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ABSTRACT

Fluorescence quantum yields, fluorescence lifetimes,
Sl energies and intersystem crossing activation energies
were measured for methyl-2-anthroate and methyl-9-anthroate
in various polar, %on-polar and aromatic solvents. Methyl-
2-anthroate shows an increase in quantum yield and activa-
tion energy with increasing solvent potarity while methyl-

g-anthroate shows a decrease in quantum yield and increase

in activation energy with increasing solvent polarity.

These results are interpreted in terms of a vibrational
structuring of the Franck-Condon factor when the lowest ex-~
cited singlet state and accepting {riplet lie close in energy.
Weak 77=T solute-solvent interaction has been found
between aromatic solvents and methvl-2-anthroate and methyl-
g-anthroate. This interaetion has been inferred from red-
shifted 81 end T2 energies for these molecules in aromatic
solvents and from an increase in activation cnergy with in-
creasing temperature for these molecules in a given aromatic

solvent,
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Hold fast to dreams

For if dreams die

Life is a broken-winged bird
That cannot fly.

Hold fast to dreams
For when dreams go
bife is a barren field

Frogen with snow.

Langston Hughes
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INTRODUCTION i

Aromatic and polynuclear aromatic molecules have elec~
tronic energy levels which can be populated by the absorption f
of 1ight in the near wltraviolet and visible spectrum, One
of the ways in which these molecules may lose the excess en- B

ergy gained by absorption of a photon is to reemit that en- I

i
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ergy in a process called fluorescence. Another radiative

process by which excited state energy may be lost is known as

phosphorescence. G

A Jablonski Diagram shown in Figure 1 indicates the
salient features of the absorption process and the processes
through which the molecule loses energy from its excited state.
The following mechanisms are generally accepted to hold.

1(a) IAQ-}A*, I, Absorption
(v) LTS YV , ke PA*] Fluorescence
‘ (e) l1.&":—>:’*A, Ky, P'A*] Internal Conversion
i (a) 1% :A*, ky se[IA*] Intersyster Crossing
’ (e) 30t o laeny , kaA*] Phosphorescence :

The superscripts refer to the multiplicity of the molecule
and the star refers to the molecule in an excited state.

Prior to excitation, the molecule is usually in the low-
est vibrational level in its singlet ground electronic state
(So). Absorption of a photon of the proper energy (A) causes
excitation to one of the vibrational levels of an excited

state (31’32’53"“)‘ The molecule then rapidly undergoes




Figure T

Jablonski Diagram

Following absorption of light (A), the molecule under-
goes rapid electronic and/or vibratiori2l relaxation to the
lowest vibrational level of Sl’ the lowest excited singlet
state. Fluorescence (F), a radiative process and intermal
conversion (IC), a non~radiative process, deactivate the
molecule from S, to S,. Intersystem crossing (Isc), a non~
radiative process, may occur to the triplet state from which
either phosphorescence (P) or another radiationless inter-

system crossing process may occur to SO‘
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vibrationsl relaxation to the Oth vibrational level of S1.
The rate constant for this process is on the order of 1011
to 1012 sec~l (1). Tf the molecule is excited to a state

higher in energy than 531, electronic relaxation must occur

as well as vibrationzl relaxation. Eleectronic relaxation

occurs readily when the energy separation is small and when
one of the vibrational levels of the more energetic state

is isoenergetic and has the same @ymmetry nroverties as a
& i y

vibrational level in a lower state of the seme rmultiplicity.
It is believed thet this isoenergetic vibronic transition

between electronic states of the sarme multivlicity is the o

rate determining stev when vibrationzl relaxation occurs.
The rationale for extremely rapid vibronic relaxation lies

in the fact that fluorescence (F) is observed %o occur

almost exclusively fror the lowest vibrationasl level of the

first excited singlet. Ome interesting sxception is the

2)
observation of fluorescence from S5y in [18] annulenes (2

presumably because the energy gen between Sy end Sp is larve
(14,000 cn~1l) and the symmetry of the two stetes ave not

compatible. The energy of the photon eritted during flour-

escence is equel o the energy difference betwasn the lowest
vibrational level of J7 and one of the vibrational levels of
Sg and hence vibrational structure is often observed in the
emission spectrum of fluorescent molecules. This accornts

for the highly structured fluorescence spectrum of znithracene

and methyl-2-znthroete in n-wm-polar solvents. Once the




molecule is in one of tne viorational levels ot SO, rapid
vibrational relaxation occurs to the Oth vibrational level.
Fluorescence rate constants (kf) are typically on the order
o 107 o 10% sec’ (1),

S1 may also be depopulatel through a non-radiative
pathway called internmal conversion (IC) in which energy is
ususlly transferred to the solvent environment. Another
non-radiative process which depopulates S1 is known as inter-
system crossing (TSG). The rate constant for internal con-
version (kic) in anthracene and its derivatives is typically

on the order of 10° to 107 sect @)

, while the intersystem
crossing rate constant (kisc) for these molecules may vary
from 1O5 to 108 sec—l (1). Intersystem crossing occurs when
one of the vibrational levels of S1 is isoenergetic with a
vibrational level of a nearby triplet (TX, X=1, 2, Byeae)e
Upon entering the triplet manifold, the molecule undergoes

‘ vibrationsl and electronmic relaxation to the Oth vibrational

% level of Tl' Return to SO from Tl may occur by either phos-

‘ phorescence (a radiative pathway) or emother radiationless

| intersystem crossing process, TiwwSO. Phosphorescence rate

constants are usually on the order of 107 to 1071 sec™t (1).

State multivlicities determine the rate at which emission
processes occur. Quantum mechanics predicts that highly
probable transitions will ceeur only when the change in spin
states is zero, i.e. transitions occur between states of the

same multiplicity. When the change in spin states js greater




than zero, the probability of tane transition is zero and
hence the tramsition is forbidden., This condition is true
wnly when the electronic states are "pure" and have no con-
tributions from other electronic states of different mult-
iplicity in their wavefunctions, Hence siugiet to triplet
and triplet to singlet transitions are theoretically pre-
dicted to be furbidden. However, in actual fact tramsitions
betweeua states of different multiplicities do occur because
of state mixing which is thougut to occur through vibronic
coupling @nd spin-orbit coupling., Tne wavefunction of a
singlet state may have a small contribution from a triplet
state (not necessarily a triplet involved in a transition
with the singlet state) and hence mixing is said to occur
making the probability nonzero. Therefore the probability
of the SO—+T1 transition is some very low but finite value
making it a very difficult to measure, low intensity tran-
sition. This transition has not been observed for methyl-
2-anthroate even in concentrated solutions in methylene
iodide (1 cm cell) where the presence of the heavy atom,
iodine, is thought to increase the probability of the tran-
sition through enhanced spin-orbit coupling. Similarly the

progcess TI_*SO is also forbidden but does occur under the

proper conditions (rigid matrix) and has been measured for
anthracene in polymethylmethacrylate. Attempts to measure
the phosphorescence of methyl-2-anthroate have not suceeded.

Because of the forbiddeness of the transition, phosphorescence




lifetimes arve very long (10~7 to 19 sec) and hence internal
conversion from Ty to 30 can often comnete successfully with
phosphorescence making phosvthorescence very difficult to
measure in anthracene and its derivatives.

Radiationless transitions such as internal conversion
and intersystem crossing are of considerable theoretical in-
terest. LIranck-Condon factors are often involed to explain

the probabilities and rate constants fcr non-radistive tran-

sitions(3+4,5,6), 70 a first apnroximstion, when the elec—

tronic state energy difference is viry lerme, the vihrational
overlan integral (Franck-Condon fzctor) becomes very small

and hence the probsbility of <transsition becomes very low(sy.
If the energy difference is small, the Franck-Condon factor
may be quite large (apnroximately one) and the transition
probability is correspondinzly hisher. Tn this latter case,
it is interesting that actual crossing of the electronic state
potential surfaces (the existence of a classical crossing
point) is not necessary as the vibrational wavefunctions ex-
tend beyond the notential surface. ence it is not exmected
that tunnelling is not a requirement when the electronic siates
are close in energy.

In general, tne rate constant for a radiationless “ran-
sition is a funcinn of the symmetry cheracteristics of the
vibrational levels involved, the densitv of states at a siven
energy and various quantur mechenicel conziderations which

can be neglected for the moment, as well as the Franck-Condon
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factor(3). Consider the intermal conversion from S1 to SO'
The number of vibrational levels of S0 at S1 is referred

to as the density of states of So at Sl' This is vrima-ily
a function of the number of fundamental vibraptional modes
for the molecule, which is 84 in the case of methyl-9-an-
throate, the energies of these modes and the electronic en-
ergy difference. The density of states at a given energy
level is the total number of combinations of vibrational
energy levels which when added to the electronic energy of
S0 will give an energy level in Sl' Obviously, the greater
the number of fundamental modes and the greater the electroniec
energy difference, the greater the demsity of states. The
density of states of S0 at S1 in methyl-9-anthroate is ex-

ceedingly high and approaches that of a continuum(B). How-

ever, the Franck-Condon factors for the energy difference
in this melecule (22,000 cm 1) are very low as is the prob-
2bility that any of the states of So at the S1 energy will
have the proper symmetry to promote a radiationless tran-
sition from S1 to SO' Which of these factors dominates must
be determined from experimental data which are presented later.
In general any non-radiative tramsition can be broken
down into two steps. The first involves the transition be-
tween two isoenergetic vibrationel levels of different elec-

tronic states and the second involves vibrational relaxation

within the lower electronic state. Because of certain quantum T

considerations, the first step is thought to be rate determining@)

AR s e




and hence the rate constint is ex ressed 28 shown below in
equation (2),

kyp = CVZFF (2)
where C is a constent, V is an electronic matrix element which
allows erossing between different electronic states, ¥ is the
Franck-Condon factor and € is the density of states. For the
burposes of this work, changes in V can be neglected. Fquation
(2) shows that as expected the non-radiative rate constant,
kNR' is directly proportional to the Franck~Condon faetor and
the density of states,

As will be shown later the Slval transition in anthracene
and its derivatives involves an energy gap on the order of
10,000 cm'l. For the same reasons that SIM'SO internal con-
version is not expected to occur, the Sival intersystem
¢rossing process is probably not important, elthourh exper-
imentel evidence is needed to suprort this. Date for singlet-
triplet energy gaps(B) for various nolynuclear aromatic hydro-
carbons indicate that when the gan is large (~10,000 cm'l),
the non~radiative rate constant can be as low as 104 sec'l,
but that when the energy gan is small, as in intersystem crossing,
the non-radiative rat~ constant crn be ag large as 107 sec'1
which is comparable with kf. Becruse of the large Sl-Tl
energy gap in methyl-Z-anthroate and methv1~9-anthroate, the
non-rediative rate constant for thig SleTl transition in alrost
all solvents may be | too low to compete successfully

with kf. Jith this large enerey gap, the FTranck-Condon factor
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is small but the density of states is large while in the
case of the small energy gap the Franck~Condon factor is
large but the density of stotes is low. Hence it aprears
that from the above data,non-radiative constants are more
affected by Franck-Condon factors than the density of states.

The number of rhotons emitted through fluorescence div-
ided by the number of photons absorbed is called the fluor-
escence quentum yield (f.). This quantity can also be ex-
pressed in terms of the rate constants for the three processes
described above which depopulate Slz Kps kisc’ kic’ At any
temperature, ¢f is equal to the ratio of the rate constant
of fluorescence and the sum of the rate constants for all of
the processes which depopulate Sl(equation 3).

B = kel Uep + Jygo + LI )

The measurement of lifetime of the first excited singlet can
be carried out using a pulsed nanosecond flash technique. A
pulsed nanosecond nitrogen laser is used to excite the fluor-
escent molecule into its first excited state and the decay of
the intensity of fluorescence is recorded versus time. The

time required for the intensity to fall to el

of its initial

value is called the fluorescence lifetime CTf) and can be ex-

pressed in terms of the processes deactivating 5 (ecuztion 4)
T =1/ (ke + ¥ige ¥ kic) (4)

The expression for T, is valid at any temperature and hence

equation 4 can be combined with ejuation 3 to give an alternate
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expression for the fluorescence suantum yield in terms of the
rate constant and 1ifetime of fluorescence (ernuation 5).
P = ¢ Te (5)

There sre reny indications that ke is independent of
temperature for a varticular molecule. Studies of the
variability of kp 25 a function of temperature(7) on anthracene
indicate only 2 very slight termperature devendence. e
fluorescence rate constant is similarly seen to be independent
of solvent effects. ‘iork done by ankins(a) and Matthews(g)
and the oresent work indicate that ke is fairly independent
of solvent in non-polar, zrometic and polar solvents. Hence
kf is seen as a molecular property not greatly depnendent
on the effects of temperature or solvent.

