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CAbstract

The simple biaryls 1- and 2- phenylnaphﬁpa]ene,_1,1'-, 1,2'-
and 2,2'-binaphthyl may, in principle, exist as distinct gnleculéf
conformers differing chiefly in their rotational configuration about
the interannular bond. }he steady-state fluorescence anq-fluorescence
decay spectroscopy 6f these molecules {h dilute so?utjon.has been
examined for evidence éf such single bond rotational conformers.

A

While the fluoggscence of 1-phenylnaphthalene origfnates from

- essentially a unique molecular conformation in fluid solution or in

-

rigid organic glasses at 77K, singlet decay measurements of 2—phényl-
naphthalene at 295K and 77K indigate ihe presgnce of at least two
emissive componénts. This is confirmed by the emission spectroscopy
at Tow temperaturé and by-the effect of selective oxygen quenching

on the room temperature fluorescence. In a polycrygtalling matrix of
methy]cyc]ohexane‘at 77K\fhe 2—pheny1naphtha]éhe molécu]e apbears
constrained to a.single, more planar conformation.

Of the binaphthyls only the'é,Z'-isomqr‘exhibits,comp]éx
fluorescence Behaviour in the fluid hydrocarbon solvents, the spectrum
showing a distinct excitation wavelength dependence while the °
fluorescence decay can be best analyzed as the sum‘of long and short
lived exponential decays. Mélecu]ar'oxygen was,usgd,to enhance

these spectroscopic differences, differentially QUenching the longer

--Tived conformer of 2,2'-binaphthyl. The Shpol'skii (polycrystql]ine)

111
'



emission spectrum of this compound at 77K indicated the presence of Gygew

spectroscopically distinct conformers different from those seen in
fluid media and separated by ~ 525 cm'1 in their fluorescence origins.
1,1'- and 1,2'-binaphthyl, while giving no evidence of conformeric
fluorescence at 295K d%d give a biexponentiaf fluorescence decay in
organic glasses at 77K. |

- These studies suggest that re]étive]y stable single bond
conformers may be more ubiquitous than is generally supposed. Where
these conformers differ spectroscopically the techniques of fluorescence
emission-and decay spectroscopy may be succgﬁsfully applied in conjunc-

tion with the selective quenching technique.
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CHAPTER ONE
INTRODUCTION

1.1 General

Molecular spectroscopy in its broadest sensé deals with the
emission or a;sorption of electromagnetic raéiation by molecules. Spectro-
scopy provides one of the most powerful tools for the elucidation of
molecular strugture and dynamics. There are several different branches
of spectroscopy, depending on the “amount of energy involved in the
absorption or emission process. Transitions between rotational energy
levels of molecules fall in the microwave region of the electromagnetic
sbectrum and can, for suitable molecules, yield detailed information
regarding the molecular structure, particularly bond distances and
angles. At higher energies one finds transitions between vibrational
isve]s of molecules, a process studied by %nfrargd spectroscopy and its
complement, Raman (inelastic) scattering. These two techniaues allow one
to gain a knowledge of molecular structure and symmetry, mqpents of ]
inertia and molecular force constants. Electronic spectroscopy can give
quaIifEtive or quantitative information on the structure of the ground
state and various excited electronic states of molecules. |

A particularly useful type of emission process is& photo-
luminescence, that is emission of light subsequent to light absorption.

.

Since the excitation energies employed in the absorption process usyally

lie in the visible or ultraviolet region of the spectrum the sample
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molecules undergo electronic excitaticen. In éddition.to obtaining the
time-independent emission spectra one may also follow the kinetics of
fhe photoluminescence process, details of which are of great interest to
phygicists and Qipchemists as well as to spectroscopists. Measurement
of excited state 1ifétinEs and luminescence quantum yields permit
quantitative evaluation of the processes involved in the deactivation of
excited electronic states.

A widely studied class of molecules, in terms of their lumin-
escent and photophysical processes, are aromatic compounds. Beginning
wi;h the works of Stark].and Stark and Meyer2 on the luminescence of
benzene and benzene derivative§ near the turn of the'century,arbmatic
hydrocarbons have been the single most intensively studied class of
luminescent molecules. |

Photoluminescence may be further sub-divided into those processes
involving no changefin the multiplicity or net spin angular momentum
accompanying th? transition as opposed to those radiative processes in

which the spin angular momentum of'the molecule does indeed change. The

former process is refered to as fluorescence and since aromati

molecules generally have singlet ground states the most common/type of
fluorescence involves the radiative transition from the fi electronically
excited singlet state to the ground electronic state, denoted SO - S].
The latter process, wherein the radiative transition is attended by a

change in the spin angular momentum is designated as phosphorescence.

In aromatic molecules phosphorescence describes the radiative transition

from the lowest lying triplet electronic state to the singlet ground

state, S0 + T].
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4

of ﬁarticu]ar %nterest in this present study is the app]jcation
of steady-state fluorescence emission spectroscopy and singlet decay
spectroscopy to aromatic systems in which.several potentfa]ly emissive
excited singlet states of fluorophores are simul taneously present. A
trivial case of sﬁch dual or multipie emission would involve simple
combination of two or more chemically distinct species, each of whiph are
individually fluorescent. A simple example would be to envisage mixing
of solutions éontaining, say, phenanthrene and anthracene, each of which
is characterized by its distinct absorption and fluorescence emission
spectrum and singlet decay time. The binary solution, in the absence of
interaction bet@een the two fluoraphores, would then be expected to o
exhibit-absorption, emission and singlet decay properéies determined by
the proportion of each species present. Obviously then the fluorescence
emission andrdecay'prOpertiesﬂand, to a lesser extent, the absorption
properties may be used as criteria to distinguish the presence or
absence of a second fluorescent species.

A second and more subtle source of dual or multiple fluorescence
jnvo]ves species which are not chemically distinct in the usual sense
but which may nonetheless differ in their fluorescence properties. This
category is typified by aromatic molecules which may exist in two or

more nearly isoenergetic molecular conformations, differing only in their

orientation about a carbon-carbon single bond.

1.2 Previous Spectroscopic and Photophysical Work on Conformers

Mu]h‘ken3’4 was the first to point to the possible existence of
discrete molecular conformers derived by rotation about a carbon-carbon

single bond. In his theoretical study of butadienes he proposed two
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planar rotational conformers of the 1,3-butadienes, namely

H H

S AN

//C—C\\ /C—C\

R R AT

sS-Cis s-trans
Figure 1.1

Single Bond Rotation$1 Conformers of the 1,3-Butadienes
where s denotés single bond isomerism or conformerism.

Since the CZ—C3 single bond lies between adjacent carbon-carbon
dbub]e bonds Mulliken argued that the actual bond order of the C2-C3
bond was somewhat greater than that expected for a simple, isolated C-C
bond and hence the barrier to rotation about the C2—C3 bond could be
expected to be intermediate between that expected for the single and
double carbon-carbon bonds. Furthermore, Mulliken proposed that these
s-cis and s-trans conformers may, in principle, dif%er spectroscopically.
In favourable cases it may be hoped that the fluorescence emission and
decay properties of the conformers will be sufficiently different, so
that one may be able to confirm the présence of the other conformer or
conformers and perhaps quantify the relative amounts of the various species.

