover, the calculated oscilrator strengths
predict the relative intensities of the maxima quite weli.
The prediction of a transition srightry above 24,ooo 

"*-1reinforces the previous belief that the unresolved peak in flavone
is indeed a separate transition and not a vibrational peak re-
lated to the more intense absorption at 2j rOO0 c*-1. Good agree_
ment such as is presented here has previously been reported by
orloff in a study of triplet states in al,ternant hydrocarbons
(29) usi-ng Èhe semiempirical PPP-scF-Mo theoretical treatment.
orloff interprets this conformity as resurting from the improved
correlation between states of similar multiplicity. The author
notes that transitions between states of d.ifferent multiplicities
are expected to result in poorer correlation. For example, the
decoupling of a pair of electrons in a T1 * SO transition would
result in rarge inÈrashell energy changes.. However, onry smaller
intersherr changes are present in T-T transitions since there is
no decoupling of electrons involved.

Three transitions are also prominenÈ in the caLculations
carried out for 7-hydroxy flavone. ïn this case however, the
agreement is not as good as in the case of flavone. The most
intense peak is predicted almost 1400 

"*-1 too high, whire the
li i.ì::-r::.:1. '
!:: r!: ir-'.:. -i

i-....-:
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transition seen experimentally as a shoulder on the most in-
tense maximurn is computed. to be blue shifted by 24s "*-1.oscillator strengths are comparatively reasonable. The two
lower energy transitions are calculated to be of egual inten-
sity, but both significantly weaker than the high energy tran_
sition. Two curious features are evident in the row energy
transitions of 7-hydroxy flavone. Firstly, iÈ appears that the
,.4,8g4 .*-1 transition which in flavone terminated in the T,
state, is in 7-hydroxy flavone essentially isoenergetic, but
terminating in the tenth excited tripret state. This phenomenon
is probably the result of the relative interchange of the T9
and Tro states in 7-hydroxy flavone due to the presence of the
hydroxy substituent. The second anomaly in regard to the low
energy transition in 7-hydroxy flavone, is that its comparison
to the calculated energy for the transition is more difficurt
since experimentry the low energy transition is composed of
three maxima rather than just one. The three peaks are most
likely vibrational peaks of a singre T-T transition. consequently
the calculated. varue for the energy of that particular T_T ab_
sorption should be compared to the 0,0 bahd, which we will take
to be the lowest energy tlansition of the vibrationar band
Arthough this comparison does not place the calculated resul.
within the error limits of the experimental transition, the
agreement. is still quite good

Theoreticar calculations for S-methyr - 7-hydroxy flavone
show a red shift of arl maxima relative to those determined for

!....,.

l. :, j!::ìr : '
f,l1-:1¡: r;
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7-hydroxy flavone. Again three transitions are predicted.
The calculated upper triplet states in this derivative cor_
respond to those in 7-hydroxy flavone, although the agreement
between theory and experiment with regard to both peak position 

i
and intensity is slightly better in S-methyl - 7-hydroxy flavone
Thethree1owenergyvibrationa1peakspresentin7-hydroxy
flavone are also present in S-methyl- 7-hydroxy fravone. As 1,,

in the former case, tl.e calculated energy should be compared to i

the rowest energy maximum of the vibrational b3nd. The fact,
that the methyl group induced little change in the resul_ts ob-
tained from the carculations supports the experimentar finding
that the alkyl group does not affect the n electron system to l

any significant extent.
Difficulties and sright discrepancies in the comparison

of experimental and theoretically calculated T-T transition
energies are unavoidable since the calculated values are usualry
based on an ideally isolated. molecule. on the other hand, the
experimental results aïe determined in rigid or fluid solution. [a

'.
, The geometry of any molecule under investigation may be dif fer- r,,

ent under different environmental conditions; just as the geo_ :

'metry may vary between giound and excited states of the mole_ '

cu1e.Inthecaseoff1avone,calcu1ationsv¡erecarriedout
i ri:under the assumption that the morecure is planar. Although i,lt

several papers mentioned earlier indicate that flavone has a

non-planar ground singlet state, the important geometry in the 
;

studyofT-TtransiÈionsis1ogica11ythelowesttrip1etstate
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The excellent results obtained from the presenÈ
are probably due to our accurate description of
of T, in flavone.