Measurements of the temperature denendence of fluorescence
guantum yields show a decrecse in ¢f. with increasing
temperature for methyl-2-anthroste and methyl-9-snthroate.
Changes in solvent volarity also affect ¢f + Methvyl-2-anthroete
shows a maximum in ¢f with increasing solvent nolerity. On
the other hand, methyl-9-anthroate shows a monotonic decrease
in ¢f with increasing solvent polarity. Tn addition methyvl-
g-anthroate shows a oreater wveriation in ¢f than methvl~"~
anthroate over the seme range of polerity increasing from less
than 0.1 in methanol to alrost 0.9 in cyclohexane.

3ince. as discussed above, the variation in ¢f cennot
be a result of changes in kp, it must come about @s a result

of variations in kjge or ki or boti. ‘he nrocess of intermal
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conversion from S1 to So involves energy ganrs of roughly
1

21,000 and 24,000 cm — for methyl-9-anthroate and methyl-

2-anthroate, respectively, while intersystem crossing in-
volves energy changes of less than 3000 cm'l (10). Where
small energy gaps are involved the Franck-Cendon factor
(degree of vibrational overlap) is dominated by skeletal
vibrations but in the case of large emergy gaps, these
factors are dominated by C-H vibrations(a). Hence deut-
eration would affect only the Franck-Condon factor for

large energy differences such as those between SO and S1

and we would expect that the rate constant for intermal

conversion from Sl in anthracene and its derivatives would be
considerably affected, Because C-D vibrations are of lower
energy than C-H vibrations, higher vibrational levels would
be involved in Si‘V‘osO internal conversion in the perdeuter-
ated compound, which results in a higher density of vibra-
tional states of S0 at S1 but in a lower Franck-Condon factor.

Hence k1c should decrease with deuteration while k is not

ise
expected to be affected and from equations 4 and 5, Tf and

ﬁr will show an increase only if k, is of the same magnitude
as kf. Extensive deuteration studies have been performed om
a wide variety of aromatic and polynuclear aromatic compoundQ(Il)

The results of these studies show that the fluorescence life-

times and hence fluorescence quentum yields of the perhydreo

and perdeutero derivatives of the same parent compound are

virtually the same. Additional evidence for the absence of
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internal conversion in anthracene derivatives has come from
flash work done by Horrocks(17). Therefore internal conver-
sion to So occurs to a nepligible extent (kic<<kf). Hence

we postulate that intersystem crossing is the temperature
dependent process responsible for the temperature dependence
and solvent dependence of ¢f in methyl~2-anthroate and methyl-
9-anthroate. If our postulate is correct then intersystem
crossing and fluorescence are the only processes of importance
which depopulate S1 in these molecules.

Because intersystem crossing may be responsible for the
solvent and temperature dependence of ¢f, a consideration of
the properties of S1 and the accepting triplet is impor:ant.
Our evidence tends to show that Sl is a more polar state than
S0 in both methyl-z-anthroate(s) and methyl-9-anthroate, It
was found that with increasing solvent polarity, the fluor-
escence spectrum of these molecules shows a substantial red
shift over the range of solvent nolarity used. This resulis
in S1 (strictly speaking, thz equilibrium excited state shown
later in Figure 2) dropping in energy and a decrezsing energy
difference between S1 and So. The energy of the first triplet
(Tl) can be measured through phosphorescence studies. Un-
fortunately Tl has not been measured for methyl-2-anthroate
and methyl-9-anthroate beczuse the intensity of phosphorescence
is extremely low. However, a reasonable approximation of

1

Tl in these molecules would be 14,700 cm ~ which is the value

of Tl in anthracene. It has been shown that the triplet
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manifold of the parent anthracene i1s relatively insensitive

to substitution(12) (13),

and solvent polarity Hence Tl and
higher energy triplets are expected to remain fairly constant
relative to Sy and relatively independent of the environment.
The energy of these higher energy triplets may be located
through triplet-triplet absorption measurements. Several

-1 i1 enthra-

triplets have been predicted to be near 26,700 cm
cene and one has been found at 26,050 em™t (24) and 26,000
cm'l (5) in anthracene-dlo. It is generally assumed that
this triplet is TZ and that the T2 state is the one involved
in intersystem crossing in methyl-9-anthroate and methyl-2-
anthroate. Additional evidence has been found in pressure
dependent studies of S1 and T2 in anthracene that show that
the energy of T2 is considerably less affected by environmental
effects than Sl' Shaw(15) has found that the energy of S1
relative to S0 in anthracene-dlo decreages 4-5 times faster
than that of T2 relative to S0 with increases in pressure
applied to solutions of this molecule in polymethylmethacrylate.
T1 is considered to be too far below Sl to have any
effect on kisc‘ Results for perdeuterated 9-methylanthracene
indicate that the C-H vibrations are not expected to play an
important role in intersystem crossing(]‘G) indicating the ex-
istence of a small SI_TX energy gap where TX is the accepting
triplet. Therefore TX is higher than the lowest ~ne and is
probably T2. Hence we postulate that S:l is below T, in both

2
the 9- and 2-methyl esters above since no direct spectral
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evidence exists which gives the energies of Tl and T2. It
is known, however, that the S1 energy in the 9-ester lies
below that of the 2-ester. A scheme of energy levels for
methyl-2~anthroate has been proposed by Hawkins(a) which ac-
counts for the increesing ”f with increasing solvent polarity,
but this model does not explain well the maximum which ﬂf for
methyl-2-anthroate exhibits with increasing solvent polarity
since internal conversion is fairly well established to be
negligible in polynuclear aromatic hydrocarbons and since kisc
is probably very low for the SI—vTI transition. In addition,
this model does not explain at 211 the unexpected trend of a
decreasing pf with increasing solvent polarity for the 9-ester.
Since the relative energy of S1 is important in inter-
system crossing, an examination of the Franck-Condon principle
as it ap:lies to S1 is necessary., The Franck-Condon principle
states that electronic motion (10717 sec) is much faster than
nuclear motion (10712 sec). TImmediately after excitation, the
molecule is in the Pranck-Condon excitec state, Sl(FC), and
undergoes rapid vibrational relaxation (F'gure 2). A molecule
in this state has the ground state molecul .r and solvent cage
geometry. As stated previously, the 1’ .etime of S1 is on the
order of 10'7-10-9 sec during which there is amnle time for
the solvent cage to rearr:nge to accommodrte the geometry of
the molecule in its excited state. In general this rearrange-
ment occurs very rapidly since it is governed by the speed of

nuclear motion. Since the solvent cege and the molecule have
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Figure IT

Franck-Condon Jablonski Diagram

The Franck-Condon principle states that electronic
motion is much faster thamn nuclear motion. Immediately after
excitation, the molecule is in the Franck-Condon excited
state, Sl(FC) end undergoes rapid vibrational relaxation.
During the lifetime of Sl’ there is ample time for rapid sol-
vent cage and molecular relaxation to accommodate the molecule
in its excited state. This causes slight stebilization of S1
to the equilibrium excited state, Sl(EQ), from which fluor-
escence may occur to SO(FC), the Franck-Condon ground state.
A molecule in S,(FC) hes the same molecular and solvent cage
geometry as Sl(EQ) and thus rearrangement of the solvent cage
may occur to a more stable geometry which causes slight

stabilization to SO(EQ), the euilibrium ground state.

i 4 R, R 7T




S [FC-—
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rearranged to a more st ble geometry, the Sl enervy is low--
ered slightly and it is from the equilibrium excited stete,
Sl(EQ), that intersystem crossing and fluorescence ocecur.
Emission occurs to the Pronck-Condon ground st-te, SO(FC),
which has the same solvent cage and molecular geometry as
Sl(EQ) after which vibrationsl relaxation occurs to the Oth
vibrational level. Again the molecule and solvent cage re-
arrange to a more stable geometry resulting in the equilibtium
ground state, SO(EQ), whic» is lower in enerpy thm SO(FC).

Because S1 lies below T2, intersystem crossing is a
thermally assisted process., Iost of the molecules are in the
Oth vibraiionzl level of Sl but a certain fraction of these
are in a vibrationsl level iscenergetic with the Ot* vibration-
al level of TZ' This fraction is given by the Boltzmann
distribution. Therefore, we noltulate an Arrhenius temperature
dependence for kisc‘ Equation 3 becomes

Pe(®) = deg/ (g + dey o (D) + k)
which can be resrranged to yield equation 5.
(D™ =1+ k(D /ey + xS, (6)

Because kic kf, the last term of e .urtion 6 drors out., Assum-
ing that kisc(T) can be expresced in terms of an Arrhenius

dependence, equation 6 becomes ¢quation 7 and finally ecuation 8.
-1
B(M™ -1

(L g

Koo (T/k, €

I

kisc(t)/kf = hexp(-E_/RT) (8)
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The final rearrangement of equation 8 yields egquation 9.
-1
1ogg (Pe(T)™" - 1) = log A - B/RT (9)

Thus if our two assumptions of negligible internal conversion
and an Arrhenius dependence of kisc are correct, a plot of
1°ge(¢f(T)-l - 1) versus 7% win1 yield a straight line of
slope -Ea/R. A straight line will also result in the extreme-
1y unlikely case that kic shows the same temperature dependence
as kisc‘ An Arrhenius plot will therefore yield a straight
line only if one process competes with fluorescence and as
Buggesied above this process is very likely to be intersystem
crossing, however, the Arrhenius plot by itself cemnot deter-
mine which process it is, 4 departure from linearity may in-
dicate that either a second process is comneting with fluor-
escence to depopulate Sl’ that the activation energy (Ea) is
changing because the Sl-T2 energy difference is varying with
temperature, or that the assumntion that kisc can be fit to
an Arrhenius expression is invalid.

The measurement of an activation energy implies that
there i8 a minimum energy below which intersystem crossing
will not occur. Below this energy the probability of tran-
sition to T, is zero and above it the nrobability is some
finite and constant value. This energy is clearly at least
equal to the energy difference between the Oth vibrational
levels of S1 and T,, Methyl-2-anthroate and methyl-9-anthro-
ate have 3N - 6 or 84 fundamental modes of vibration, where

N is the number of atoms in the molecule. Many of these modes
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are low energy skeletal vibrations with the result that the
density of vibrational states of S1 at the Oth vibrational
level of T, should be fairly high. #1lthough not 211 of these
vibrational modes are expected to have the proper symmetry to PR oy
be involved in intersystem crossing, the probability that some
of them will is probably high enouhg to assume that inter-

gystem crossing occurs to the Oth vibrstional level of TZ’

This assumption is further aided by the frct that in solution
discrete vibraticnal levels are perturbed by the solvent
environment. The effect of this is to smear the vibretional

levels over a small but finite range of energies. If this

assumption breaks down, however, then the activation energy
obtzined by the irrhenius plot is not a measure of the T2
energy but a meczsure of the barrier to intersystem crossing /.

since the crossing would occur to some vibrational mode higher

than the Oth vibrational level. In this case, the activation
energy would be a poorer measure of the energy of T2 relative
to SO' Figure 3 shows the relationship between Ea as a
measure of the triplet energy and the assumption that inter-
gristen crossing occurs to the Oth vibretional level of TZ(B).
If the assumption holds, Ea. is 2 good measure of the S:I_—T2

energy gap, if not Ea is grester than the energy gap. Since

Ea is a measure of the Sl'TZ gap, the sum of the S1 energy and
E, should give a measure of T, relztive to Sy in both methyl-
2-anthroate and methyl-9-anthroate. Since triplet states are

fairly insensitive to solvent polarity, this sum might be much
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Relationship Between Ea and the
Singlet-Triplet Energy G:up

The activation energy, Ea, is a good measure of the

singlet-triplet energy gap when intersystem crossing (1sC)

occurs to the Oth vibrational level of TZ' but Ea will be

a poorer measure of the Sl-T2 energy gap when intersystem

croasing occurs to higher vibrational levels.
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less dependent on solvent polarity than either S1 or Ea'
Previous interpretations of Ea relied on a classical
crossing point explanation «f the intersystem crossing pro-
cess and the relationship between Ea and the singlet-iriplet
energy gap. Other data presented in this work suggests that
the Franck-Condon factor or degree of vibrational overlap

is at least a viable alternative interpretation.