The first published case of this s-cis - s-trans isomerism
being detected spectroscopically came in 1962 when Cherkasov5 reported
the temperature and wavelength dependence of the emission of 2-vinyl-
anthracene soautions to be explicable in terms of rotational isomerism
about the conjugated single bond. The absorption spectrum of 2-vinyl-

anthracene was also found to be temperature dependent, suggesting that

the conformers were actua]]y present in their ground electronic states,
\

“"'.
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prior to excitation. Continded studies by Cherkasov and coworkerss-

using time-resolved fluorescence emission spectroscopy and phase fluoro- ®
metry confirmed the presence of at least two emitting species. Of
pqrticu]ar interest were the phase f]uorometry_experimentsY, since the
temperature and ehission wavelength dependence of the fluorometric phase
pointed to a measureable difference in the singlet lifetimes of the
conformers involved. This group proposed that two conformers were
principally responsible for the observed fluorescence behaviour, the
coplanar or nearly coplanar s-cis and s-trans-2-vinylanthracenes, the.
latter being about 0.9 kca]/mole’(.‘ixIO2 cm_]) more stable in the‘ground

state. 4

000"

S-Cis s-trans

R

Figure 1.2

Single Bond Rotational Conformers of 2-Vinylanthracene

The positional isomers 1- and 9-vinylanthracene did not exhibit
comparable conformeric emissiaon behaviour.6 For the former isomer this >
is likely the result of one conformer being strongly disfavoured on
steric grounds, i.e., the sterically favoured conformer is totally

-predominant, while for the 9-vinylanthracene symmetry considerations

dictate that the two coplanar conformers be identical.
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Recently a very large number of workersg'14 have investjgated the
s-¢is - s-traﬁg conformeric emission behaviour of the trans-1,2-diaryl-
ethylenes, the most active group being that of Fischer et a1_15-20 The*‘
general structure of these trans-1,2-diarylethylenes is shown below,
where Ar and Ar' are typically phenyl, 1- or 2-naphthyl, 2-anthryl, 3-
phenanthryl, 3-pyrenyl and others.

) A
A
T\

Figure 1.3 i

General Structure of the trans-1,2-diarylethylenes
]

Here again the conformers are derived by rotation about the nominally
single bond conjugated with the olefinic and aromatic double bqus. The
groups mentioned above have fﬁund evidence for the ground and/;xcited
state existence of two or more rotational conformers, as manifested by
the excitation qave]ength dependencé of the fluorescence emission specfra

and quantum yields and by the multi-exponential decay kinetics of such

" systems.

These iqbestigations of the trans 1,2-diarylethylenes have
naturally been extended t% the aza-analogs 9jf€hese compounds. Prelim-
inary results reported for the dipyridylethylenes and styrylpyridines
indicate the presence of discrete 'fluorescent conformers for the ortho

. . 21-23
and meta hetero-der1vat1ves.

1.3 Conformers in the Biaryl Systems and the Aims of This Present Work

Although not explicitly identified with the cis-trans single
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bond isomerism de;cribed by Mulliken, Hochstrasser, in ]961,24 recognized
the potential for single bond rotational conformerism in 1,1'-binaphthyl.
The difference in the fluorescence emission of 1,1'-binaphthyl in fluid .
and rigid solutions was ascribed by that author to the change in emissive
{tate (51) geometry on passing from rigiQHEB fjuid media, with-more

extensive torsional relaxation.about the‘E1-C].
lower viscosity. This represents a very generalized case of single bond

bond being possib1e at

rotational isomerism since essentially only a'single ground state conformer
is Tikely present, although this condition may be relaxed on excftatié;.

Indeed, both possible coplanar éonformers of 1,1'-binaphthyl may represent
high energy forms of the molecule, the s-cis configurat&on being especially

disfavoured on steric grounds. The situation in the g,]'-binaphthyl ground
: L

5-cis ?1 © s=trans
Figure 1.4 : 7
Qualitative View of Steric Hindrance in Coplanar
s-cis and s-trans 1,1}—Binaphthy1

(brogen circles represent Van der Waals radii of hydrogen)
L ]

state is analogous to the explanation proposed for the lack of conformers -

- .
in 1-vinylanthracene, namely one-configuration being substantially more

v
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stable than its other rqﬁationa] conformers.

In the sterically less hinéered biaryl 2-phenylnaphthalene the
energy differences between the conformers may be smaller, such that
significant popu]atién;_of different rotational confonners may coex%st.

Nauman and .coworker$25‘27 attributed the excitation w_ave]ength dependence
‘of the 2-phenyinaphthalene fluorescence at 77K to photoselection of such
conformers. Of course in this pheny]QSUbeituted Bgaryl the distinction
between the planar s-cis and s-trans;Eonformers vanishes by symmetry but
as Naumen sug;ested,tﬁe'égg;a;mers need, in princip]e, only to differ
in their interannuiar or dihedral angle, &, to be potentially distinct
by spectroscopic methods. Simi1érly,‘the re]at{ve]} unhindered 2,2'-
binaphthy% might be expected-to have several distinct stable and nearly
-iéoenergetic rotational conformers. ) : ;

A brief ¥eﬁ§?t\in the 1Tterature28 indicated that the apparent]y
anomalous excitation w;velength depenttence of the fluorescence emission

of 2,2'Tbinaphthy1 solutions might have its origin in the presence of

both the coplanar s-cis and s-trans mglecdiar confermers.
LY

_s—trans

‘ /ﬂ Figure 1.5
» Lt
T . .
Qualitative View of Steric Hindrance in Coplanar

s-ci® and s-trans 2,2'-Binaphthyl

. zbroken circles represent Van der Waals radii of hydrogen)

\-—\

|
- ]
/
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.

The aim of this present work is to confirm the relatively
unsupported steady-state f]uoreséehcé studies on these biaryls and to
extend this investigation to T-phenylnaphthalene and 1,2'-binaphthyl for
which very little is known. In addition to the steady-state evidence
for conformers, i.e., excitation wavelength dependence of the emission
spectra and fluorescence quantum yields and emission wavelength depend-
ence of the excitation spectra, will be added the very powerful tool of
fluorescence decay spectroscopy. This is an especially valuable
supplement to_the conventional forms of fluorometry since it may be
possible to discriminate temporally between the fluorescence of several
species having strongly overlapping absorption and emission spectra.
While a single emitting species or conformer will give rE&e to a simple
monoexponential decay of the fluorescence intensity a multi-component
system will follow a multi-exponential decay scheme. Practically, the
goal will be to distinghish biexgonentia] decay behaviour from a mono-
exponential decay of the fluorescence intensity. Apart from the qua]i-
tative capability of discerning the number of distinct fluorophores,
fluorescence decay spectroscopy, in conjunction with the steady-state
emission and quantum yield measurements, permits'one to evaluate many
of the kinetic parameters for the photophysics of the lowest excited
singlet state. In favourable cases the combination of these techniques
will even permit evaluation of the relative proportions of the ground
state conformers, as well as their individual fluorescence and absorption
spectra.

A qualitative picture of the ground and excited state geometries

of the biaryls, with respect to torsion about the interannular bond, may
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be made. By comparison of the absorption and emission sbectra with those
of certain model compounds one may deduce the extent of w-interaction
between the constituent aromatic rings and hence the degree of twist
between the n-systéms.of the biaryls. Specifically these model compounds
are the parent compound naphthalene and a rigid, planar, methylene-

bridged analog of 2,2'-binaphthyl, 1,2,7,8-dibenzofluorene. Changes or
lack of them in the fluorescence emission spectra with temperature will
permit some conclusions to be drawn with regard to the relative equilibrium
geometries of ground and excited states of the biaryls.

The fluorescence of the five biaryls in polycrystailine organic
matrices (cyclohexane, methylcyciohexane and n-alkanes) at 77K will also
be examined at varying solute conceﬁtrations. The appearance of much
sharper quasilinear or Shpol'skii spectra in such polycrystalline media
is usually taken as evidence that the aromatic chromophore has or may
aséune a planar geometry.29 Conversely, the non-appearance of a quasi-
linear spectrum may be indicative of a highly twisted nonplanar fluoro-
phore, i.e., the dihedral angle df the aryl moieties is large. For those
species found to yield Shpol'skii emission spectra the vibrational details
of thé electronic emissioq spectrum provide information on the ground
state vibrational frequencies of the molecule. Such quasilinear vibronic
emission spectra have frequently béen used as a complement to infrared
and Raman studies in assigning the types and synmgtries of the normal
modes of vibration of molecules in the electronic ground state.

The effect of deuferium isotope substitution on the luminescence
characteristics of aroﬁatic hydrocarbons has been of considerable

interest for some time, particularly as an aid in the understanding of

-
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30

nonradiative electronic transitions. Deuteration is known to signifi-

cantly affect the phosphorescence processes of aromatic molecuies,

31-33

increasing phosphorescence quantum yields and lifetimes while the

34 Introduction of

fluorescence processes are relatively unaffected.
deuterium will be expected to alter the vibrational frequencies seen in
the quasilinear spectrum, the vibrational spacing decreasing with the
~ heavier isotope.