calculations

the geometry

.'.'::i.:,

l.
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- SUMMARY AND CONCLUSION

rn this study, knowledge of the triplet states of flavone
and several of iÈs derivatives has been extended through the
examination of ttreir T-T absorption specÈra and emission spec_
tra. The T-T absorption spectra of flavone, 7-hydroxy fJ_avone,
and S-methyl - 7-hydroxy flavone obtained in EpA mixed solvent
at 77oK have been obtained for ttre firsÈ time. No Èriplet
state lifetj'mes have previously been reported for either 7-hydroxy
flavone or S-methyl - 7-hydroxy flavone. The previously reported
triplet state lifetimes for flavone agree werl with the present
study. Although the earrier studies made use of ethanor_ solu_
tions, the agreement of the lifetimes attests to the simj-larity
of ttre EPA system to ethanol as a solvent. Due to the absorp_
tion by photoproducts produced during excitation, the T_T absorp_
tion spectra and triplet state lifetimes of S-hydroxy flavone and
S-hydroxy -7-methyl flavone hrere not obtained. However, the
photoproduct' absorption spectra of these two compound.s $/ere mea-
sured in rigid EpA glass, and also represent new data.

l:::::';.j':.:'

:r: : :The total emission spectra of flavone and its four deriva- ¡i''1;:,';,

tives listed above have been obt.ained. The emission spectra pre-
:sented here are ne\^r, since no study of flavone or any of íts 
l

I 
derivatives has been reported using EpA. V,ihile Èhe emission ia*spectra of flavone , 7-hyd'roxy flavone and S-hydroxy flavone irr
solvents other than EPA have been'reported, the emission spectra 

r

of S-hydroxy - 7-methyl flavone and 7-hydroxy - S-methyl flavone i
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reported in this study are the sore emission spectra presentry
available for these two molecules . Notab.r e is the agreement
of the various emission spectra of flavone as determined. in
different solvenÈs. Also noteworthy is the unanimous agree-
ment that flavone does not fluoresce. Discordance is noted
however in the emission spectra of S-hydroxy flavone and 7-hy-
droxy flavone as determined in EpA and ethanor. rn ethanol
solutionr ro fluorescence is apparent from either S-hydroxy
flavone or 7-hydroxy flavone, whereAs it is quite intense in
the emission spectra of the two flavone derivatives in EpA.
An explanation as to the absence of fluorescence in flavone and
its appearance in the hydroxy derivatives has been proposed.

based on the relative rates of ttre radiationless transitions
occurring after exciÈation.

calculations have been carried out using a combination
of the all-valence erectro n, semi-empirical, self consistent
fie1dcNDo/2andcNDo/Smethod's.Thiswasdoneinorderto

I

examine the feasibility of applying sueh a method to a motecule i'.:..'',,. :
l: : li:_:..-.r '.1

as large as fravone- The energies and. oscillator strengths of j,-..,'.,,;,.,

, ,:, ,:,:,:: :::the T-T transitions in flavone, 7-hydroxy.flavone and S-methyr_ ' '

7-hydroxy flavone have been calculated, and. a comparison made i

with the experimental T-T absorption spectra. The agreement
iur'Ì{as found to be very good; the calculated energies of the T_T iii ;r,'

transitions generally lying well within the error limits of the
experimental maxima. calculated. oscirlator strengths agreed
quaritatively with the intensiÈies of the experimentarly
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determined maxima for each molecule

The. method used to calcurate the T-T absorption ener-
gies appears to yield very good results. rt must be stressed
however, that the method is veïy sensiti-ve to the coord.inates
of the atoms that are used as input in the calculations. conse_
quently the accuracy of the final results depends largery on
ttre accuracy with which the geometry of the morecule can be
determined.