EXPERIMENTAL




- Chemicals
kiethyl-2~anthroate (2-C00ie) was nrevared and Tur-
% ified by Matthews<9) and used without further nurification
in this work. iPethyl-9-anthroate (9-C0C1e) nreviously
nrepared(la) was found to be impure by obsarvation of two
shoulders at 380 and 400 nm suvnerimsosed unon the broad
structureless emission spectrum of 9-CCOMe in ethanol. Tt
is speculated that the impurity was she anion of 9-anthroic
acid which was nroduced from the decomnosition of ©-CCONe,

Therefore a new batch of 9-CUCHe was svnthesized<19). Re=~

crystallization of the crude nroduct from hexane was found

to be nreferable to the recrystallizsotion from ethanol

which was suggested in the synthesis procedure( 19). L cheek
cn the purity consisted of a nelting noint determination
(found 110.5-111.5°%,11t. 11200(203) and the absence of the
nreviously described immurity ~eaks.

Phenyl-9-znthroate was vrepared and vurified bv
Torrisi(21) end used without further ~urificetion. Anthra-
cene, obtained from Lastran vhemicals, aud »henylethvl
alcohol, obtained from Fatheson, and Tell, were used
without further purificrtion. Tengvl-9-anthroate {9-LuCle)
and rhenylethyl-s-enthvoate (9-00p.% sere syncheosized bv

. s} .
adapving a method(lJ/ descri™ed in cthe literature for tre
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esterification of hindered acids. In order to be certain
that the reaction had gome to completion, the reactants
in both syntheses were allowed to react for a week at room
temperature. The low vapor pressure at room temperature
of both alcohols used in the esterification .f 9~anthroic
acld necessitated vecuum distillation for their removal,
The first attempt to isolate 9-COOPE resnlted in 1ts de-
compesition to amthracene as indicated by the NMR, absorp-
tion end fluorescence spectra of the decomposition product.
Necompos.tion was attributed to the high temperature at
which the vacuum distillation was conducted (130°C at 10 mm
aspirator pressure). When a vacuum pump in conjunction

with a liquid nitrogen trap was used, distillation occurred

at 70°C and 1-2 mm pressure. Tsolation of the desired pro-

duet was considerably hastened by the addition of 5 ml of
bengene. Benzene, which boils quite violently at 70°C and
1-2 mm pressure, caused spattering of the benzene-phenyl -
ethyl alcohol solution of 9-COOPE against the walls of the
container. Before the solution was able to drip down the
sides, the solvent vaporized leaving the product adhered to
the walls. The product was collected and washed with 10%
NaOH, Recrystallization from ethanol was found to be prefer-
able to recrystallization from hexane. 9-COOPE occurred

as fluffy off-white flakes with a melting point of 91.5-52,5°C
and was characterized by NMR (singlet 8.2ppm, 1H; multiplet
7.6 ppm, 48; multiplet 7.0 prm, 9H; triplets 4.5 and 2.8 ppm
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2H each, IR (carbonyl stretch at 1708 cm'l) and fluor-

escence spectra (broad, structureless emission spectrum

characteristic of 9-esters).

] - The 9-COOBe ester was isolated in a similar way, It
occurred as bright yellow granular crystals with a melting

f point of 115-116°C and was characterized by NMR (singlet
- 8.4 ppm, 1H; multiplet 7.9 ppm, 4H; multiplet 7.4 ppm, 9H;

singlet 5.6 ppm, 2H) IR (carbonyl stretchk at 1710 cm'l)
by and by its characteristic fluorescence emission spectrum.
Solvents
All solvents were Matheson, Coleman and Bell Spectro-
quality solvents except cumene (b.p. 151-153%C). a fluor-
escence check made on this solvent at the highest sensitiv-
ity of the MPF-2A showed negligible emission between 380 and
. 600 nm with an excitation wavelength of 350 nm. Therefore !
1t was used without purification,

Instrumentation

Because all work was done on the Cary 118C and the

{

MPF~2A, the monochromators of the two instruments were
calibrated against each other as follows to insure repro-
ducibility of results. The calibration is verformed using
a holmium oxide filter with an absorption spectrum accur-
ately known(zz) to .1 nm. & comparison of the known spec-
trum with the one obtained using the Cary 118C will yield

a wavelength correction factor at various wavelengths which

18 usually small but does approach 1 nm near 450 nm.

0 IS S S
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Figure 4 shows the wavelength correction curve.

The calibration procedure for the exeitation and
emission momochromators in the MPF-2A enstruction manual
was followed except that the holmium oxide filter was used
in place of the suggested neodymium oxide filter. “he emis-
sion monochromator of the MPF-2A was calibrated against the
Cary 118C by adjusting it so as to correctly record the po-
s8iltion of the 360 nm holmium oxide sbsorbance. The exeita~
tion monochromator was then ealibrated against the emission
monochromator by reflecting the excitation beam through the
emission monochromator which is set at 360 mm. 1t should
be noted that the holmium oxide filter is not used i. cali-
bration of the excitation mon.chromater., Finally, the ex-
citation monochromator was adjusted so that the excitation
spectrum showed a peak at 360 nm. Although the wavelength
corrections may seem trivial, a 1 nm error in the absorption
measurement coupled with another 1 nm error in the same di-
rection in the setting of the excitation monochromator wave-
length can result in serious error in the determination of
fluorescence gquantum yields andactivation energies, It has
been shown that for 9-COOMe an error of one nm in the ex-
citation wavelength setting results in a 6% change in the
quantum yield(zs).

Determination of ¢f and E, are described in detail by
Hawkins(8 ). The following changes are noted. Excitation

wavelengths used in the temperature dependent studies of ¢f




TABLE I. WAVELENGTH CORRECTION FACTORS FOR CARY 118C

True Holmium Oxide Holmium Oxide Amax

absorbance QLEaxzeﬂ’a from Cary 118C2 Correction®D
279.3 279.0 063
287.6 287.2 0.4
333.8 333,2 0.6
360.8 360.2 0.6
385.8 384.6 0.8
418.5 417.8 0.7
446.0 444.9 1.1
453.4 452.3 1.1
536.4 535.3 1.1

2 gnits=nanometers

b

Add correction factor to Cary 118C absorbance to get

true absorbance
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Figure 4

Wavelength Correction Curve for Cary 118C

1l Wavelength correction factors for the Cary 118C are

; Plotted as a function of the wavelength indicated on the
instrument. These correction factors (in nm) are to be added

- to the wavelength indicated on the instrument to obtain the

' actual wavelength.
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are chosen to correspond to valleys ir the absorption
spectrum; usually the valley between the O-1 and 0-2 vi-
bronic bands. The advantage of this is that absorbances
corresponding to this wavelength are nearly insensitive to
temperature and in many cases an absorption correction is
not necessary since it is usually less than 1% over the
whole temperature range and much less than other corrections
applied.

The reference quantum yield, that of 9-COOMe in eth-
anol, has been changed from .18 to .173% which is an average
of .18(24) and .165(25), two values reported in the liter-
ature. Both values ultimately relied on quinine sulfate in
0.1 ¥ HZSO4 as a reference quantum yield and hence it was
not possidle to decide between the two., In addition, it
was not possible for us to improve upon or decide between
the two using our techniques; hence we took an average as
the quantum yield of our reference: 9=CO0Me in ethanol.

The procedure for measuring quantum yields has been
improved as follows. Triplicate 5-10 ml samples of both the
reference solution and solution whose quantum yield is to
be measured (unknown) are made up such that the absorbance
of each sample is less than 0.25 at the exciting wavelength.
For each solvent used a solvent vs. solvent baseline is
first run over the absorbance range of interest, usually
400-340 nm, recording pen period, scen speed and slit width.
Unce these are set they should not be chansed during a
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particular quantum yield determination., Before the base=-
1ine was run, the Cary 118C was zeroed at a wavelength at
which the semple did not absord (450 nm). The absorvtion
spectrum for each sample of a given tyve wes recorded over
the solvent baseline. Before each sample was run, the
Cary 118C was rezeroed at 450 nm.

The excitation wavelength cznnot be chosen until after
the absorption spectrum is recorded. In choosing the ex-
eiting wavelength, it has been found that the peak of the
0-1 vibronic band for both reference and unknown samnles
is nearly ideal in thet the source radiation is of nearly
equal intensity at these wavelengths. A rhodamine B quan-
tum counter was used to obtain ¢ lamp intensity vs. wave-
length curve for the ¥e lamn-excitation ronochromator com=
bination. This curve was used to obtein 2 lamp intensity
correction factor which takes into account that the source
intensity is not the same at the ercitstion wavelengths of
the sample cnd unknown.

It was found that in order to obtain renroducible
fluorescence quantur yield mezsurerents, it was necessiry
+o0 record the flunrescence spectra of reference end sample
on the same samrle sensitivity of the ¥or-24, Often it was
necessary to dilute the samples vhose ouantum yields were to
be determined to zn absorbance of 7.07-0.09. Roth refer-
ence and unknown srmples vere diluted by # factor of 1N

and in @11 cases e ch semmle had en absorbance of less then
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0.025 at the exciting wavelength. It is recommended that

all semples not be diluted by a factor other than 10 since
this results in greater accuracy in sample dilution, ease

of calculating results and comservation of solvent.

Tn recording the fluorescence spectrum of the diluted
reference and unknown, a solvent background was recorded
- using the same excitation wavelength and sample gsensitivity
as for the sample. All samples of a given tyre were run on
the same piece of chart. Calculations(zs) have been per-
- formed in the literature that show that the 7 nm excitation
{) s1it and the 3 nm emission slit used in recording fluor-

R escence spectra on the MPF-2A were small enough so that the

(nu/nr)2 correction factor used in our calculation of ¢f
was applicable. For greatest reproducibility in recording §j~
fluorescence spectra, the MPF-2A was operated in the refer-

ence mode.

Other techniques which have been modified involve

Lo degassing and temperature measurement. Degassing can be
h hastened by performing the first cycle in the freege-thaw
degas cycle using only the rough pump pressure rather than
the mercury diffusion pump. It is clear from the bubbling
upon thawing that most of the degassing takes place under

rough pump pressures. Finally, the Keithley digital volt-
. meter and copper-constantan thermocouple were calibrated

together by messuring the voltage output of the thermocouple

in an ethanol temperature control bath over the tem.erature

e e N [ — - V) NS pee—— .
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range from 10-76°C. The temperature of the bath was mon-~

itored with a thermometer capable of reading to 0.02°C,

and the bath unit was the same as that used in the temp-

erature dependent studies of ﬂf. Frequent recalibration

of the thermocouple-voltmeter combination should be done.