Deliberate introduction of an efficient singlet quencher,
molecular oxygen, into fluid solutions of the biaryls can serve a useful .
role in discerning the presence or absence of a second fluorescent

component.34

Even with strongly 6ver1apping absorption and emission
spectra one may selectively quench the fluorescence of the longer lived
fluorophore while leaving the shorter lived species less affected.
Comparison of steady-state emission spectra for degassed and oxygenated
solutions of the biaryls would then reveal alterations in the spectral
distributions if more than a single fluorescent component were present,
assuming the fluorescence lifetimes to be sufficiently different. In
this manner oxygen qyﬂhching studies serve as a complement to the other
o

spectroscopic tecﬂhiques for distinguishing dual or multiple emission

processes.
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CHAPTER TWO
THEORY AND BACKGROUND

N

2.1 .The Wave Equation

The non-relativistic time-independent Schroedinger equation for a

molecule can be expressed as the eigenvalue equation \J

H(q.,Q)v(g,Q) = Ey{(q.Q) (2.1)

where H is the Hamiltonian operator, v and E are the stationary state
wavefunqtions and energies while q and Q are the generalized set of

electronic and nuclear coordinates, respectively.

2.2 Spectroscopic Transitions

The wavenumber of a spectroscopic transition between two

stationary states a and b, of energies Ea and Eb will be given by

lE - E.|
- b a
v = he (2.2)

where h is Planck's constant and c is the speed of light. The probability
of an electronic dipole transition between these two states is prop-

ortional to the transition moment
ab = VplMlvy (2.3)

where Y, and wb are the stationary state wavefunctions of the two states

involved and M is the clectric dipole moment.

,r—12—
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i
2.3 The Theory of Electronic Spectra

The transition moment for an electric dipole transition between

two non-degenerate vibronic states, Vary! and ¢é"v"‘ is given by

ﬁe'v'e(v“ = gryr [Ml¥gu e (2.8)

where the prime and double primes refer to upper and lower states
respectively. Use of the Born-Oppenheimer Approximation35 to separate
the electronic and nuclear motions enables the rotationless wavefunction

to be expressed as the product

VoylasQ) = v (a,Qv (Q) (2.5),

where we and vy are the electronic and vibrational wavefunctions
respectively. Since the electronic dipole moment operator is a vector,

it can be resolved as a sum of electronic and nuclear parts,

The vibronic transition moment {Equation 2.4} then becomes

AT <¢VL(Q)I<wea(q:Q)IMe|weu(q’Q)>|Wvu(Q))

e'vie'v (2.7)
+ <¢V.(Q)Iﬁnl¢vu(0)><we.(q,Q)|weu(Q,Q)>-

Since the electronic wavefunctions of the two states are orthogonal the

second term in Equation 2.7 vanishes so Equation 2.7 simplifies to

-

wgn = b (@] Ry (Q) v, (Q)> | (2.8)

Re'v'e v

where the pure electronic transition moment

R gn (@) = vy (0,0) [Ty ¥y (9,Q) (2.9)
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is a fngtion of the nuclear coordinates. The matrix element of the

electronig¢ transition moment varies only slightly with Q so the Condon

approximai%on may be applied to remove the dependence of R_, .{(Q) on
o e'e

the nuclear coordinates. If Ve is e€g¥ﬁﬁted only at the eguilibrium

nuclear configuration of the state, QO, from which the transition

originates Equation 2.9 becomes

Ry n(Q) = <we.(q.00)Iﬁelwe..(q,00)> (2.10%.

where QO is the equilibrium nuclear configuration of the initial state
(the lower state for absorption and the upper state for emission). The

transition moment, Equation 2.8, then simplifies to

Rouyrguys = Rrpn (Qo)<w, d) ¥ (Q)>. (2.11)

For an electronically allowed transition Re'e”(oo) # 0. From group
theoretiéa] considerations this will be the case if the direct product
r(we.) X F(we”) x T(M) is totally symmetric under the symmetry operations
of the point group to which the molecule belongs for at least one of the
components of the vector ﬁ, If the transiti9n is electronically allowed,
the vibrational transitions accompanying thiﬁ electronic transition (i.e.,
the vibrational fine structure of the electronic spectrum) will be those
for which <vv.(0)[¢v“(0)> £ 0. This integral will be non-zero if the
direct product F(wv.) X r(wv“) contains the totally symmetric represent-
ation.

For an electronically forbidden transition Ee'e“(oo) will be zero
so within the restrictions of the Born-Oppenheimer and Condon approximations

-

the electric dipole transition moment, R , . as for the vibronic

e'v'e'y
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transitions would also vanish. Within these approximations there should
be no mechanism of "intensity borrowing”. Vibronic interactions do,
however, occur because Ya and v, are not exactly separable. This is
equivalent to relaxation of the Condon approximation, since the electronic
wavefunctions will truly be dependent on the nuclear coordinates.

In the Herzberg-Teller theory36 of vibronic interactions this
dependencé on the nuclear coordinates can be expressed as a series expansion
of the electronic Hamiltonian Ae (or the electronic transition moment)

in terms of the normal (nuc]ear) coordinates of the molecule, Qi:

301 o 1 Tt A (Zilf)

where the Qi are the nuclear coordinates of the ith normal vibration

b ol )
+
—'M

relative to their equilibrium values in the vibrationless ground state
and the subscript nought refers to the equilibrium nuclear configuration
of the ground electronic state. The second term in the expansion,
Equation 2.12, accounts for the interaction between the electronic and
nuclear motions and will be zero in the Born-Oppenheimer and Condon
approximations. It is assumed that there is a set oﬁ zeroth order wave-
functions, wi(q,Q) which represent the purely electronic wavefunctions'%

of the molecule. These wavefunctions will be solutions to the zeroth

order eigenvalue equation

(M) gy (3,Q) = £} v 1(a,0). (2.13)

The higher order perturbations in the electronic Hamiltonian mix

into this zeroth order state y°

K contributions from other states, v? in

the manner
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(o] o
v =¥+ LC oo (2.14)
k K K% ki J

The coefficients, ij, are given by perturbation theory
0,5,,.,0
WS IH [vp>
A K .
‘ i CkJ 0 OI s J # k , . (2-15)
: k 3
where H' is the perturbation term of the electronic Hamiltonian. For

r

the coefficients ij to be non-zero the symmetry condition
* .0 0y _
F(wj) x () = Q) (2.16)

must be met. In the usual scheme of Herzberg-Teller vibronic coupling
the intensity of electronically forbidden transitions arises from the
interaction with non-totally symmetric vibrational modes of appropriate
symmetry. Totally symmetric modes mayggring intensity to otherwise weak
electronically allowed transition. For naphthalene the electronic
transition moment ;or the ]Ag + ]BZU transition is effectively zero,
owing to the nearly exact cancellation of the individual large components
of the net trangftion moment.37 Totally symmetric vibrations can relieve
this restriction and bring considerable intensity to the transition.
Other examples of totally symmetric vibrations contributing intensity in
allowed transitions have been found for the SO - S] transitioh of phen-

38,39

anthrene and in azulene.40 In molecules of low symmetry the

symmetry selection rules are such that most transitions will be electron-

ically allowed.

2.4 Fate of Absorbed Energy

At room temperature most molecules, prior to excitation, will be

present in their vibrationless electronic ground states. Excitation of
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these molecules can be achieved with incident light of energy greater

than or equal to the difference between the vibrationless ground
electronic state and the vibrationless first excited electronic state)
Depending on the‘choice of excitation energies the excited molecule will

be formed in vibrational Jevels of S1 or higher electronic states, 52

53, etc. The excess vibrational energy is répid]y dissipated by
collisions with solvent molecules in the condensed phase. This vibrational

—

relaxgtion or thermalization of the excess vibrational energy occurs with

a rate constant of » 1012 s-], of the same order as the rate of execution
of vibrational motion in the molecule. If the initially excited electfonic
state is not S] but some higher singl&t state a proEfss known as internal
_conversion can occur, Internal conversion is the nonradiative transition
betweeg isbenergetic states having the same multiplicity. The molecule
ucan be enviggded as pas;ing from a Tow vibrational state of the higher
electronically excited state into a high vibrationa} state of a lower

lying electronic state of the same md]tiplicity. From this high vibra-

tional state qutﬁér vibrational relaxation will occur.