1...... :-:.r:

i

:
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APPENDTX T

List of .f'ai'lures.

other than the five fravones- discussed previousry,
severar other compounds were examined for the presence of T-T
absorption. The list of molecules studied which did not ex-
hibit r-T absorption is given in Tabre ïx. S-hydroxy fravone
and S-hydroxy - 7-methyl flavone have been included in this
table because they failed to display T-T absorption, but since

, they have been thoroughly discussed with respect to their photo_
product absorption, they will not be mentioned again. The pre-
sence or absence of photoproduct absorption i-s also indicated
in this table

Experimentar conditions used in stùdying 3-hydroxy flavone,
S-hydroxy flavone, S-hydroxy_ Z-methyl flavone, g-methoxy flavone,
2 

' 
6- di-hydroxy- para-benzoquinone, 2 , 3 ,5 , 6 -tetrahyd.roxy-para-

. benzoguinone, 2, 6-dímethoxy-para-benzoquinone and salicylaldehyd.e
I^Iere identical to those used for the determination of T-T absorp- i

i.tion spectrum of flavone. The equipment and techniques involved i

were also identical. At teast ten triars r¡rere carried out for
each compound with varying concentrations, and. the dewar offset,
in order to enhance T-T absorption. painstaking effort failed
to reveal er,/en the slightest indication of T-T absorption in

:3-hydroxyf1avone,saIicy1a1dehydeandthethreebenzoquinones..

rn the.molecures yielding'egative T-T absorption resurts, fur_ 
r

therstudyintot'hephosphorescencespectraand1ifetimes,aS

i''iiiii;ii

) ''. . .: :'.
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well as the triplet state lifeÈi-me was disconti-nued. The ex_
ceptions to this rule were S-hydroxy flavone and 5-hydroxy _
7-meÈhyl flavone, whose phosphorescence spectra r4rere measured
and discussed, and g-methoxy flavone.

A very weak T-T absorpÈion appeared to be present in
8-methoxy flavone, but was so weak as to not be readiry dif-
ferentiable from the background. noise. ïn an effort to see if
such an absorption process rÀ¡as ind.eed occurring, an attempt at
measuring the triplet state lifetime of g-methoxy flavone v/as
undertaken- The lifetime appeared to be veïy short lived,
approximately forty millisecond.s, but was further complicated
by an unusuar non exponential decay, apparently due to the pre_
sence of more than one decay process. The non exponential decay
was readily visibr:e when recorded on an oscirroscope. one pos_
sible explanation for this unusuar decay is the presence of an
Ímpurity in the frozen solution. For an impurity to interfere
in a triplet-tripl.et process, t'he concentration would have to
be significant, a situation unrikely with the high puriÈy of
chemicals used

i.: _.

f:.:.:

i. 1.

li.:,:'

::,ii t.,.:
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TABT,E IX
COMPOUNDS WHICH DID NOl EXHIBIT T-T OR PHOTOPRODUCT ABSORPTION

Molecule T-T
Absorption

Photoproduct
Absorption

Energy
(cm-r)

l: r,'.

1) 3-OH Flavone

2) 5-oH Flavone

3) 5-OH-7-CH^ FlavoneJ
4) 8-oCH3 Flavone

5) 2,5-(OH) r-n-Benzoquinone
6) 2,3 r5,6- (oH) 

4-p-Benzoquinone
7) 2,6- (Octtr) 

r-p-Benzoquinone
8) Salicylaldehyde

No

No

No

No

No

No

No

No

No

YeS

Yes

No

No

No

No

No

Lg ,400

19,900

j,:.

Source: 1) Biochemical Laboratories, ïnc.
2) ICN-K&K Laboratories, Inc.

3r4) ICN pharmaceuticals, Inc.
5) Eastman Kodak Company

6 17) Aldrich Chemical Company

8) Fisher Scientific Company

i:,: :.r'(+ i.l;.:- .ti:: ,: ..
i :r.::i.. "i
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APPENDTX IT

Coumarin Studies.

Molecular orbital carculations for the T-T transitions
in coumarin and' 4-hydroxy coumarin were undertaken in an attempt
to provide ad.ditional evidence t.o support. a previously proposed
explanation for the difference between tlre T-T absorption spec-
tra of the two molecules. ït was expressed by Henry and Lawler
(59¡ in their study of the T-T absorption of coumarin and
several of its derivatives that Èhe d.ifferences in the T-T absorp-
tion spectra of coumarin and 4-hydroxy coumarin were due to de-
creased nn* character in tt¡e lowest triplet state of 4-hyd.roxy
coumarin as compared to coumarin itself. Based on the similar
appearances of the T-T absorption spectra of the two molecures,
the authors assumed that the upper triplet states involved in
ttre transitions were essentially the same both in coumarin and
4-hydroxy coumarin. The increased complexity found in thé r_T
spectrum of coumarin was Èherefore exprained on Ètre basis of
increased nn* character in T,