Figure 5 shows the voltmeter-thermocouple correction curve.
An additional area of work involved the suspending of

anthracene, 2-COOMe and 9~COOMe in polymethylmethacrylate

i
(PMM). Methylmethacrylate was obtained from Matheson, Cole- ii*Z
man and Bell in two grades, reagent grade (b.p. 100-101%) f
and Chromoquality (99+ mole per -nt‘, but only the reagent
grade which was stored at 0°C was used., After dissolving
one of the above compounds in the monomer such that the

absorbance of the solution was about 1.0 in a 1 em cell the

solution was placed in 8 mm glass tubing, degassed and
sealed under vacuum. The sealed tubing was placed in a cir-
culating temperature-controlled silicone o0il bath at temper-
atures between 75 and 85°C as shown in Figure 6. The

tubing was held in place by hooking one end of a paper clip
in a piede of tape attached to the top ~f the tubing =nd
hooking the other end to the edge of the bath container.
heating rod was used to bring the bath to the desired temp-
erature and a Variac potentiometer control was used to keep
the temperature within # 0.59C of this value. After a week

of heating, initial atter ts ot ;olymerigation did not suc-

ceed but resulted in very viscous, somewhat rubbery solutions,

Attempts to polymerize the monormor itself resulted in the same
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Thermocouple-Voltmeter Temperature Correction Curve

Temperature measurements were made using a copper-

constantan thermocouple with the reference junction at 0%

and a Keithley digital voltmeter. A rlot of the millivolt
readout of the copper—constantan-voltmeter combination versus
tempercture (degrees Celsius) is given on the next page

and was used in the calculation of temperazture in the tem-

perature control block of the MPF-24 in measurements of Ea.
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Figure 6

Temperature Controlled Silicone 0i1 Bath Used In
Polymerizetion of Methyl Methacrylate

N A heating rod (H) is used to heat a silicone oil bath
to about 80°C. The temperature is checked with a thermo-

- meter (T) and a motor is used to drive a propellor which

ensures even temperature distribution. A plece of tape is

wrapped around the upper portion of a piece of glass tubing

- (¢) and inserted through a loop in the end of a piece of

copper wire (C) which rests on the edge of the bath. The

entire glass tubing is submerged to allow an even temperature

distribution within the tube.
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rubbery medium. Addition of 2z0-bis(isonrorrlicvranide) as

a catalyst in concentrations of 1N ~vm czused molymerization
to occur more cemiletely but the resulting rod of

quite flexible although ihardening on exvosure to air d4id
occur. However, it has been shown thet this catalvst cen
quench vhosphorescence and thus we will want to avoid its
use when measurerents sre made. Iresumably nolymerization
was inhibited by such imnurities as methacrylic acid from

condensation from revested exnosure of the cold solvent to

the atmosphere. Therefore the solvent was ﬁurified(27) as

described in the literature except that a ailica-gel colunm
was not used. “he nurified methylmethacrylete was stored
under dry nitrogen and refrigersted. The above solutions
were then nrenared with the nurified monomer and heated as
described nreviously. Comnlete volvmerization occurred
within two days. The rod of 17l which resulted was clezr,

hard, not rubbery and had the anyperrance of a rlass rod.
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- III. RESULTS

Table II gives a summary of absorption, fluorescence
emission, and fluorescence -uentum yield date for the com-
pounds studied in the solvents indicated. Since the absorp-

tion spectre for all the compounds in the table show a high

|
]
|
|
degree of vibrationzl structure, the energy in Table IT cor- t
responds to Amax for the 0-0 absor—tion band, These values are
relatively unaffected by solvent nolarity. In the case of methyl-
9-anthroate, the absorption energies show a variation of about
360 cm—l, while methyl-2-anthrozte shows a variation of 310
cm-l over the solvent rvolarity range. Little correlation can
be made between 0-0O energies and solvent polaritv other
than the v lues in rromatic solvents nre the most red-shifted.
The fluorescence emission einergies are a2 me~sure of the
equilibrium excited st te rel:tive to the Franck-Condon ground

state. Since excitztion in S-COO0Me is .ccompanied by &

large change in molecular georetry, its emission spectrum
is broad and structureless in all solvents excert cyclohexane
where slight structure does anve:r. fpporently the presence
. of bulky ester groups such as n-nitrovhenyl, benzyl and

f-vhenylethyl hrve no efZect on excited state rotation of the

carboxyl gr-up since the emission snectrs for all of the
. 9-~carboxylic aci: esters are brozd and structureless. =ecause
of this the 51 energies for the 9-derivatives listed in
Table II asre just Amax for the corrected emission spectrum.

- Methyl-2-anthro~te :xhibits a structured emission snectrum in P

R et e e e - e  ——— N
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- ZABLE TI
4 Absorption and Fluorescence Energies, Fluorescence Quantum Yields

for Esters of 2- and 9-Anthroic Lcid in Solvents for the ET(BO)
- Values Listed. Fluorescence Energies are Amax for 9-COOMe and
- 0=0 Energies for 2-CO0Me,

B Compound Solvent Absorption  Fluorescence f (22°%) Ep(30)
(em™) (em™1)
Methyl-9-anthroate
Methanol 26,350 20,964%89 .08%,003 55,5
- Ethanol 26,322 21,05%%89 .173£,008 52
Acetonitrile 26,302 21,41%+9] .38%,02 46
Benzonitrile 25,990 21,322491 L.75%,0% 42
- Toluene 26,123 21,834%96 »78%,03 %%.9
. Benzene 26,123 21,834%96 .82%,03 34 5
Cyclohexane 26,302 22,222%50 (.76*.03; %3
- p-Dioxane 26,191 21,786%92 .85%,03/ 36
3
Methyl-2-anthroate =
Benzonitrile 25,138 23,964%14 .90£,04 42
Benzene 25,227 24 ,186%14 .80%,03 34
Toluene 25,240 24,510%14 .72%,03 33.9
Cumene 25,264, 24,582%14 (a) .681’.03( )33.5
- Acetonitrile 25,4502ag 24,150%14 (&) L02%,04'804 7 £
Ethanol 25,3802 23,500414 ¢y .90%,04 52
Trifluoro- 25,380 22,000%100 .88%,04 61.1
h ethanol a) (a) (2)
- p-Dioxane 25,3502 24,60081¢ 20 .83%.0% 256
Cyclohexane 25,380 ag 25,000%14 (a; LA7E.02 gag %3
- Hexane 25,410 25,200%14 2 .324,01'%/ 30
] 9-(p-nitrophenyl)-anthroate
. Cyclohexane 26,212 W14%,01 () 33
R 10-Bromo-S-{p-nitrophenyl)-anthroate
Cyclohexzne 26,042 .19*,01(b) %3
- (e-phenylethyl) -9~anthroate
- Cyclohexane 26,290 33
N Benzyl-9-anthroate
Cyclohexane 26,288 33
- 23ce Reference 8
- bSee Reference 21

e . . o S o , :
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. all solvents except 2,2,2-trifluoroethanol so the energies
4 for 2-C00Me given in Table II are 0-O0 band energies. The
S1 energies for 9- and 2-COCMe are relatively sensitive to
solvent polarity showing =2 red shift with increasing solvent
- polarity and polarizability. In eromatic solvents, the red
shift may be due to weak 7[-77 interactions between solute and
solvent.
- The fluorescence quanium yields in this work are based
? on a reference quantum yield (9-COOMe in ethanol) of 0.173
: - rather than on the previous value of 0.18, Therefore, pre-
t - vious ¢f values(a) have been adjusted to compensate for the
change by multirlying the old value by a fzctor of 0,173/0.18.
Our ¢f values for 2-COOMe in benzene, trifluoroethanol and
ethanol do not agree well with the previous work(s) even after
the adjustment has been made for the change in reference
. quantum yield. A comparison of the degassing factors and re-
- fractive index correction factors with the previous work shows
good agreement, hence the discrenancy must lie in the fact
_ that we performed all ¢f determinations on the same sample
- sensitivity setting of the MPF-2i while those of Hawkins were

done on different samnle sensitivities. 'Je believe that our

:. method is an improvement since the quantum yields for 2-COQMe
; - in benzene could not be determined renroducibly when meosure-
; - ments were made using different somnle sensitivities. Once

Z . the measurements were made using the same sample sensitivity

- settings, the precision for each usntum yield was on the order
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of one nercent. Iven measurerents talen br di-~ nt workers
agreed to within one nercent of ezch other when using

newer method. Details of the calculation of fy 2re nresented

elsewhere(a).

Table III gives a surrmers of activoiion enerzies and
fluorescence lifetimes for the comvounds siundied in various
polar, non-poler and arcmetic sol™ ‘s, ihe fluorescence
quantum yields of each cormmound in these solvents ere de'er-
mined as a function of te versture and were fit to an Arrhenius
plot as described eevlier, ™Me slouve of the line thus ontained
is multinlied by -1.987 cal mole-! drg~1 to -rield the pctiva-
tion energy in cal role~l which is then converted to an enercy
in kcal role~t, £lthough not shown, the correlation coefficient

for the 73, e nfidence interval for elmost each ‘rrhenius fit
weas generally betfer than 0.79 indicating rool lineority.

Irror limi.s for the sctivation energy arise from the
uncertainty of ebout 5% in our reference quantum vield. lence
all the room temrercture ~uantum yields mecsured in this work
are accurate to 54, TFor each solvent, then, an u»ner and
lover Tirit for the activation is caleulated hvr using the
corresronding nnner and lover lirits on the room temnsratiare
quentur yield in the calculrtion of Ta.

:8 lable TIT indicctes a 5 error in #r dors not alwe s
result in & 5% error in Ex, Par lov fe's (~0.75), the error
in =p is obo 't 1.0 for iatermed L20-0,68)

error is annvoximetely 5-10.. #nd Tor timn e valies n."
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TABLE IIT

Fluorescence Lifetimes and Activation Enersies for 2-CO0Me and
9-C00Me in Solvents for the ET(BO) Solvent Polarity Values Listed

Compound Solvent (nsec)b’c’ E(keal/mole)  E5(30)
Methyl-9-anthroate
Methanol 1.741 3.97%,02 55.5
Ethanol 4.1%.6 4.35%,05 52
Acetonitrile  8.1%.5 3.4%%,15 46
Benzonitrile 12.7%.5 2.66%,39 42
Toluene 2,66%,.7%3% 33,9
Benzene 14.1%.5 3.58%,57 34
Cyclohexane 12.5%1 2.25%,35 3%
p-Dioxane 14.4%.5 6.39%1,12 36
HMethyl-2-anthroate
Benzonitrile 19.2%.,2 2.5%1.0 42
Benzene 17.7%.1 3.25%,50 34
Toluene 16.0%.,2 2.40%,20 33.9
Cumene 15,3%,2 2.28%,30 3365
Acetonitrile 21.5%.5 3.5%1,0 46
Ethanol 21.8%,3 2.5%1,0 52
Trifluoro- 27.2%.5 TIF* 61.1
ethanol
p-Dioxane 19.1%,2 3.48%, 53§a) 36
Cyclohexane 10,3%,2 2.45%, 15043 33
Hexane 9.8%,2 1.87%,10 30
9-(p-nitrophenyl)-anthroate
Cyclohexane 2,4%,5 2.33%,02 %7,
10~Bromo-9-(p-nitrophenyl)-enthroate
Cyclohexane 3,0%,5 2.9.%,03 23

*Temperature Independent Fluorescence
85ee Reference §

b. e
Values for S-COCl%e were determined by Dr. Bunting at Tufts

®Values for 2-C0Cle were dete-mined by Tr. Tytle at Purdue

Value for 9-CC0l'e in ethanol wss determined by Dr. 7, C. erner
at MIT (ih.D. thesis) ’

s g
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the error is about 10-30%. Tn the cose that ¢f is rreater

than about 0.85, the error is on the order of 50% 2nd this
method becomes unreliable because the change in fluorescence
intensity with increasing temnerature for a meolecule in a

given solvent becomes exceedingly small at high ¢f values

and upproaches the megnitude of the refrzctive index and ab-
; - sorption correction factors orlied. Alternetivelv, the
= change in kisc with increasing tenverature is to- small when
comvared with the megnitude of kf to accurately reasure Ea'
. Therefore little can be 8zid zbout the active ion energy ror
. 2-CO0Ne in benzonitrile :ng ethenol where ¢f=0.90 excent
{ that the activation energy must be high beczuse the “luor-
) escence intensity isg nearlv temrer-ture independent in these
* solvents.
Arrhenius vlots for 9-CO0%e in benzene ana toluene show
- slight eurvetu-e while those for 9-C00*e and 2~C00¥e in benzo-
- nitrile show Eross deviection from linearity g shown in Figure 7.
It was found that in the letter case that fluorescence en-
- ergies blueshifted by approxim: tely 200 cm'1 with increasing
temper: ture over 2 90° renge.  The curvature of the ‘rrheniug
pPlots in sromatic solvenis incre: ses with incre sine temper-
B ature and is nrobably a reflection of the " et thet Sl is bdlue~
4 shifting much less repidly with temrerature thrn P? 50 thot the
activation enercy must be corresnendinsly tigher. inother oS-
- sibility, although less likely, is internal conversion ot ‘hirh

temper-tures, This ef<eet nY 7 be viewnd as a breaking

Ao, . B —
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Fi e Ta

¢f vs Temperature for 9-COOMe in
Benzene, Toluene and Benzonitrile

Arrhenius plots for 9-COOMe in benzene, toluene and
benzonitrile show deviation from linearity. Since the
slope of the plot is proportional to the activation energy,
the curvature of these plots indicates that S1 is dropping
relative to T2 with increasing temperature rather than a

reflection of the occurrence of internal conversion,




® TOLUENE
® BENZENE
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Figure 7b