These processes of vibrational relaxation and internal conversion
will rapidly take the e&tited molecules to a thermally equilibrated
{Boltzmann) vibrational distribution in the first excited singlet state.
Unlike the higher excited singlet states, internal conversion from S]
to SO is much slower than the competing depletion processes out of S],
namely radiative return to the ground state or intersystem crossing to
the triplet manifold. A theory of radiationless transitions has been

41,42

developed by Siebrand and Robinson and Fr‘c:s‘.n:ha?’\&ﬁ'4 which accounts for

this observation. The transition probability for the radiaticnless
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proéess is proportional to the Franck-Condon factor for the vibrational
levels of the appropriate isoenergeticlstapgs. This will, in turn, be
proportional to the degree of vibrational éigitation in each electronic
state and hence to the energy gap between theéh efectronic states. Since
the energy gah S0 - S] is generally much larger than the energy gap
between S] - SZ,‘S2 - 53 etc. the difference in vibrational quantum
number at the isoenergetic crossing point of S] and SO will be 1a?§e,
i.e. the crossing would have to occur from a low vibrational state of S1
into a very high vibrational state of So' For such transitions the
Franck-Condon factors will be small and the transition probability low.

The internal conversion rate S] -+ S0 for most aromatic hydrocarbons is

slow and often does not compete with the radiative rate constant of

107 - 109 s_] or the rate of intersystem crossing to the triplet state,
106 - ]08 5_1. For these reasons fluorescence is found to occur rnearly
invariably from the first excited singlet state only. Historically .

this was formulated in two empirical statements, Vavilov's law and Kasha's

ru]e.34

vavilov's law simply states that the fluorescence quantum
efficiency or quantum yield is independent of the excitation wavelength,
a natural resultlof the fast internal conversion from higher excited
singlet states occurring with unit effici;ncy. Kasha's rule states that
in complex molecules in condensed phases fhe emission will occur from
the lowest excited electronic state of given multiplicity, i.e.,
fluorescence is from S1 while phosphorescence is from T]. The number of
molecules found to fluoresce efficiently from higher excited singlet
states is small but has grown rapidiy in recent years.qs-so

Some of the principal photophysical processes for compiex molecules
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Figure 2.1
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Princip§1 Photophysical Processes in Complex Molecules
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are shown in the Jablonski diagraﬁ, Figure 2.1. As mentioned previously,
shortly after excitation the majority of electron{tafixiéxcited molecules
wil]‘arrive in the vibrationless state of S1, whence tTey can undergo
three processes: (i) f]uor?scence, or a radiative transition to various
vibrational states of the ground electronic state, a process involving

no change in the spin mu]tiptiqity; {ii) internal conversion to the S0

potenti

energy surface followed by vibrational relaxation within S0
often ap unimportant process for aromatic molecules; (iii) intersystem
crossing, which is a radiationless bassage from a singlet electronic state
to an isoenergetic 1é§e1 in a triplet electronic state {(or vice versa),
followed b} further vibrational relaxation and.perhaps internal conversion
within the triplet manifold. After thermal equilibration in the Towest
triplet state.TI, the molecule can return to the electronic (singlet)
ground state by two means : (1} isoenergetic intersystem cross1ng, usua]fy
to a high vibrational state of the SO potential energy surface; {ii}

a radiative‘transition (phosphorescence} to vibrational levels gfgSo
eventual]y‘arriving back in the thermally equilibrated ground state. As
a change in total spin mu]%1p11c1ty is requ1red for the radiative
transition T] -+ S the radiative rate c0nstant for phosphorescence is

very low, usually about 107 -1 s_] for aromat1c hydrocarbons.

The large T] -.SO energy gap also leads to slow rates of inter-
system crossing T1 + So, comparable to the radiative rate constant. This
leads to an intrinsically long lifetime for 'the lowest triplet. As
bimolecular quenching processes tend to be much more efficient than any
of the intrinsic unimolecular deactivation pathways for TT phosphorescence

is rarely observed in condensed phase at ambient temperatures.
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JLonsidering a single excited singlet species A* which is
subjected to a number of first order deactivation processes (for

1 intersystem

example, fluorescence, internal” conversion égﬁ S] - T
crossing), c'e can write the rate of disappearahce of A* as -

-d{A*}
dt

= Ik, (A%) (2.17)

+
where ki are the \rate constants for the processes depleting the excited

state. In jnt gratgd form this gives

N .
{A*} = {A*}0 exp(-t/1) -\ ' o (2.18)
where {A*} 1is the initial excited state concentration and
o} § ,

t = ATk, )" ‘ (2.19)

The quantity 1 is known as the mean- lifetime of the excited state. If A*
is a singlet species then 1 is knodﬁ as the fluorescence lifetime. A
description of the technique used to obtain the fluorescence lifetimes

in this work is found in Sections 2.7 and 3.7.

2.5 Fluorescence Quantum Yields

The fluorescence quantum yield of a §ﬁbcies is defined as that

fraction of excited molecules that emit a fluorescence photon. Writing

the rate equation for species ]Ak undé:;jfiigyfi1lumination (photo-

. ~
stationary conditions) one has

Ve

1
d{ A*} _ 1
@& - la- (ke + Kise * kic){ A% - (2.20)
where k., k. _. k: _ are ‘the rate constants for fluorescence, intersystem

f* TNisc ic

o

sl
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crossing and internal conversion respectively; {]A*}O is the steady rate

. .

of production of. the excited singlet state ]A* by absorption of the

d{'ax
dt

the rate of fluorescence emission is given by kf{1At} it follows that the

incident photons. Since = 0-under‘phbtostat10nary conditions and

fluorescence quantum yield can be written as

1
Wohotons emitted as f]uorescence'='kf{ Att i’. (2.21)

£ ° photons initially absorbed Ty
' - 0
= kf H kf - -
kf ¥ kisc * kic kf * knr

where the nonrad1at1ve rate constants have been combined as k

The determination of absolute.fluorescence quantum y1e1ds has
many attendant experimental difi1cult1e55] 50 the vast majority of
quantum yields reported in the literature are relative, not absolute
quantum yields. These relative quantum yields have been obtained through
measurement of the fluorescence intensity of the compound of interest
with respect to the fluorescence inrensity of a reference material, ihe
quantum yield of which is well known or at least is generally agreed
upon. The number of compounds with well caaracte!wzed absolute quantum

. . . M
yields is very small indeed. //’)

u)At low solute concentratidhs and with the fluorescence observed

at ng;ma] incidence the fluore’tence quiptum yield of the sample is_

re]ated to the fluorescence quantum yield of the reference by
:i - 2 -—\“‘_" "f\\/
< F I(Ar) Ar()\r) ng . (2.22)

s.r_ s . ) ]
‘Pf”’f‘rr 07 G 2

-~ J ' N r
The subscripts and superscripts s and r hefer/to sample éﬂd reference
=7

D T
respectively while the quantity F is the integrated area under the

- - -,

o

p g
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corrected fluorescence emission curve (i.e. corrected for wavelength
i;ydependence of detection response). . I{A) is the relative photon ocutput
of the light source at the excitation wavelength x; A(A) is the absorb-
ance of the solution at wavelength » and n is the average refractive
index of the solution over the fluorescence emission spectrum. This
- expression can be simplified by the choice of experimental tonqitions.
In the special case where the sample and reference solutes are in the
same solvent at the same temperature, have equal absorbances and are

excited at a common wavelength Equation 2.22 reduced to
5, T _ .
¢f/¢f = FS/Fr (2.23)

Furthermore, use of sample and reference solutes with overlapping emission
spectra and using identical geometries and optics obviates the need to
explicitly correct the fluorescence spectra, the correction factors in
FS and Fr being identical.