The appearance of a vibrational spacing of 14oo .*-1 in
coumarin and 4-hydroxy còumarin ind.icates that the T-T transi-
tion is primarily ïr*<-+n¡* in nature (59) " Also, the T* energíes
in the two moiecules obtained. from an"ìu* of phospnor"l."r,".
and T-T energies are very similar. rt is of interest here to
see if molecular orbital carculations corroborate the assump_

tion of similar upper triplet states Tj.

i,,'t 
'.,,.1",

l:. ,.1 .:.t. .. .:

I j: !'.'i.! l
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carcurations were carried out for coumarin and 4-hydroxy
coumarin with the identical program used for triplet-triplet
transition energies in the flavone molecules. As with the
flavones, the only input reguired was the atomic coordinaÈes
of the molecure of interest. Determination of the cartesian
coord.inates was also carried out in the manner described for
'the flavones. Bond angres and bond lengths used to calculate
the atomic coordinates were obtained from the following refer-
ences: coumari-n (73) and 4-hydroxy coumarin (74) . All cal-
culations v/ere carried out assuming a planar configuration.
Because of the mobility of the hyclroxy group il 4-hydroxy cou-
marin, two planar configurations are possible, and for the sake
of comparison, carculations have been executed for both con-
iigurations. The numbering used and the final cartesian co-
ordinates obtained for coumarin, 4-hydroxy cou marin (L) , and
4-hydroxy coumarin (R) are presented i'Tables x and xïï res-
pectively. The letters (t) and (R) refer to ttre direction,
that' is left or right, in which the hydroxy group is pointing
in'each of the two possible configurations of A-hydroxy coumarin.

Tabre xrrr consists of a catal.ogue of the energy of the
lowest triplet state rr, ìn" frequency and oscillator strength
of each T-T transiÈion located below 27,ooo cm-l. The table
lists only those transitions whose enerrgy lies below 27,000 .¡n-1
because no experimentally determined T-T transition exceeds
this energY. comparison between the calculated and experimentalry
determined T-T transitions is summarized in Table xïv.

I

I

i.{.'.:-:_:: r,:.:.i

l.t:r': :
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TABT,E X

ATOMTC COORDTNATES USED FOR MOLECULAR

ORBITAL CAI,CUI,ATÏONS FOR COUMARÏN.

ATOM

I
2
3
4
5
6
7
I
9

10
11
L2
13
L4
15
16
T7

At. No.
COORDTNATES

I
6
6
6
6
6
6
6
6
6
I
1
I
1
1
I
1

3.54
4.7 6
4.81
3.70
1.19
0.00
0. 00
L.19
2 .39
2.40
5.72
5.75
3.70
1.19

-0.94
-0.94

1.19

-0 .71
-0 .11

1.32
2.05
2.09
1.4 0
0.00

-0 .69
0.03
1.41

-0 .85
1. 84
3.13
3. 17
7.94

-0 .54
-t.7 7

0.00
0 .00
0.00
0.00
0 .00
0.00
0.00
0 .00
0.00
0 .00
0.00
0.00
0.00
0 .00
0.00
0.00
0.00

:::.-.::

i:.::

:f.:1

zy's 4\



ATOMIC COORDTNATES

ORBTTAT CAI,CUI,ATTONS

At. No.

I
6
6

-6
6
6
6
6.6

,6
I
1
I

"1:1
I

-1
1

95

TABT,E XT

3. 54
4.78

---- 4.87
3. 78
L.23
0.00
0 .00

- . - -1.16
- 2.39

2.4L
5.73
5. 81

- 3.80
- - :'2.93
* -:. L"27: --0. g¡

1.13

USED FOR MOLECULAR

FOR 4-OH COUMARTN(L)

L4

COORDTNATES
ATOM

1
2
3
4
5
6
7
I
9

10
1t
L2
13
L4
15
16
L7
18

-0.82
-o .25
L.07
I.86
2 .04
I .36
0 .00

-0. gr
-0.08
1.28

-0.98
1.60
3.2I
3.57
3. 12
1.91

-0 .50
-1. 89

0.00
0 .00

_ 0.00
0 .00
0.00
0.00
0.00
0.00
0 .00
0 .00
0.00
0.00
0.00
0.00
0.00
0.00
0 .00
0.00 r'. .'ì

r:!i:. ,::'¡_:Ì
j :..t..'..:; ., :-'., I
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TABÍ,8.. X;IT

ATOMIC COORDTNATES USED

ORBITAL CATCULATIONS FOR

FOR MOLECULAR

4-OH COU¡4ARTN(R)

ATOM

I
2
3
4
5
6
7
I
9

10
11
T2
13
L4
15
16
T7
18

At. No.