¢f vs Temperature for 2-COOMe in Benzonitrile

The Arrhenius plot for 2-COCMe in benzonitrile shows

- deviation from linearity which is also probably an indication

of an increasing Sl-T2 energy gap with increasing temperature.
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of the solute-solvent 7FJT interactions with increasing temp-
erature. These interactions are observed generally in other
aromatic solvents. The S1 energies have been observed to
red-shift in solvents such as mesitylene, 1,2,3-trimethyl-
benzene, p-xylene, tert-butyl-benzene and even pyridine indic-

ating the importance of these weak TFTT solute-solvent inter-

actions.
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DISCUSSION




IV. DISCUSSION

The singlet and trinlet energy levels of anthrocene can
be used as a point of departure in describing the energy levels
of 9-COOMe and 2-COOMe., It hes been fairly well esteblished
that the S1 energy level in anthrescene lies slightly ahove a

nearby triplet, probably TZ‘ The fluorescence spectrur of

anthracene gives an S1 energy of 26,700 cm'1 (8’12). The phos-—

phorescence siectrum indicates that the lowest triplet (Tl)

lies at 14,700 cn™*

and triplet-trinlet absorption studies
indicate that T, lies at 26,050 cm™t (12) | sypstitution en

the parent compound reduces its symretry esnd lowers the S1
energy relative to the ground state (SO). The triplet manifold
in anthracene seems to be nearly insensitive to substitution<12)
and less sensitive to solvent ~olaritv tham Sl. The first
excited singlet and T, and T, are TLT* excited stetes. Studies

of aromatic comnounds(28)

with acidic functional groups show
that the pKa's of triplet states are very similar to the pKa's
of molecules in the ground stete, while the pKa's of excited
singlet states zre significantly d:ifferent from ground state
pKa‘s. This would indicate 2 similar electron distribution
in the triplet manifold as in the ground state. PTresumably

this is also the case for 2-C00Me and 9-COOMe and hence ray

explain the relative indenendence of T2 to sunstitution,

If Sl lies above T2, ~3 is the czse with anthracene,

intersystenm crorsing need not he thermally ascisted. Crossing
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from the Oth vibrational level of S1 would occur to an iso-
energetic vibrationrl level of T2 with probebility of tran-
sition dependent upon the Franck-Condon fector at this energy.
Because kisc is not dependent upon temperature, it is expect-
ed that ¢f will be independent of temperctur:., This is found
to be the case for anthr:cene(s). However, as described pre-
viously, when S1 lies slightly below Tz, kise may be dependent
on temperature and hence ¢f will also be a function of temp-
ercture. Iethyl-9-anthrozte shows a decreasing quantum yield
with inereasing temperature in a vaeriety of solvents of widely
verying polerity indicating that S1 is below T2. Methyl-2«
anthroate shows a similar chenge in ¢f witith temperature for
all the solvents used in this work except for 2,2,2-trifluoro-
ethanol, a highly polar hydrogen bonding solvent, indicating
that S1 is sti11 below T2 but that in trifluorcethanol, the

S1 level of 2-Ci0Me is tco far below T2 to allow for any
appreciable temperature-dependent intersystem cros-ing. The
quantum yield for 2-COOMe in trifluoroethenol at room tempera~
ture is 0.88%0.03 which suggests that 127 of the molecules are
being devopulated from Sl by a non~-radiative pothway, either
internsl conversion or temperature independent intersystem
crossing. Tt does not seem likely thst internal conversion to

SO is important because of the » of evidence resultins frem

deuteration studies perforred on 2 -vide verietv of vol-muclear

eromatic hydrocarbons. ssuning that the T1 enerry in 2-700%e

and 9-COCMe is about the same =2s thet in anthracene, the S, =T

17
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energy gap for 2-CO0Me in trifluoroesthenol is about 7,500 cm-l.

Studies(E) have been performed an the rate of trivlet decay
(Tlaaso). It was assumed that the ratec of radiationless inter-
system crossing (Tivvso) is about ecusl to the rate of trirlet
decay. The rste constant for the process Tiv»SO wes estimat-
ed as a function of the Tl'SO energy gan. ‘hen the date was
extrapolated to a zero energy gep, it was found that the rate
constant for the radiationless process was 107—108 sec":L which
is the rate constant for intersyntem crossing (Siwde) when

51 and T2 are close in ener~y., Hence, there may be some basis
for assuming that these studies may be useful in estimating

a kisc when the singlet and accenting triplet are separated

by considerable energies. Assuming that the Sl-’l‘1 energy gao

of 2-CO0Me in trifluorcethsnol is about 7500 cm'l, then k
1

isc
(SImoTl) is ap roximately 10° sec” , which is two orders of

magnitude less than kf in this solvent., Our cealculations show

that kisc is actually on the order of 106 sec'1 which is not

bad agrecment. Other calculations of kisc for 2-C0CHe in
ethznol (¢f=0.90) using equction 11 which is dsveloped Iater

show that over the temperature renge of 20-7500, increases

by 4X 10% gee”l. Assuming that k

¥isc
isc would show a similar
increasz for 2-COCMe in trifluoroethanol, a chanse in Qf can
be calculzted using equetion 3. Such caicul~tions show that
¢f would decrease from 0.38 at room temnerature *o 0,81-0,82
at 70°C, or about an 8! chenge. Since our metheds would have

been able to detect such = cheonge in ¢f for 2-CO0M~ in trifluoro-
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- ethanol, we can only deduce that the temperature independent
- fluorescence is a result of a temperature independent inter-
system crossing (TIX) to T,. If any intersystem crossing
A occurs to T2 it must be negligibvle. Tresumably the enhanced
- intersystem crossing to Tl is a result of the fact that the
. Sl-Tl energy gap is becoming smaller with increasing solvent
- polority and that the probability of transition between states
- of different multiplicites depends inversely on the third

power of the energy gap. Additional evidence for the
| - magnitude of kisc to Tl comes from work done by Huber et a1(29).
u Huber has found that for 9,10-diphenylanthracene in cyclo-
hexene ¢f, Tgr and ke zre 0,95, 7.58 nsec, and 1-25)(108 Sec_ly
respectively. A value of 6.6)(1065ec“1 was calculated for
- kisc' This molecule 2lso shows temperzture independent fluor-
#scence and has 2 cimilar energy level scheme to that of 2-COOMe
- in trifluorocethanol, namely too lsrge an Sl'TZ energy gap for
r - temperature dependent intersystem cross8ing to be important
and an S,-T. energy gap similar to that of 2-COO0Me in tri-

- - 171

- - fluoroethanol. It is interesting that his value for k to

isc
(presumably) I, is remarkebly close to ours.

Table IV gives a ~ummary of fluorsscence lifetime data
- - for 2-CO0Me and 9-COOMe in various solvents and kf for these
molecules in the same solvents. The fluorescence rate constant
was calculated from the quantur yields given in Table II and
-- 7} using equation 3. Figure 8 shows that kf ig feirly in-

denendent of solvent .olarity for 2-COOl'e and ¢-C(Clie. The
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T.BLE IV
Fluorescence lifetimes and activation energies for 2-CO0Me

and 9-C00Me in polar, non-polar and aromatic solvents.
Fluorescence r«te constants are calculated from ¢f and 7}.

Compound 3olvent T(nsec) kf(107sec-1) Eagcm'll

lethyl-9~anthrozte
Methanol 1.7%1 4.,8%2.8 1374110
Ethenol 4.1%0.6 4,2%0.6 1520420
Acetonitrile 8,140.5 4,7%0.5 1210450
Benzonitrile 12,7%0.5 5,9%0.2 930 £140
Toluene 930 £120
Benzene 14.1%0.5 5,8+0,.2 1250%200
Cyclohexane 12,53 6.1£0.5 790 %120
p-Dioxane 14,4%0.5 5,9t0.2 2240%390

Methyl-2-anthroate
Benzonitrile  15.2%0.5 4,75 3 870 350
Benzene 17.7%0.2 4.5%0.3 1140%£170
Toluene 16.0%0.5  4,5%0.3 840 %70
Cumene 15.3%0.5 4.4%0.3 800 1105
Acetonitrile 21.5%0.5 4,3£0.3 12302350
Ethenol 21.8%0.3 4.,1%0.3 870 %350
Trifluoro 27.2%0.5 3,2%0.2 TIF*

ethanol

n=-Dioxane 19,1%0.2 4,320,2 12201190
Cyclohexane 10.3%0.2 4,6£0,2 880 150
Hexane 9.8%0.2 3,3%0,2 650 %35

*Temperature Independent Fluorescence

o Teverammer e i

g A B
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Figure 8

Fluorescence Rate Constants for 9-COOMe and 2-COOMe
As a Function of Solvent Polarity

The fluorescence rate constants for 9-CO0Me and 2-COCMe
are fairly independent of solvent polarity for a given mole-
cule indicating that kf is a molecular proverty not dependent
on effects of molecular environment. Deviation from the
average kf in 9-COOMe is probably due to the difffculty in
measuring short lifetimes. Little deviation is noted for
2-000Me in all solvents but 2,2,2-trifluorethenol.
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ke value for 2-COOMe in trifluoroethenol is markedly lower
than that for 2-COOMe in the other solvents due to an un-

usually long fluorescence lifetime. This measurement has

~ been rereated several times and is 2 reliable one: ¢f for
2-C00Me in trifluoroethanol has also been reveated several
times by two workers with an unusual degree of precision. b
- Hence the ke value for 2-CO0Me in this solvent is probably

correct. The deviation of kf for 9-C0O0Me in ethanol and g,j;f
acetonitrile from the average value “iven by @-C00e in the .

- - solvents where kf were ap-roximately the scme cen be attri- ; ﬁﬂ
buted to the difficulty in measuring short fluorescence | :
1ifetimes. Hence our original assumption that kf is a mol~ |
eculer property not dependent on solvent effects has been
shown to bz correct. This would indiczte that kf is truly
a first order rate process. Thomaz(4) hes suggested that
- the independence of kf on environmental effects is due to
equal fluorescence rate constant contributions from each of

the vibrational levels of Sl.

- - Assuming that internal conversion is nepligible com-

pared with k. end k. ., an activetion enersy (Ea) for the

5‘- Sl-T2 energy gap can be calculated if kisc is a thermally

- assisted process. Table IV glves o surrary of Ea values

] for 9-C00Fe and 2-COCMe in the solvents indicated. The Ea
§

values are nicked from the sl -me of an Arrhenius plot of
- - 1oge(¢f(T)'1 - 1) versus 771 25 described vrevisusly. This

slope is rultiplied by -1.987 cal mole™t deg"l to obtein an
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1

activation energy in cal mole — which m~y then be converted

to en energy in cm'l. In general, the Arrhenius plots for

2-C0CMe in non-zromatic solvents show” a high desrse o
- linearity @s ‘do. those for 2-COOMe in non-aromatic solvents.
- In addition, these plots for 2-COCHe in all aromstic sol-
vents but benzonitrile show good linearity. TFigure @ shows
- some of the Arrhenius plots for 9-COOMe in representative
- non-aromatic solvents. This linearity lends support to our
hypothesis that intersystem crossing is the only temperature

- dependent process devnopulating Sl' It has been sugyested(4)

that the temperature dependence of kisc in a given solvent
is not due to chenges in either the density of states or the '
Franck-Condon factor but to a chanpge in the nopulation of a

" of T2' Thomez hes pointedout that the nopulation and devop-

vibrational level isoenergetic with the Oth vibrationsl level 3 ' i
|

- ulation of a vibrational level within an electronic state

occurs ruch faster than the intersystem crossing process., It

is important to note that Thomez breaks the intersystem

“. crossing process into two steps: the first is an equilibrium

which exists between molecules in the Nth vibrational level

of Sl and molecules in a vibrationcl level isoenercetic with

. the Oth vibraetional d‘Tg, the second is the transition from

the singlet stete to the triplet staie, a process which results

in no change in energy. The second of these steps is rate
- . determining and hence intersystem crossing is an irreversible

process, i.e. vibrational relexeticn within the triplet

Bt 1 s i s o . - I
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Figure 9

Arrhenius Plots for Methyl-9-anthroate in
Methanol, Ethanol and p-Dioxane

Typical Arrhenius plots for methyl-9-anthroate are
This figure shows three of the solvents used:

presented.,
The good linearity observed

methanol, ethanol and p-dioxane.
indicates that intersystem crossing is the only non-radia-
The slopes of these plots are

tive pathway depopulating Sl'
directly proportional to the activation energy.
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manifold is also much faster than the transition from the
singlet to the iriplet state and hence also from the triplet
to the singlet stazte. Because of this, the overall rote for

the process in which a molecule in the Oth vibrational level

of S1 end up in the triplet manifold is given by the product
of kisc and the relative vopulation of the Sl vibrotional
level, Sl(vi), isoenergetic with T, (equation 10).