A comprehensive review on the measurement of fluorescence

quantum yields has been given by Demas and Crosby.5]

2.6 Fluorescence Excitation

The abs’]ute intensity of f]uqresc ce emission is equal to the
intensity of Tighg absorbed multiplied the quantum efficiency or

quantum yield of fluorescence,

C1

- . -£
Fedly - Idee = (1,00 - 1077 ) e, (2.24)

[

where F is the total, absolute fluorescence intensity (quanta-s']), I0

and It are the inqidenf and transmitted intensities of the exciting light

(also in quanta-s'l), € is the molar absorptivity (litre-nwle-]:cm—l),
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C and 1 are the solute concentration (moles-]itre']) and solution path
length {cm) respectively, and e js the fluorescence quantum yield. The

di fference I0 - I, represents the quantum intensity of absorbed light.

t
For weakly absorbing solutions (low C or €) the exponent eCl is small

and Equation 2.24 simplifies to
F = 2.303105C1¢f. (2.25)

Hence for a solution of a single solute at fixed concentration the
fluorescence intensity will be directly proportional to [eve If
Yavilov's law is obé}bd, j.e., & is independent of excitation wave-
]engtﬁ and Io is also constant with wavelength the fluorescence intensity
is proportional to the molar absorptivity c:-'The’ggigrved fluorescence
intensity at a fixed emission wavelength should vary a E(XA) as the
excitation wavelength is scanned across the absorptio profi]e;- This so-
called fluorescence excitation spectrum should then“closely resemble the
absorption spectrum of the solute. A reasonable répresentation of the
absorption spectrum can often be obtained even when Io is not rigor-

ously consfant with the excitation wavelength AA or where the absorbance

of the solution is fairly high.

2.7 Singlet Decay Times

The singlet decay times or f]ﬁorescence 1ife¥imes in this
present study were determined by the method of time-correlated single
photon counting, the most widely used technique in recent years.
Numerous reviews of this topic have been publisht::d.sz'59

The single photon counting technique of fluorescence lifetime

measurements is based on the concept that the intensity time profile of
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all the photons emitted following a single pulse of excitation light can

.
be reproduced by determining the probability distribution for em??gion
of a single photon, as a funcfion of time, following the sing]e.excitation
pulse. Simﬁ]y stated, rather than exciting a statistically large number
of mo]ecufes_at once then monitoring their emission over time one may
equally well excite a very small number of molecules but repeat the
experiment (excitation) many times. Excitation is,gchieved by a pulsed

3
light source, either a laser or spark discharge lamp. This excitation

‘pulse is detected electronically or optically, by means of the so-called

"start" photomuitiplier tube. Tﬁ?s "start" pulse in turn triggers the
Qoltage ramp of a time-to-aﬁp]itude conve;ter or TAC. This TAC generates
a voltage ramp that increases linearly with time. A second high gain
photomultiplier viewing the sample emission acts as the "stop" signal
source. Arrival of a fluorescence photon at this "stop" photomultiplier
and sequent'production of an output signal terminates the linearly

i(freasing vaoltage ramp of the TAC. The voltage amplitude of the TAC

. will then be proportional to the time difference bétween "start" and

“stop" pulses. If no "stop" pulse is received by the TAC by the end of
its preset voltage sweep the voltage ramp is reset and no output signal
is generated. The reset or strobe time of the TAC must, of course, be
shorter than the period between excitation pulses. If a valid ”stop"
signal is received wizﬁ}n,the voltage-time domain of the TAC a time-
correlated voltage pulse will be output to the multichannel pulse height
analyzer, commonly called simply a multichannel analyzer or MCA. The

MCA is Rrimari]y a storage device, with discrete channels of memory or

storage .corresponding to discrete voltage ranges. Incoming signals from
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the TAC aré sorted by pulse amplitude (i.&., voltage) and allocated to

the appropriate channel in the MCA. Over many excitation-decay cycles
a histogram is accumulated in the MCA of "stop" events {fluorescence
photons) versus voltage. Since the probability of detecting a single
photon is directly proportional to tﬁi/jﬁtensity of emissidn and the

pulse amplitude or voltage is correlated to the time between excitation

—

and emission, the resulting counts-voltage distribution will be proportional

to the emission intensity versus time profile.
Y

The initial premise of the time-correlated single photon «ounting

method (i.e., the correspondence of the single photon emission probability

distribution and the net intensity gg_time.profile) is predicated on the
assumption that no more than one emitted ;hoton is defected per excitat-
ion pulse. If, for example, two photons were incident on the photo-
cathode of the "stop" phofomu]tip]ier following a single excitation

pulse the photon arriving first would furnish the "stop" signal resetting
the TAC voltage ramp. The second photén, arriving later,will be ignored
by the TAC as it now has no corresponding "start"” si%na1. This phenomenon
is called pulse pile-up, specificg]]y type S or statistical pile-up in

. . . 53,56 . . . -
Selinger's designation. . Pulse pile-up systematically discriminates

. against ]a?farwﬁving photons, resulting in a net intensity time distrib-

ution skewed to shorter times and lifetimes deterﬁﬁned from such curves
will be erroneously short. A second type of pulse pile-up is possibleg:;al

56 All detection systems possess

type E pile-up in Selinger's terminology.
an inherent limitation in the processing time of detector, amplifier,

discriminators or analyzers,usually called the dead time of the instrument.

Multiple puises arriving within this dead time are perceived only as\i_,/~/f)

o
)
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single event. While all counting experiments are éubject to this type

of pile-up error, this can be partially corrected mathematically in the
60,51 53,56,62-64

data reduction or circumvented experimentally. The

latter way is ussally more convenient. Experimentally the simplest way

N r) A
to reduce both types of pulse pile-up is to attenuate the emission

intensity such that the average number Qf detected emission photons per.
excitation flash is small. With i‘0.0S:detected photons per lamp pulse
the error introduced by pulse phle-up will be neg1igib1e.65

The true fluorescence decay curve is that obtained‘by excitapion
with a delta function light source, i.e., infinitesimally narrow |
excitation pulse. While Epis situation is approached with some long-
lived fluorophores generally the excitatioﬁ’p?}se has a not inconsiderable
temporal width on the time scale of the fluorescence decay. For short-
lived species the observed fluorescence decay curve represents a signif-
icant distortien of the true decay profile so eftraction of the true
decay function from the experimentally obtained profile requires the
solution of the convolution integral

t

6(t) = [ E(t')I(t - t')dt’ n (2.26)
o _

where\G{t) is the observed, distorted fluorescence intensity as a function
of time, E{t) is the instrumental response function or the lamp temporal
profile distorted by the detection system and I(t) is the true fluorescence
decay profile obtained with é-pulse excitation. A great many techniques
have been explored to solve this convolution integral including the

method of moments,ﬁs_69 Laplace transforms,70’7]

73-76
o

method of expdﬁeﬁtia]

58,59,77

series,72 Fourier transforms and reiterative convolution.
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This tast method, iterative or reiterative convolution, has proven one

of the most popular and successful. One drawback of this technique is
the need to assume a particular functional form of the time decay
function, I(t), although this may often be deduced from the suspected
photophysical scheme. This trial decay function I'(t), containing the
appropriate_adjustable paramef%rs, is numerically integrated rith the
experimentally determined lamp temporal function, E(t), to yiéld a

trial curve G'(t) which is then compared with the experimentally obtained
G(t). The free parameters in the trial decay function I'(t) are adjusted
until the best fit is obtained between the calculated and observed-
functions, G'(t) and G(t). For fluorescent species in dilute solution
subject to only unimolecular deactivatibn processes or to time-indepen-

dent bimolecular quenching processes a reasonable function form to

assume for I(t) is that of a sum of exponentiafﬁy decaying terms, i.e.,

I(t) =

ne-13

aiexp(-t/ri) . , (2.27)

i=1

Specifically, the cases ¢f n = 1 or 2 can be hahdléd with confidence and
~
the goodness-of-fit criteria have been used successfully to distinguish

mono- from biexponential decay kinetics.]1'58’78"83 Attempts to extract

up to three 1ifetime components (i.e., six parameters) have been made

by reiterative convolution techniques, with variable success.”’m‘84

The trial function G'(t) and the observed decay function, G({t}
are compared by a least squares method. The weighted mean variance of the

fitted function will be given by 53,77,85
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1 ) . .y92
R L AMEIAD

§° = 0 q (2.28)
1 ) 1 .
N e 00(1)2

where the subscripts o and c refer to observed and calculated (fit)
values respectively; y(i} is the number.of counts (i.e., intensity) in

the_ith

channel (i.el, time); 00(1) is the variance of the ith channel;
v is the number of degrees of freedom left after fitting N total data

points to the n+l parameters; for a monoexponential decay law n will be
two ﬁ‘,r) while for a biexponential model n will be four (u], Tos U9 12).