I
6
6
6
6
6
6
6
6
6
8
1
I
1
I
1
1
I

3. 54
4.78
4 .87
3.79
L.23
0. 00
0 .00
1.16
2 .39
2.4r
s"73
5. 81
3.80
4 .68
1.27

-0 .93
-0.96
1.13

-0.82
-0.2s
1.07
1.86
2.04
1.36
0.00

-0.81
:-o. og
L.28

-0.98
1.60
3.2L
3.57
3.L2
1.91

-0.50
-1.89

0.00
0.00
0.00
0.00
0 .00
0 .00
0.00
0 .00
0.00
0 .00
0.00
0.00
0.00
0.00
0 .00
0.00
0.00
0.00

COORDTNATES

4 
_-\"
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suMMARy ot --* TR^NSrrï",offi, oscrLLAToR 
'TRENGTHS 

AND

THE ENERGY OF THE LOì¡{EST TRIPLET STATE AS DETERMINED FROM

¡¿or.gcur'îR oRBrrAI, cAlcur,ATroNS FOR. COU¡{ARIN AND 4-OH COUMÀRïN.

COUMARTN 4-OH COUMARTN(L) 4-OH COUMARI¡¡ (R)

24816 
"*-1 24GBg .*-1 24977 .*-1

m
l Frequepcy

(cm-t)

6477

7700

10337

L3008

L37 60

22398

24416

25297

2670s

Oscillator
Strength

0. oo2o

0.0002

0.0031

0.0000

0.0049

0.0477

0.0143

0.0000

0.0015

Frequency
(cm-r) -

3492

8389

9 365

12304

L3772

22054

24L26

25497

26867

Oscillator
Strength

0.0007

o .0000

0.0002

o . o00o

0.0039

0 .0180

0.02L4

0.0000

0 .0390

r'reque¡rcy
(cm-r )

3379

797 4

9497

L2328

1349 s

21s 89

239]-8

25683

25928

Osci'l lator
Strength

0.0008

0.0001

0. ooo0

0.0000

0.0032

0.0130

0.0264

0.0180

0.0000

2

3

4

5

6

7

I
9

10



98

TABT,E, XIV

COMPARTSON OF EXPERIMENTALLY AND THEORETTCAILY

OF THE T-T TRANSTTON ENERGTES FOR COUMARTN AND

DETERMTNED VALUES

4-OH COUMARTN.

THEORY EXPERTMENT

m
lr

Er-t
(x10-3cm-1¡

Oscillator
Strength

E---
(xrol3åm-1)

Coumarin

4-OH Coumarin (L)

4-OH Coumarin (R)

6

7

I

10

6

7

I

10

L3 ,7 60

22,398

24,4L6

26,705

L3t772

22 ,054

24,L26

26,967

13,495

2I,5gg

23,g]-g

25,693

0.0049

0.0477

0 .014 3

0.0015

0.0039

0.0180

0.02]-4

0.0390

0.0032

0 .0130

0.0264

0 .0180

2L,7OO !
'I

23,L40 :-

24,600 t

50

50

50

20,100

21,500

22,gg0
.l-!7s

t
+

50

50

6

7

I

9

.Ì:,i:til:iì
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Transition energies are readily cornparable, but since experi_
mental oscilrator strengths have not been determined. by the
autt¡ors, only relaÈive ínÈensitlz correlations are discussed.