Rateyge = Xy5051(vy) (10)
The kisc in equation 10 is the same as the kNR given in equa~
tion 2. Hence, for a molecule in 2 given solvent, it is
Sl(vi) which changes and accounts for the temperature derend-
ence of ¢f and for a molecule in different solvents but at
the same temperature it is both k; . and Sl(vi) which will

determine the value of ﬂf since in generzal both of these terms

will change with changes in the Sl-T2 energy gape.

The quantum yield of intersystem crossing may be defined
as the ratio of rate constrnt for intersvstem crossing znd

the sum of the processes deactiveting S1 (equation 11).

Bisc = kisc/(kisc * ke) (1)

Since intersystem crossing snd fluorescence are the only two

processes which deponulate 51, the sum of their quantum yields

must be 1 (equation 12), Substituting equation 12 into

Bige * Bp=1 (12)

equation 11 and rearrenging, one cen exrtress kisc in terms of

ke end ¢f (equation 137,
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Kigo = (ke/Bs) = kg 13)

Table V gives kisc'values for 2-CO0Me and 9-COOMe in the sol-
vents indicateijzzfgese values are calculated assurine a kf

of 5.9%107 sec™! for 9-COCMe ena 4.4X 107 sec”! for 2-0C0%e.
The kisc values for 2-000Me show a general increzse with de-
creasing solvent polarity while those for 9-COOMe show a
drastic increase with increasing solvent polerity. The resulis
given in the table for 2-CO0l'e can be explained in terms of

an energy level diagram where T2 remains fairly constant with
solvent polarity and slightly higher in energy than Sl which
undergoes a marked decrease in energy with incressing solvent

rolarity. #ith increasingsolvent polarity, previous work has

shown(s) that the Sl—T2 energy gap in 2-CO0Me increases and

thus ve would expect that the oversll rate of intersystem
croscing would become smaller, This has been found to be the

case. The k results given in the t:cble for 9-CGOMe, how-

isc
ever, cannot be explained in terms of this simple model. To
gain insight into the unexpected behavior of $-CCOMe, it is
necessary to understand the relative effects of solvent pol-
arity on the 3,-T, energy gep and on ¢f and .

Figure 10 shows a nlot of ¢f for 9-CO0Me in the solvents
indicated versus solvent nolerity :s messured by the empirical
ET(BO) solvent volzrity scale. 4s the fipure indicates, the
gusntum yields in non-aromatic solvents fall on a streipnt
line and the qu-ntum yields in zromatic solvents fall on another

line. This effect may be due to the previously described TEJT
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TABLE V

Rate Constants for 2-CO0Me and 9-COOMe

Solvent kg0l 1O7sec'12
Methanol 66%3
Ethanol 28t1
Acetonitrile 9.6%0.4
Benzonitrile 2,0%0,1
Toluene 1.7%0.1
Benzene 1.3%0,1
Cyclohexane 1.9%0,1
p-Dioxane 1.,0%0,1
Benzonitrile 0.49%0,02
Benzene 1.1%0,1
Toluene 1.7%0.1
Cumene 2,1%0.1
Acetonitrile 0.38%0,01
Ethanol 0,49%0,02
Trifluorcethanol 0.43%0,02
p-Dioxane 0.%0%0,03
Cyclohexane 5.0%0,2
Hexane 9.4%0,3
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Figure 10
N Fluorescence Quantum Yield as a function of Solvent Polarity
- for Methyl-9-anthroate

Fluorescence Quantum Yields for methyl-9~-anthroate
. deerease rapidly with increasing solvent polarity with sep-
- behaviors noted for this molecule in aromatic and non-arom-

atic solvents.
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solute-solvent interaction. It is interesting t note that
p-dioxane shows behavior typical of aromatic solvents and
that toluene lies about midway between the lines for aromatic
and ncn-aromatic solvents. The behavior of g~-C0O0Me in toluene
may be due to the fact that the methyl group offers steric
hindrance to the T-T interaction of toluene and 9-COO0Me and
hence these interactions are smaller raking the behavior iIn
toluene less aromatic-like end more non-aromatic. It is in~
teresting to note that depending on the slope of the line
that can be drawn for ¢f in the aromatic solvents, the two
lines intersect at a ¢f between 0.95 and 1,0 in extremely low
polarity solvents.

Figure 11 gives 2 plot of the 5 energies of 9-COOMe in
the solvents indicated. Amazing linearity is noted for all
solvents except methanol. Again, the behavior of 9-CO0Me in
aromatic solvents is decidedly different from its behavior in
non-aromatic solvents. As indiceted in the figure, the 3y
energies in aromatic solvents are redshifted to the extent of
200-300 cm'1 compared to nonaromatic solvents of the same pol-
arity. This effect is clearly seen as 2 result of solute~
gsolvent TEJT interactions. It is well known from Tluckel-lolecular

Orbital theory thet incressing the JT conjugation in a con-

jugated system of atoms increases the enerrv of the highest

occupied molecular orbital (HOMO) and decreases the energy of
the lowest unoccupied molecular orbital (T1me). Hence the
energy of transitions from the HOMO to the TUMO decreases with

increasing conjugation. Because no [ interactions are possible
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Figure 11

Methyl-9~anthroate S1 Energy vs. Solvent Polarity

The Sl energy for methyl-9-anthroate shows a monotonic
decrease with incressing solvent polarity. Separate lines
are observed for this molecule in aromatic and non-aromatic
solvents with the aromatic line being red-shifted with res—

pect to the non-aromatic line. Amazing linearity for the S1

energies in both types of solvent are noted.
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with non-aromatic Solvents, the redshifted Sl energieqbf 9-CCCMe
in eromatic solvents can be attributed to an increase in con-
Jugation due to the weak JI-77 solute-solvent interactions. in

alternztive way of looking 2t this is to say that these T~

interactions offer additional stabilization to S1 causing a
redshift in Sl' These two descriptions actually say the same
thing since stabilization of Sl amounts to decreasing the
energy gap between HOMO angd LU¥O. The observation that the
slope of the line fopr 9~CCOHe in aromstic solvents is creater
than that for 9-COOMe in non-sromatic solvents is en indica-
tion that something more than just solvent polarity is deter-
mining the energy of S1 anong the aromatie solvents. This may
indicate the Presence of added stabilization in a more polar
aromatic solvent encounter complex” due to excited state
dipole-induced dipole interactions., 7Tt is known that excitegd :
state rotation of the carboxyl groun of 2-COCMe occurs siving
éssential double bond character to the bong between the car-

boxyl carbon and the parent ring. 4s a8 resvlt a charre serara-

tion occurs in which the carboxyl oxyren carries the nepative

charge and the carbon in the 10 position of the ring carries

the positive charge and the entire molecule is in a nearly

Planar geometry allowing for & rreater nos=ibility of JEIT
interactions than in the non-coplanar ground state. In encounter
comnlexes where benzene nnd toluene are the solvent, it is

expected that because of the polarizability of aromatic solvents, ;

the only stabilization that will occur in addition to the 77-
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interaction itself will be due to a very weak ercited state
dipole-induced dipole interaction. Yith 2 more polar solvent
such 28 benzonitrile, there is a grester oprortunity for
dipole~dipole stabilization in ~ddition to 7I=JT stabilization.
Solvent effects are also expected to contribute an added
degree of stabilizati-n of S1 for 9-COONe in benzonitrile
when molecules in the solvent cage of the equilibrium excited
state have their negative dipoles near the positive end of

the of the molecule in its excited state and vice versa. Thus
we would expect that the more nolar the aromatic solvent, the
greater will be the induced dipole znd solvent effect~ on Sl
energies. In poler aromatic solvents, the linearitvy of the

Sl energy-solvent nolarit- ~lot may be lost and the line may
actually begin to - rve downward ss cherge transfer effects
begin to become of imnortance. Tt is interesting that p-dioxane
again shows pseudo-aromatic behavior. oparentlv the lone

pairs of electrons on the two oxyrens may have an effec®

similar %o the JT electrons of an aromstic solvent. A similar
zifect has been observed +ith lone nairs of electrons on nitro-
gen. In a study on the geometric reauirerents for excinlex
formation, Taylor(30) concluded thet the lone nair of electrons
on the nitregen in 3,5—di-zg£§-buty1-N,T-dimethylaniline were
responsible for fluorescence quenching of S1 in nyrene., Be~
cause of the steric hindrrnce offered b7 the tert-butyl rrouns

on the benzene ring, 2 sandwich structure for execi lex formation

was ruled out. Rather, suenching wes ascribed to the ruch
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easier apnrouch of the lone pair of electrons on the nitrogen
to the 7l electrons of pyrene. It is believed that a similar
phenormenon is being observed in the case of p~-dioxane exciplex
formeation with 9-CCOlle. The observation that a pair of elec-
trons has the same effect on the red-shifting of 51 energies
is substantiated by Taylor's observation that fluorescence
quenchingin pyrene is just as effective when the quencher is
N,N-dimethylaniline (sandwich excivlex formation possible) as

it is when the quencher is 3,5-di-tert-butyl-N,N-dimethvl-

aniline where the sandwich structure is not likely to occur.
In other words, lone pairs and 7T electrons can have similar. ...
effects on S1 quenching and in this work on S1 stabilization.
Additionel evidence for solvent excirlex formation comes from
tempersture de-endent data of the S1 energy of 9-CCOMe in
bengonitrile., e have observed a 200 cm'1 blue shift in the
S1 energy of this system when increesing the temperature from
0% to 90°% indicating the "bresking” up of the complex as
described. Figure 12 gives a summary of the hypothesized
geometiric requirements for the weak excinlex formation of
9-C00Me in p-dioxane and aromatic solvents. ‘lote the distinc-
tion between sendwich excivlexes which are vossible in zromatic
solvents and lone peir excirlex formction which is possible

in p-dioxane. The slopes of the Sl energy versus solvent pol-
arity line for 9-CCOie in aromztic 2nd non-aromztic solvents

1

are =76 cu - and -60 cm'l, respectively.

Figure 13 shows a plot of B, versus solvent nolarity for

e gy A




Figure 12

Electronic Distribution in the Excited State (Sl) of 9-CO0Me
and Structure of the Solvent Cage and Fxciplex

The S1 excited state shows a dipole moment directed
along the short axis of the molecule snd pointing towards
the carboxyl group. Charge separation exists with the neg-
ative charge on the carboxyl oxygen and the positive charge

on the 10 position of the ring. Weak excinrlex formation re-

duces the energy of S1 by 200-300 cm'l. "Sandwich® exciplex

formation is aided by dipole-dipole interactions within the
excited state complex and between solute and solvent in re-
ducing the energy of S1 even further in polar aromatic mole-
cules such as benzonitrile. Tone pair exciplex formation

may occur when the solvent is p-dioxane.
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Figure 1

Activetion Enmergy as a Function of Solvent Polarity
for Methyl-9-anthroate

Activation energies for methyl-9-anthroate are plotted
as a function of solvent polarity. The majority of solvents

f£all on somewhat of a straight line with positive slope ind-

icating that the Sl-T2 gap is increasine with increasing sol-

vent polarity. The reason why the activation energy in ben-

zene and p-dioxane fall off the line is not clear.
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9-C00Me in the solvents indicated., Values for Ea were given

in Table IV. Again, sevar-te behavior is observed for 9-CO00Me
in aromatic and non-aromatic solvents although the meaning of
this - behavior is not clear. Since non-linearity is observed
in the Arrhenius plots in aromatic solvents (Figure 7), act-
ivation energies were wicked from the slope of that portion

of the curve where linearity was maintained, usually at the
lower tempersture end of the plot. TIn 211 solvents but benzene
and p-dioxane, 9-CO(Me exhibits an increase in activation
energy with incressing solvent wolarity. This is to be expect-
ed if S1 is decreasing with increasing solvent polarity and
intersystem crossing occurs to a triplet level which is relative-
1y wnaffected by solvent polarity. The anomalous behavior of
Ea in benzene and p-dioxane has not been explained.