~The weighted average of the individual variances in each channel will

be given by

v/

0(1)°

Whereas the true parent variance 02 is.only characteristic of the parent
distribution and is not characteristic of the fit, the experimepta]]y
estimated varianse, 52, is a measure of both the intrinsic distribution
of the data and the goodness-of-fit. A convenient measure of the
goodness-of-fit will be to compare the estimated variance S2 and the

: - 2
parent variance o,

2 2 . 52[ '
Bos s S s (2.30)
00(1) .
N

where XZ = 'El{ (? 2[yo(i) - yc(i)]z} and whee xzv is called the
i=1 ¢ _{i .
)
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reduced chi-squared. . Qi\\urﬂ/
For single photon counting, i.e., the counting of rare events,

the counting error is Poisson distributed about a mean of yo(i) in the

1th he variance, co(i)z, of this Poisson distribution is
. simply equal to the number of counts in the ith channel or interva1,53’77
namely
o ()% =y (i) (2.31)
0 o' :

The express{on for the reduced chi-squared, Equation 2. 30, then reduces to

-

! r[yo(%) -y (1)
i=1 yo(i)

}. ' (2.32)

Assuming no experimental noise or error other than the Poisson counting

error one would expect that xzv should approach unity for a good fif of

the trial function and the observed decay function. xzv >> 1 4s indicativeﬁgxrﬁ
of a poor fit, that is the trial decay function I'(t) used to calculate

G'(t) via the convolution iétegral is not a good model for the true

decay function, I{t). Knight and Selinger point this out explicitly:

“the most complex theoretical‘nmde] which can be justified by the data

is that for which SSQR [sum of squares reduced = 52] is not statistically

significantly different from SSQP [sum of squares of Poisson error =
- ——— L ]

Uo(i )2 ].na,53
While reduced chi-squared values slightiy less than one™may occur
—

with a reasonable, finite probability for a well fitted model too,
-

a Square brackets added by this author in explanation of terminology.

-~
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reduced chj-squared values much less than Qnity may be taken to indicate
usé of an overly complex model function (i.e., too many “adjustable
parameters) in the fitting procedure. A perfectly determined function
for which-no random Poisson counting noise is even allowed will give a
2 of zero”
v

It is occasionally difficult to distinguish between two different
models yielding similar values of xzv; for example both a mono- and a‘
biequﬁentia] form of the true decay law may yield comparable values of
the reduced chi-squared. The parameter xzv is not, in itself, sensitive
to small systematic deviations between the observed and fitted curves
although these systematic differences may be noticeable i; a plot of the
dev{stions themselves. For a good fit the differences between the
observed and calculated functions should be randomly dist(ibuted while
a nonrandom scatter of the residuals indicates some inadequacy in the
fitting function: Grinvald and Steinberg77 were the first to propose

the use of a more objective test for the randomness of the residuals in

fluorescence decay measurements, using the autocorrelation function of

the weighted residuals ~
1 & '
LY i .
£ 27 R(k) R(k+j) .
Cd) = ——— . (2.33)
- - 2
| LT R(K)
| k=1 -

N

1,...¢ and R{k) is the weighted residual in the kth

n

where £ = N/2 and j

channel .and is given by

R(K) =~ 1y, (k) - y (kD) | (2.34)



- 32 -
C{1) = +1 by definition, while for an infinitel} large data set C(j > 1}
would be zero. For real data ;ets C(j i 1) should be close to and
randomly scattered about zero (usually |C{j > 1)| < 0.20). A plot of
C(j) versus j will then reveal any systematic nonrandomness in the
weighted residuals. Application of the autocorrelation function to
quorescencé decay data is gaining widespread acceptance.]ﬁ’e]’sz’84
Statistical treatment of fluorescence decay data is a rapidly
expanding and evolving field with several new criteria for model and

parameter evaluation being recently proposed.69’84’86’87

2.8. Fluorescence Decay Kinetics of Multicomponent Sx;tems' .

| The appearance of two components in the fluorescence emission may
arise in several manners: (i) egcitation of two distinct ground state
species followed by f]uorescenée from their respective excited siné]et
states or (ii) excitation of a single ground state species followed,«in
the excited state, by conformational changes leading to the production
of a second, spectroscopically distinguishable species. These alter-

native Schemes are illustrated below.

Scheme 1: C

K
>
* k *
Scheme II: C, . > C
] kl . 2 '
. .
E;\\J /// k2
b ‘ [~ t
4
Figure 2.2

Muiticomponent Fluorescence Decay Schemes

~ '
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1= ke +/kﬁr,l; Ko = ke o # 1

and €, represent the excitation (absorption) steps for sgscies 1 and 2.
i

k

where K/k' = K*; C]/C2 = K; k 3

nr,2’

The kinetics of Scheme I are similar to those eﬁcountered for
intermolecular exciplex or excimer formation and emissiohaa"go with the
bimolecular rate constants in those treatments replaced by the appropr-
iate unimolecular ones and with the additional direct excitation steg//
62, for production of CZ*.

Kinetic Scheme II is essential]y that developed for intra-
molecular exciplex or excimer formation and deactivation, the kinetics
82,83,91,92

" of which have been closely examined in recent years,

For Scheme I the differential rate equations following é-pulse

excitation will be

. \ }
d[C]*] /
e k'[CZ*] - (k]+k)[C]*] (2.35)
and ‘ ¢ .
d[cz*]
gt = K[C*T - (kprk!)[C,*] (2.36)

General solutions to theszedipled differentié] equations have been

given e]sewher988'90’93 and are of the form
. —/\1t —Azt
[C]*] = A]e + B]e (2.37)
© At “Aot
[C,*] = Ase + Bye (2.38)

€

where i

| (e A L. _,2 |:/2
1.2° E'{kT + k + k‘2 + k' + [(kz + k ‘k] k) + dkk'7J?}. The




A + B = [C)*] _ (2.
and

Ay + By = 167, (2
So _

—A]t -Azt —Azt
[c;*1 = A (e - e ) + [Cl*]0 e (2
: Aot At -A,t _
[C,*] = B,(e So-e )+ AC*I e . (2

For the initial rates one may write, from Equations 2.35 and 2.36

d{C,*] ,

dl £=0 - k'[cg*]o - (k1 + k)[C]*]o (2.
d[C,*]
(__E%__)t=0 = k[c]*JO,-( k2 + k')[cz*]o' | (2.

while from Equations 2.41 and 2.42 the initial rates are

(dicﬂ) = A (A, < aq) - A[C ] (2
dt ’ig 12 1 271 Jo

drc,*] |

I I U 1S (2

By equating the initial rate expressions one gets

kK'[C,*] - (ky + k - A, )[C,*]
2 1

k[C;*]). - (k. + k' - A;}[C *]
17 "2

~

Leaving the constants as A] and 82 for compactness, the rates of

1 . .
fluorescence emission of species 1 and 2 following 6-pulse excitation

39)

.4£)

.41)

.42)

43)

24)

.45)

-46)

.47)

.48)

are
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~

iyt

- , 1 Aye 2
6D = ke g L0 = ke g Aje T+ (2] - Apde (2.49)
. -A]t -Azt
= E * -
(6] = ke ol6"] T ([6*], - Bple 1 4 8,e © . (2.50)