At first glance the correlation between theoretical
and experimental results does not appear too bad. The three
experimentally determined maxima are lower in energy than the
predicted values, but still in relativery good agreement.
The transition predicÈed to be observed between 13,000 

"*-Iand 14 'ooo "*-1 in coumarin and 4-hydroxy coumarin cannot be
discussed in terms of its accuracy, since in the study carried
out by Henry and Lawler, energies below 1gr0o0 cm-l were not
examined. The major flaw apparent upon more careful scrutiny
of the theoretical calculations is that three separate T_T
transitions are predicted between 20,oo0 cm-I and 27,ooo 

"*-1for both coumarin and 4-hydroxy coumarin, whereas only one
erectronic transition is seen experimentally in each case. The
three maxima observed correspond in both compounds to a vibra_
tionar band resulting from a single erectronic transition.
consequently . "o*p.tison of positions and intensities is
of order, since the two methods cannot eve.n : agree on the
of T-T transitions present.

rn order to verify the theory that the difference between
t'tre T-T spect'ra of coumarin and 4-hydroxy coumarin are due to a
different amount of nn* character in the lowesÈ triplet states
of the two molecules, what, we had hoped to see was that in each

out

number
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molecule, only one transition be predicted, ancl that that
transition occur to the same upper tripret state in both
molecules- The difficulty with the values calculaÈed here
is tlrat in each case one cannot unambiguousry associate
either of the three theoreticar values with the one experi-
mental result. Thusr âDy argument as to whether or not the
upPer triplet state involved in the T-T transition in coi¡marin
is the same as that involved in 4-hydroxy coumarin is purely
guesswoïk and on the basis of the present study cannot be
substantiated.

rn the previous study of the fravones, it is noted that
the agreement between experimental and theoretical values for
the energy of T, is excellent, as is the accuracy with .¡¿hich
ttre positions and intensities of the maxima are predicted. This
however is not the situation with coumarin and. 4-hydroxy coumarin.
Phosphorescence studies indicate that the lowest triplet state
energies in coumarin and 4-hydroxy coumarin are 2j-rg34 cm-l
and. 23rf.LO 

"*-1 respectively (7S¡. These energies, particularly
that of coumarin, are significantly lower than the carcurated
energies listed in Table xrïr. comparison of the positions of
the T-T transition maxima is meaningless since it cannot be
ascert¡'ined which of the Ëhree transitions corresponds with the
one experimental electronic transition. shifts due to hydroxy
substitution are equally confusing. The substituÈion appears
Èo s,hift the experimentar vibrationar band to rower energy,

J,r-!!¡$:!'4'i.:,1ij:ili,ltlrd!..iìt,'¿1
' 11'r:-': I '
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and although theory pred.icts the same shift between coumarin
and 4-hydroxy coumarin (R), comparison of coumarin and 4-hydroxy
coumarin (L) appears more complex. rn the latter pair, arl
buÈ the high energy transition are red shifted

rt therefore appears that molecular orbital carculations
are not of much use in predicting correctly the T-T transitions
in coumarin and 4-hydroxy coumarin. Accordingry such carcula_
tions shed no ne$' 1íght on whether or not the upper terminal
triplet states in coumarin and 4-hydroxy coumarin are in reality
similarr âs proposed by Henry and Lawrer. The inapplicability
of the calculations to the coumarin molecures may be due to
poor agreement between the geometry used to carry out the ca1_ 

l

lculations and the actual geometry of coumarin and 4-hydroxy 
l

coumarin in their l0west triplet state. calculations on the
';coumarins vrere performed utiri zíng a planar geometry, and a1_ i

':though the two molecures may indeed be pranar in their respec- r

tive ground singlet states, it is possible that this is not the
-rrr a.F m i-

' geometry of T, in coumarin and 4-hydroxy coumarin. ït j-s also iiI

reasonable thaÈ in order to obtai_n good correlation between
experimenta1andca1cu1atedT-Tabsorptionmaxima,itisthe
geometry of Tr, noÈ so that need be accuratery described. rn

ifact, previous studies indicate that the excelrent agreement 
rachieved in the case of flavone is attributable to the geometry ,'

of T]- having been properry assigned as planar. For coumarin
and 4-hydroxy coumarin, ¿¡s planar structures apparenÈ when ;
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the molecules are in their ôrysÈaIline form, were used for
the calculations, and these planar assignments may noÈ coin-
cide with the true geometry of Tr; hence one obÈaíns a poor
correlation between experimental and theoretical and T-T
transitions.

'_:l

ì:"I.: 'l;::
l:ii i:. 11

j;'.1, "r:r" 1
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