Figure 14 shows a plot of Sl+Ea versus solvent volarity
for 9-COOMe in the solvents indicated. As expected a difference
is seen in the behavior of 9-COOMe in aromatic snd non-arom—
atic solvents although this difference is not as clear cut as
before. The sur of S1 and Ea may be internreted as the energy
of T2. In non-aromatic »nd sromatic solvents T2 red-shifts
with increasing solvent polarity although in non-aromatic sol-
vents the degree to which T2 redshifts over the solvent polarity
range is considerably less then thet in srometic solvents. An
indication of the degree to which T2 drops in energy in these

solvents is expressed by the 3lopes of the lines given in the

figure which are -82 cm™* and ~30 em™T in aromatic 2nd none




TABLE VI

S1 + Ea for methyl-9-anthroste and methyl-2-anthroate in

various polar, non-polar and aromatic solvents.

Compound Solvent §; +E )

Methyl-9-anthroate Methanol 22,340 £ 200
Ethanol 22,570 110
Acetonitrile 22,619 £ 140
Benzonitrile 22,252 230
Toluene 22,764 220
Benzene 23,086 295
Cyclohexane 23,010 £ 270

LN L

360
170
80

120
360

Methyl=-2-anthroate Benzonitrile 24,840
Benzene 25,620
Toluene 25,350
Cumene 25,380
Acetonitrile 25,225
Ethanol 24,680
Trifluoroethanol TIF*
p-Dioxane 25,760
Cyclohexane 25,940
Hexane 25,860

HH

i+

*Temperature Independent Fluorescence




Fi e 1

5y Energy * g for 9-COOMe as & Function
Solvent Polarity

The sum of the 54 energy end activation enersy for
9-C00Me in various golvents is plotted ag a function of sol-
vent polaritys Tis sum gives an estimate of the Ty enerey
in these solvents. In general, the T2 energy decreases with
increasing solvent polarity, however, gernarate pehaviors are
observed in non-aromstic and aromatic solvents with the T2
energy being more affected by solvent polarity in the latter

type of solvent.
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aromatic seolvents, respectively, which indicates that T2 is

slightly more affected thsn S, in the former solvents and

much less affected in the latter solvents by solvent polarity.
The relatively smaller dependence of T2 on solvent polarity
than Sl in non~a2romatic solvents is supportive of our hypo-

thesis. However, the surprising effect of the dependence of

T2 in aromatic solvents on solvent polerity is consistent with
2ll the results presented on aromatic data and is helpful in

explaining the curvature of the srrhenius plots of 9~-CCCMe in

benzene, toluene and benzonitrile., These plots, which are
shown in Figure 7, indicate that Ea increases with increasing
temperature. This seems to be inconsistent with the data that
the S1 energy for 9-CO(UMe in benzonitrile increases with in-
creasing temperature, i,e. Ea should decrease if T2 remains
fairly constant. However, as explained previously T2 is more
sensitive to the presence of aromatic solvents than Sl. Hence
when the temperature is inereased ang the compler dissociates
as indicated by the blue-shifting of Sl, T2 should blue-shift
-~ as well, but should do so to a grester degree than S1 with

the result that the Sl-T2 eénergy gap for 9-COOMe in benzo-

- nitrile should increase with increasing temperatura. Thus

e an increase in Ea is exvected with increasing tempercture, k
- which was found to be the case. The Arrhenius plots for 9-C00Ne

," in benzene and toluene show only slight curvature towerd

- higher Ea with inereasing temperature. Presumably, this is a

-

result of the fact that complexing is weaker in these solvents
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because of smaller excited state dinole-induced dipole inter-
actions than those present in benzonitrile.

Figure 15 shows a plot of Ea versus S1 energy for 9-CN0Me
in the solvents indicated. All the points except that for
benzene fall on a straight line., A decverse in Ea is noted
with increasing S1 energy as expected. If the line is extend-
ed to zero activation energy, the intercept corresponds to
an Sl energy of about 23,700 cm'l which is presumably the
energy of T,. The slope of the line is =0.5 which indicates
that S1 i1s increasing twice as fast as Ea is decreasing which
is a restatement of T2 blue-shifting with decreasing solvent
nolarity.

Aromatic data have been collected for 2-C00Fe (Figure 16).
The S1 energies decrease with increasing solvent nolarity
with S1 energies for 2-COOMe in aromatic solvents being cor-
respondingly lower than the S1 eénergy in a non-aromatic solvent
of similar polarity. The slopes of the arometic and non-
aromatic lines given in the figure are approximately equal,
being -71 and -76 cm'l, respectively, As described previously,
the corresponding slopes for 9-COOMe were -76 and -60 cm'l.
Hence, it appears that Sl energies in both molecules are affect-
ed to a similar extent by solvent polerity indiceting that
the first excited singlet in these molecules are of aprroxi-
mately the same polarity. It would be difficult to push this
argument too fer because of the sparsity of usta which has

been collected for esch line. It avmears thot the behavior

AN 70 B o i i i . ¢
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-« Figure 1
. Activation Energy vs. S, Enerry for 9-COOMe

The activation energy is plotted vs. the singlet energy
4 for methyl-9-anthroate in a series of solvents. Suzh a plot
shows 2 fairly linear decrease in activation enerry with in-
creasing singlet energy. The slope of the line is less than

- one indicating that T2 is blueshifting with increasing S1

energy and decreasing solvent polarity.
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Pigure 16

S1 Energy vs. Solvent Polarity for Methyl-2-anthroate

When S1 energies for methyl-2-anthroate are measured

“ as a function of solvent polarity, it is found that increas-
ing solvent polarity decreases this energy with respect to
the ground state. Again, separate behaviors are observed

- for the S1 energy of this molecule in non-aromatic and aro-

matic solvents with the energy in the latter solvent type

being red-shifted with respect to non-aromatic solvents.

e
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ef 9-CO0Me in non-

aromatic solvents may be different from
2

-CO0Me in these solvents byt more data must be collected
before eny conclusions nay be drawnm,

Fixed Solvent exXper-
iments

» which are described later, may

yield some valuable
information here.

the Sd-’sl transition

» 1t is expected that the first ex-
; cited singlet of 9-C00Me is a more polar
1
[ 2~C00Me,
)

is short axis polarized

state than that of
However, it is entirely po8sibl
i state rotation in 9=-C00L:

e that excited

e is not complete and that the con-

e in S1 is not
The main steric hindrance o e

formetion of the molecul

38 planar ag expected,

xcited
from the interaction of the hydrogens

state rotation comeg

in the J-

and 8-positions

and the carboxylic OXygens., Becauge of incomnlete rota=

tionm,

there is jess doudble bo
group and the ring

nd character

between the carboxyl
¢nd hence less nerative charge on the

en resulting in 5 less polar excited st

The steric hindrance of the ¢

carbonyl oxyga

ate than

~carboxyl Eroup may

exvected,

also inhibit the rost energetically

stahle solvent care from

forming about 9-CO0NMe.
cule

Since the §

1 Snergies for thig mole-

2re less than that of 2-CO0NMe in all solvent

5y it seems

that groung state destabilizotion is ere

than in the latter because of exei

Possibility thot the solvent care is not allownd +o a2ssume

the most favorable configurstio

n a2bout 9-CO0Ve,

dence, for
the res

S0ns 1indjecoted above, the nosition of

the ¢ rhoxyl
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group seems to have only a minimel effect in determining S1
polarities.

The singlet energies of 2-CO0Me in benzene, toluene and
cumene are of interest. A decided blue-shift occurs with an
increzse in the size of the substituent on the benzene ring.
This has been attributed to an increase in intermolecular
distance between solute and solvent in exciplex formation.
Steric inhibition prevents a close approach of the solvent
beczuse of the incressing size of the substituent resulting &
in poorer T-]T overlap between solute and solvent.

Activation energies for 2-COOMe were surmarized in Table
IV. Values in non-aromatic solvents were obtadnedina previous
work(s) and corrected for & change in our reference quantum 9
yield. Values in aromatic solvents were nerformedin this
work, The sum of Ea and S1 should yield 2 minimum energy for
Tz. These values are surmarized in Table VI and vwlotted versus
solvent polarity in Figure 17. A certain desree of linearity
is observed in this plot. Similer data presented by Hawkins(s)
for 2-CO0Me in non~aromatic solvents show excellent linearity.

The fact thot the benzonitrile and ethanol values hap-en to
fall on the line may be attributed to luck since the ﬁf values
for 2-CO0Me in these solvents are quite high makinsthe deter-
mination of Ea very difficult and subject to larse errors.

Different lines are observed for ‘? versus solvent mnol=-
arity demendingon the solvent tyre. The slopes of these Lin.s

are similasr being -64 cm"l and =65 cm'1 in aromstic and non-
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Fi e 1

S1 + E, vs. Solvent Polarity for Methyl-2-anthroate

The sum of the singlet energy amd activation energy for
methyl-2-anthroate in various solv~ts are plotted versus
solvent polarity. This sum is an estimate of the T2 energy
and shows a fairly linear decrezse with increasing solvent
polarity. Two lines are observed for th triplet energy, one
corresponding to thet in non-aromatic solvents and the other
to aromatic solvents. As exvected, the triplet energy in
aromatic solvents is red-shifted with respect to that in non-

aromatic solvents.
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b - aromatic solvents, resnectively. Tecause of the sparsity of
(“ data, it is difficult to attribute too much meaning to the

%:t values of the slopes other than that they are similar. Again,
i;“ it appears that T2 is more affected by aromatic solvent- than
;i; is Sl' This can be seen by noting that in Figure 16, Sl is
?I: red-shifted by about 450 cm_l in aromatic solvents whereas

v T, is red-shifted by about 550 cm™L as shown in FPigure 17.

i Finally, the S1 energy of 2-CO0Me in benzonitrile has been ob~
“:i served to blue-shift by 150 em™' when the temperature was

kL increased from room temperature to 90°C. Tn addition, the

;y” Arrhenius plot displayed non~linearity, i.e. 2n incresse in

E:i Ea was observed with increassing temperature. These findings

i;“ may be explained in a manner wholly similar to that given

i‘ for 9-COOMe in benzonitrile.

f; In summary, then, our original hyvothesis that T2 is | : |
- much less responsive to environmental effects than S1 Seems ‘
El to have support for 9-COCMe only in non-aromatic solvents

%w and previous work(s) has indicated that this is also the cage

- for 2-CO0Me in non-aromatic solvents. Our enersy level scheme

'; for non-aromatic cases is that of an increasing Sl'TZ energy o
- gap with increasing solvent polarity, S1 and T1 separated by 5
ﬁg‘ between 7500 em™L and 10,000 em™l, The overall rate of inter-

f: system crossing which is thermally assisted will be dependent

i on the Sl'TZ energy gap. Hence, ¢f should increase, kisc

decrease and Ea increase with increasing solvent polarity.

Unfortunately, the simple model above Joes not predict

GRS My 4 s B e [P P I
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reality very well. This model vpredicts the behavior of 2-COCLie

fairly well in low and moderately polar solvents, Figure 18

shows that ¢f for 2-CO0Me passes through a maxirum and shows
a decrease in highly vnolar solvents. Figure 10 shows a gen~
eral decrease in ¢f for 9-C00Me with increasing solvent nol-
ise increases remarkshly e
with increasing polarity and hence energy gav. These findings R

arity and Table V indicates thet k

are completely opposite to what the simple energy level diagram
would predict. We, therefore, propose 2 more sophisticated
model to explain the asnomalous behavior of ¢f and kiscinS-COOMeina]l
solvents and 2-CO0Me in highly polar solvents based on 2 sim-
ilar model found in the literature.