These expressions are applicable to Scheme II if [Cz"’]o is set
to zero, i.e., C2* is not formed by direct excitation but only via
conversion of CT*' This is equivalent to the intramolecular exciplex-

excimer kinetics. Setting [CZ*]0= 0, the intensity of species 2

subsequent to excitation is

I (1) = ke 58, (e e Ty (2.5

where ' {
BZ' = k[C]*]O/(A] - AZ-)' . ! (2.52)

o

For I] '( t) the functional form will be the same as Equation 2.49 with
. b

the constant A] replaced by X4

\‘\.-A]' = (AZ - k] - E)[G]*]O/(‘\Z - J\])- | (2.53)
P
Since AZ is greater than AI one has the familiar result
_ -A]E) Ayt : | ) |
i, (t) = Dje 1t D,e (2.54)
v-l]t Zt ) . T~
iz(t) = D3(e - e\ ) ’ ‘ (2.55) e

\ .
\ where all three preexponentials, D] ) 02 and D3 are positive and i(t) is

the rate of emissiof per initially excited molecule. These equations,

r decay (where the monomer is species 1 and excimer

or exciplex is -species 2). Whilg it is possible experimentally to ﬁ)},

obtain essentially pure monomer or exciplex emission separately this is
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not generally the case if C] and C2 are conformers of the same chemical
.species. Since the emission of the conformers is not expected to be
spectrally well separated one may observe only the total decay

=kt ‘ —J\Zt

H(8) = iy(8) + i,(e) = (0, + Dyle |+ (D, - Dde 2. (2.56)

1 jle

Fischer and cmmvor'kers]6 have argued that the positive preexponentia]
factors seen for the f1uorescence decay of the trans-1,2- d1ary1ethy]ene
- conformers are necessarily indicative of two discrete ground state

conformers prior to excitation. Although this will be true if tw%’ground

_statengonformers are initially present78’79’83 the possibility a single

r being resp0n51b1e for a two component decay

positive preexponenki s (v1a some convers1on of C,* to C * dur1ng

/
excited state 11fet1me) cannot be ent1re1y drec‘uded If the emission

spectra of 1 and 2 overlap strongly the s1gntéf the preexponential factor

not invariably be negative. Where the emission of the derived

e can be spectrally isolated, as in inter-‘ar intramolecular

excip]ex/eigimepafgrmatfon, the Fatio of preexponential factors for this
component will, of course, Be -1{= D3/-03), as has been verified by

. 82,91,92
experiment.

“be recognized; L. g

_ \
(/”‘\\/”\ A number of other special .cases of kinetic Schemes I and Il will

N .
‘ 's
(i) Fast Interconversion in the Excjted State: : -

A . . Lo X -
This behaviour i< 3bserved in 1n$er— or intramolecular photo-

physics under conditions of dynamic equilibrium in the excited state, the

so-called "high temperature" region.82’88’92 Under these conditions

k >>k1 and k' >> k2; that is, the rates of conversion are faster than

/- S
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the other deactivation rates of the singlet states C]* and C,*. With

2
k >>k1 and k' >> k2 the roots, Moo reduce to o .
A o= (kg + k)72 (2.57)
'Az =k + k'. - (2.58)
b -A,t L |
AZ will be large so the exponential term, e ,» will be negligible
94

except at extremely short times. The experimentally measurable 1ife-

time will be

. I/Ai = 2/(ky *+ k (2.59)

5)

and both components will decay with this common lifetime, i.e., the

fluorescence decay'w111 be monoexponential.
(ii) No Interconversion in the Excited State:

This implies that k and k' = 0, or at least, k <<'k1 while k' << k2.

The roots in Equations 2.37 and 2.38 are

A, = k

] and x, = k,. ‘ (2.60)

1 2 2

The lifetimes of the two decay components are

i -1
= (ke g+ k) . (2.61) |

} -1
T, (ke o k)T (2.62)

A trivial example of such behaviour is a solution of two
. . chemically distinct fluorescent species, say anthracene and phenanthrene,

which cannot interconvert. If the rate of excited state interconversion

't

of conformers of the same chemical species is significantly slower than

A
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the competing radiative and nonradiative return to the respective ground
states this behaviour will be approximately realized.
{(iii) Uni-directional Conversion in the Excited State:

Two types will be considered: C,* = C,* but C,* = C]* S0

i 2 2

k#0, k' =0 and C,* » C.* but C,*» C,*so k=0, k' #0. Ifk#0

2 1 1
while k' = 0 the solutions are

(2.64)

>
[t
1
ko
[a%]

If k is comparable to k], k2 then the fluorescence decay following 6-
pulse excitation will be biexponential whereas if k »>> k1, k2 the

observed temporal decay will be monoexponential, with
T =1/, = 1k, (2.65)
For the other case, namely k = 0, k' # 0 the roots are
A=k, | (2.66)

N

p = ky t k. . (2.67)

g
I

Again, depending on the relattve magnitudes of k' and k, the observed

2
fluorescence decay may be mono- or biexponential.

A1l of these kinetic schemes fail to account explicitly for
ekcitation and emission wavelength dependence of the fluorescence decay
function. In the most general case.the fluorescence intensity should be
written as a function of time, the excitation wavelength, Apo and the

.. . . . 11
emission or monitoring wavelength, A Birks and coworkers = have

F

N
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developed this more complete treatment for the.limited case where inter-
conversion of the emitting species in the excited state is assumed to |
be noncompetitive with the other deactivation pathways. Their
derivation, using Birk's notation, wjl] be reiterated and amplified
here.

For a non-interconverting (in S1) system of two fluorescent
components the net time—indeg?ndent, i.e., steady—state, fluorescence

spectrum produced by excitation at AA will be given by
F(AF)[AA] = f][AA]FI(AF) + fZ[AA]FZ(AF) (2.68)

where square brackets denote fixed parameters while round brackets
indicate variable ones. Fi(AF) is the time and excitation-independent
fluorescence spectrum of the iFh fluorescent component while fi[AA] is
the fraction of excited molecules of species i excited at wavelength AA' '

This would correspond to [Ci*]/z[ci*] at A, in the earlier notation.

A
Note also that for two components f][kA] + fZ[AA] = 1 by definition.
The net absorption spectrum of the mixture‘af species 1 and 2

will be
e(xy) = f:](AA)C]/EJr ez(kA)cz/E (2.69)

where the total molar concentration of the two species is

. C = c] + G, - (2.70)

One can relate the fractions of excited molecules to these absorption

properties by
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e, [A,]C '
f.[r,] = A1 (2.71)
102 CEh,IC (’
H Y
e 1]
_eplapadly
fz[AA] = _?Txgjfd' (2.72)

With excitation at Ap the experimental quantum yield of fluorescence will
be the weighted average of the true molecular quantum yields of the two
species, namely

elrad 7 fildades )+ Folaadeg o (2.73)

The temporal decay of the fiuorescence of 1, at fixed excitation wave-
length will be

-kt

- 1
Il(t)[AA] = f1[AA]kf’]e (2.74)}
with k] = kf,1 + knr,]' Multiplying by k]/k1 gives
v
ke, Kt d kgt
By definition
{ Folagd = o¢ 4 (2.76)
and F
I L(O0RI0F) = (6D J (2.77)
F .

where the summations (or, more correctly, integrations) are taken over
all the emission wavelengths. Taking pne AF 1n_EDgrabove summations
one gets &

Kyt
1D p] = FDIF ke (2.78)
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An analogous expression may be derived for Iz(t)[AA,AF], and the net

<

fluorescence decay following &-pulse excitation at AA with the emission

monitored at AF will be
. —
HE)Dprpd = LD gaa el + L(8) Dxpor]

-k

.It -k, t
= £, 0F [ Dkpe

+ fz[AA]Fz[AF]EZe' 27 (2.79)

© If the deconvoluted experimental data is fit to a biexponential decay

law of the form

't/I] ‘t/Tq
I(t)[xA,AF] = ae + ge © (2.80)

the Equations 2.79 and 2.80 can be equated so

TG 1/k]; T, = ]/k2 (2.81)

and .
D adR Dedky
Y[AA’AF] = {a/B}[AA,AF] = fZIXA]?Z[AFJkZ - (2-82)