We propose that a vibrational structuring of the Franck-
Condon factor for intersystem crossing occurs when the lowest

excited singlet and accepting trirlet lie close in energy, us-

wally less than about 1500 cm_l. Tanaka and Osugi(S) have
proposed a similar vibrational structuringof the Franck-Condon
factor when Sl lies slightly above T2 but have not extended
their argument for the case when S1 is only slightly below TZ’

essuming that in this latter case k will decrezse mono-

isc
tonically and rather rapidly with increasing Sl—T2 energy gap.
Our results indicate this is not the cese. ‘hen the Franck-

Condon fector shows a vibrational structure, the rate of non-

radiative trensitions mey show comsiderable variation with a
spall perturbstion of the system such rs ocecurs with changes

in solvent. RBoth 3-CO0Me and 2-CO(Me zre in this category
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Figure 18

¢f vs. Solvent rolarity for Methyl-2~anthroate

The fluorescence gquantum yield of methyl-2-anthroate
shows a maximum with increasing solvent polarity which is
marked by a steep rise at low polarity end a slow decline

at higher polarity.
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Since as the activation energy values noint out S1 is within

1500 em™+ of T, in most solvents.,

{, Equation 2 gives an expression for the rate constant
4 of a non-radiative transition in terms of on electronic matrix,
the density of states and the Franck-Condon factor. T™is ex-
pression may be used to describe the rete constant of inter-
system crossing. Although the nature of the =leetronic matrix
is not clesr, it seems that it will not be affected by small
changes in energy(E) between S1 and TZ' Sharf and Silbey(sl)
have also shown that the density of final states does not de-
pend strongly on the energy gap. They have pointed out that
the coupling of T2 with the vibrationally excited levels of

T1 will constitute a continuous final state in the triplet

manifold near the Oth vibrational level of T2. Tis lends

support to our hypothesis that crossing oecurs to 0Oth vibra-
tional level of T2 for reasons explained previously. It is
often shown that the Franck-Condon fzctor bet-een the lowest
- vibrational levels of S1 and T2 will depend greatly on the
Sl'Tz energy gap. ZEvidence for this comes in the high degree

of vibrational structure in the absorption and fluorescence

.y

i:- spectra of anthracene and many of its derivatives with accome
{ panying increeses and decrezses in the Franck~Condon factor.
;: Other theoretical trestments summarized in the literature(S)
- have indicated the importance of the denendcnce of the Franck-

Condon factor on energy gan when the gep is small.

These factors have been calculated for the Sl--’l‘2 energy
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gap in anthracene where Sl lies 650 cm'1 above T2' and they
show a considerable devendence on changes in this gap. In
particulsr maxima and minima are noted with the Franck-Condon
factor varying from .2 to near 1. Anthrzcene exhibits vib~

rational progressions of 1400 er~l ang 400 em™t

in its absorp-
tion and fluorescence spectra. The 400 om™t orogression is
also seen in the phosphorescence spectrum of anthracene(sz)
which is not too surprising since these trensitions (fluor-
escence and phosphorescence) involve SO, a common state., It

is interesting that the triplet-triplet absorption spectrum

for anthracene does not exhibit these 400 cm’l progressions(S)

which are thought to correspond to a totally symmetric skeletal
bending vibration.

The 1400 and 400 cm'1 vrogressions found in anthracene's
absorption and fluorescence svectrz have also been found in
this work in the absorption specira of 9-COOMe, 9-COOBe, and
9-C0CrL. We, therefore, believe that the vibrational structure
of the Franck-Condon factor for the Sl-T2 energy gap in
anthracene as cezlculated by Tanaka is aprropriate here, It
appears that because of the similarity of the vibrational nro-
gressions, which arise from skeletal bending modes of the varent
ring, the qualitative features of the Franck-Condon factor~
energy gep curve proposed in the literature will anply to our
system. However, since Sl lies below ?2 in the molecule=
examined in this work, we rrovose, controry to Tanaka's hyno-

thesis, that the Franck-Condon factor does not show a monotonic
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decrease as S1 drops farther below T2, but shows a vibrational

structure when Sl is below T2 2nd a monotonic decrerse only

" when the energy gap becomes larger. TFigure 18 shows an es-
A timate of the variation in the Franck-Condon factor with en-
-

ergy gap. MNote that after am initial decrease in the curve,
the Franck-~Condon factor passes through a maximum and then

> shows a monotonic decreszse. The anomalous results for ¢f and

kisc for 9-COOMe can be explgined by assuming that the Sl—T2
}, gaps in different solvents lie on the rising (positive slope)
hEs portion of the aurve. Methyl-9-anthroate in non-polar solvents
would be placed on the lower portion of this part of the curve

since the energy gap is smaller (as evidenced by smaller Ea's

and larger S1 energies), while 9-COCMe in polar solvents would

Y' be located on the upper portion of the curve with positive
‘} slope {as evidenced by larger E,'s and smaller Sy energies).
Hence, an increase in the Franck-Condon factor is observed
) with increasing solvent polarity and increagimg energy gap.
‘j Since the electronic metrix element 2nd density of final states
j" is relatively constant over the small energy changes (1500 cm'l),
'1‘; kisc also shows an increzse with incressing solvent nolarity
t_ as our results vnoint out. Because kisc competes with fluor-
f‘ escence, the lifetime of fluorescence 2nd hence quantum yield

= of fluorescence shows a corresnonding decrease as our results

also point out.

The fact thet @, for 2-COOMe passes through a maximum,

mey also be guelitatively exvnlained by a variaztion in the
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Franck-Condon factor. However, it seems more likely that the
decreasing porti on of the quantum yield curve for 2-CO0Ne may
be better explained by crossing from S1 to Tl. Evidently,
increasing solvent polarity has decreased the S1 energy level
to a veint where intersystem crossing to the first triplet
has begun to take on importance. Increases in golvent pol-
arity lower the S1 energy with respect to Tl and because of
the smaller energy gep between these states, the probability
of transition rises. DPresumably intersystem crossing is also
occuring to the higher trirlet, T2. The evidence for this
comes from the temperature devendenceof the quantum yilelds for
2-C00Me in the solvents that are on the falling part of the
quantum yield curve. The fracition of the moleculeswhich pro-
ceed by this latter route decrezsea fairlyrapidly since inter-
system crossing to the higher triplet is described by the
Arrhenius equation and follows an exponential decrease with
increasing SI-T2 energy gap. This can be seen experimentally
from the fact that 2-COOMe in acetonitrile which is at the
maximum in the curve shows a substantial dependence of ¢f on
temperature while ¢f for this molecule in trifluoroethanol is
temperature independent. Therefore, at low solvent polarity,
crossing to T2 is the major non-radiative pathway whereas at
higher polarity crossing to the lower triplet becomes of im-
portance.

The vibrational structuring of the Franck-Condon factor

has been successfully anvlied to the explanation of other




5 e e A 1 PR SY

99

complicated intersystem crossing behavior(S) brought about

by temperature, pressure, deuteration and substitution pertur~
bations. It is clear that this theory, although slightly more
complicated than the simple "energy gap law", describes more
accurately the intersystem crossing process and mey be used

to clear up some of the ambiguities, uncertainties and seeming
contradictions which aprear in the literature(za).

An alternative exvlanetion of the anomslous results for

¢f and k ¢ for 9-COOMe involves solvent induced puckering of

is
the anthraczne ring of 9-CO0Me in Sl' Mach of the conjugation
of the ring is lost in its lowest excited state, as shown

in Pigure 10. The anthracene ring essentially becomes a
system of two independent benzene rings because conjugation

is lost in the middle ring. As a result one might expect

less rigidity in the excited state resulting in nuckering of
the anthracene ring by the solvent cage. A treatment of the
mechanism of Sl-TX intersystem crossing based on solvent
induced puckeringof aromatic hydrocarbons has been found in
the literature. As is well known, the spin-orbit interactions
between singlet and triplet m7 * states is weak. Tnnancement
of intersystem crossing can be brought about by mixing o,n*
and 77 ,* states of the same multinrlicity. This is due to the
fact that spin-orbit interaction between these states is
quantum mechanically more fsvorable than spin-orbit interaction
between gr,7* states. The question which remains is which

mode of ring distortion will bring about the proper mixing of

i,
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states. El-Sayed(Bs) concludes that out-of-~plane distortion
is more favorable than in-plane distortion in bringing about
enhancement of the intersystem crossing process. The exact
role of solvent in bringing about distortion of the ring and
hence enharcement of kisc is not clear at present but is
probably a function of solvent polarity such that increasing
solvent polarity would incresse nuckering of the anthracene
ring and enhance the probability of intersystem crossing.
This would have to be the case since the exverimental data
indicate as shown in Table V that kisc increases with increas-
ing solvent polarity for 9-COOMe. Further investigations
into the effect of solvent puckering are needed as they may
throw additionzl ligh on the details of the mechanism of

intersystem crossing.
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FUTURE JORK

Cne of the possible routes for this project is the
performence of mixed solvent studies. vixed solvents have
the adventage of providing a nezrly continuous range of sol-
vent polarity. S1 energies should be measured in mixed
aromstic end mixed non-aromatic solvents such as benzene-
benzonitrile and acetonitrile-ethanol. One has to make the
assumption that solvent polarity varies linearly with changes
in the mixed solvent composition since ET(3O) values are
not known here. This should yield information on the rel-
ative polarities of the first excited singlet in 2-COOMe and
9-C00Me and perhaps tell us something about the effect of
the position of the carboxyl group on S1 or the geometry
of the excited state.

Since the details of the suspending of solutes in poly~
methylmethacrylate without catzlysts have been worked out,
phosphorescence measurements should be done on anthracene,
2-COOMe and 9-COOMe. The phosphorescence intensity in these
molecules is exnected to be extremely low, so that a special
photomultiplier sensitive in the red must be used since phos-~
phorescence lies to the red of fluorescence. The details of
such a photomultivnlier arrvangement are being worked on at pre-
sent. This would be an invaluable niece of information since
it would give the energy of Tl and hence & knowledge of the
Sl-T1 gap in 2-CO0Me in polar solvents where intersysten

crossing is believed to occur to Tl.
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Intersystem crossing to T, can be best checked through

1
deuteration studies. Since the Sl-T1 energy gzo is fairly

large, C-H vibrations will be important in the non-radiative
transition to Tl. Therefore, deuteration of the compound to
be studied should chenge the photophysics of this
molecule if the above non-radistive transition is significant.
S: .ce only ring C-H vibraotions ere important in the transition,
only the anthracene vortion of the molecule need be deuter-
ated. One way of accomplishing this is to synthesize the per-
deutero 9~ and 2-anthracene-carboxylic acids through treatment
with D2804 and D20 and esterificetion of the acid with CH?OH.
The quentum yield of these compounds in a variety of solvents
can than be determined and compared with the compounds that
were not deuterated. If the quantum yields are comparable,
then crossing to T1 is not important, however, if the quantum
yield is greater in the perdeutero compound then it can be
concluded that the Sl-Tl transition is sirmificant or less
likely intermal conversion to Sy is occuring.

Finally, exciplex formetion should be further examined.
The room temperature fluorescence spectra of 9-COOPE and
9-C00Be in cyclohexane have not shown evidence of intramolec=
ular exciplex formation. This may be due to the polarity of
the solvent and to the fact that at room temperature the ester
part of the molecule possesses too much thermal energy for
the benzene ring to sit over the top of the anthracene ring

in a sandwich tyve of conformetion. Therefore, to look for
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evidence of excinlex formztion, it is proposed that the
fluorescence spectra of these molecules be taken in ethanol

or some other suitzble H-bonding solvent which forms a glass

at 77°%. Evidence of intramolecular excinlex formation

should be seen as a long wavelength peak not present in 9-CO0OMe
at 77°K and as a peak whose intensity should change with

changes in temperature in the fluid solvent.
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