In principle one can then calculate the relative fractions of the two
species in the excited state, f1[AA]/f2[AA], if'the.re1at1ve fluorescence
intensities, F][kF] and FZ[AF], can be evaluated at some Ap-
It will be moted that the groﬁnd state equilibrium kinetics do
’_J not enter into any of these transient excitation kinetic schemes. Since
the electronic changes associated with the absorption process occur
very quickly, in about ~ ]0']5 s, the initial excited state populations
of the two species should refiect the ground state population. For the

transient kinetic schemes only those processes subsequent to the é-pulse

excitation appear explicitly in the rate equations.
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2.9 Polycrystalline Matrices and the Shpol'skii Effect

In fluid solution at room temperature the vibrational bands in
the fluorescence emission spectrum are found to be very brng, typically
seQeraI hﬁndred wavenumbers at half-maximum. These broad bands arise
from the wealth of specific solute-solvent interactions present in fluid
media. However, ShpoT‘skiigﬁﬂ86 noted that by judicious choice of
solute concentration and n-alkane solvent frozen po]ycrysta]]in: solutions
of aromatic hydrocarbons yield highly resolved absorption and lumines-

1 in some cases. It has

cence spectra, with bandwidfhs less than 10 cm”
been found empirically that the sharpest quasilinear spectra are obtained
\;ﬁéquhe molecular dimensions of the solute approximately match those of

. i 97
the solvent, although this "key ané/h01e rule" has been disputed.

For the majority ofﬂso]ute-so]veﬁt combinations this éxge matching
criterion does serve aé a useful éuide and in these cifﬁumstances it is
believed that a solute molecule occupies a substitutional site in the-
solvent lattice. ?Bese solute molecules may be regarded as isolated and
oriented within the crystal lattice and more closely resemble an
-+ "oriented" or "cold gas" model than does the corresponding rigid g]ass\vf,,
solution. '
Several different crystalline modifications are possible for
many of the Tatrix-forming solvents, a featufé that leads to a multiplet
structﬁre in the Shpol'skii emission and ébsorption spectra. The
separation of the multiplet compbnents»is-usually a few tens of wave-
numbers for n-alkane solvents.gg’gg.

A number of substituted benzenes have demonstrated quasilinear

fluorescence and phosphorescence spectra in cyclohexane and methyl- °

~
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\
cyclohexane matrices at low temperature although these solvents are
cyclo-, not n;:]kanes.wo_m4 Cyclohexane is definitely known to have

at least two crystal forms, a high temperature cubic form and the low

temperature monoclinic form, the proportions varying with the cooling

treatment of the sample.mo-105 While heat capacity measurements have

indicated only a single modification of methylcyclohexane at 77Km6 recent

Raman evidence has been presented that suggests the possibility of two
crystalline forms of this solvent at low temperature.]o7

Resolved Shpol'skii spectra in alkane solvents have general1y

been found only for p]anar argmatic hydrocarbon sclutes, the appearance
Or non-appearanc of quasilines being interpreted as indication of the’
planarity or nonp arity of the squte.29 However, a number of

éxceptions are known; the slightly nonplanar helicene, 1,2-benzotetra-

phene does yieLq a quasilinear fluorescence spectrum although its

108

higher helicene analogs do not. Biphenyl, which is certainly nonplanar

in fluid Rlutions>>109:110

11

also gives a highly resolved luminescence in
alkane matrices. The Shpol'skii effect has recently been emb]oyed
to distinguish the planar and nonplanar single bond rotational conformers

of the tr‘ans—l,2—d1‘arylethy]enes.14

~
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2.10 Oxygen Quenching:of Fluorescence

In aerated room temperature hydrocarbon solutions molecular
oxygen is soluble to the extent of about 10'3M.112 In addition to
the first order deactivation processes for an excited state, A*,
outlined in Section 2.4 , one has the bimo]ecular‘quenching step in

oxygenated solutions,
A* + 02 + A(ground state} + Oz(excited). (2.83)

Fo® the excited singlet states of aromatic molecules the actual mechan-
ism of oxygen quenching is thought to entail an exchange interaction

leading to the aromatic triplet, which is subsequently quenched by a E:

second molecule of oxygen”3’”4
1 3.- 3 3.- :
A* + 02( zg) + TA*. + 02( zg) (2.84) .
3 3.- 1 1 1.+
A* + 02( zg) + A+ 02( og or zg). (2.85)

The total rate of depletion of the excited singlet state in
the presence of molecular oxygen will then be given by
kQ = ke * kisc tkot kQ[02] ' (2.86a)_’

= ke + knr + kQ[OZJ. . {2.86b)
Molecular oxygen is an efficient quencher in fluid solution, the
bimolecular quenching rate constant, kQ’ being approximately the
diffusion-controlled rate ~ 1010 M'1-s'1.94’]]5

One may write &xpressions for the fluorescence lifetime and

quantum yield in the presence of oxygen by recasting Equation 2.86b

e e g = = ¢
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_ above: o .
101 3 " - (2.87)
1 Tt k0[02] '
and
) _
0=+ + 20,1 (2.88)
b;  of °f 3
or
°f
-1 er[oi}\ (2.89)
¢
f

the last form being the familiar Stern-Vo]qgr equation.

Usually molecular oxygen is rigorously excluded in quorescence‘
measurements to ensure high signal intensity and to determine thé true
unimolecular fluorescence lifetime. Deliberate introduction of Oé can
be uséd-to advantage however. If more than one fluorescent species
is present the total deactivation rates of the two species in-the
presence of oxygen wi]]-not,‘;h genera],.be equa]iﬂthe intrjnsical]y
longer lived species being quenched more strongly. \ﬁriting individual
expressions for the fluorescence lifetime of each species as a function

of oxygen concentration one may show that the relative rates of

-~
depression of the fluorescence lifetimes with oxygen concentration are

given by :
\ : |
a-2:1) - *
1 - -2
| d[0, = kgt (1 kg 0D (2.90)
tand
4(-2:2)
2 . -2
ai6,7 = “fo.2%2l! * Kg2tel%d) (2.91)
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where subscripts 1 and 2 refer to the short and long lived species a
respectively. . : °

If kQ’] and kQ,Z are taken to gb;equa] (=kQ, the diffusion- .
controlled rate constant) and the gquencher concentration is low one has
that the differential quenching of the two species will be proportional
to the ratio of their unquenched lifetimes. Accbrdingly a species witﬁ
a fluorescence lifetime of IOd\ds will be quenched 10-fold more strong]}\
than a fluorophore of 10 ns lifetime. Expressions analogous to
Equations 2.90 and 2.91 may be deriigd/for>the fluorescence quantum
yiijﬁs of the two species. ’

If only a single fluorescence species is present in fluid *\\
3 Iutionloxygenation or aeration of the sample should leave the spectral $‘<::
distribution of the steady-state fluorescence emission unaffected but
lead to a diminution in total fluorescence intensity. Oxygenation of a
so]utioziz::taining two or more fluorophores of different 1ifetimes and
witﬁ non>tdentical fluorescence emission spectra will lead to selective

/ quenching of the longer-lived components, with concomitant changes in

the spectral distribution of the emission.r In this manner oxygen
quenching experiments serve as a useful diagnostic tool to discern the

4
presence or absence of multiple components in the fluorescence emission .

in fluid medial }16

"
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CHAPTER THREE
EXPERIMENTAL

3.1 Solutes
2,2'-b1naphthy]-h]4 was obtained fromd{?mes Higxg; Co. (Newport
News, Va.) as a zone refined material (purity i éxcess of5§9.5%).- As
“an alternative source 2,2'-binaphthy1_was als urchased from K & K
Laboratories. ],1'-binaphthy1—th\was obfai ) from J&mes Hinton Co.
@ and K & K whil&he 1,2'-binaphthyl, of unspe:if%ed purity, was "
purchased from API Referdhce Materials (Carnegie Mellon University).
The 1- and 2- phenylnaphthalenes were obtained from'both James Hinton
‘and K & K.
2,2‘-b1‘naphthj.f]—d]q was kindly prepared by Mf. Georaé Timmins
and Dr. N.H. Werstiuk by acid catalyzed H—dls exchange under the following
\\\\\\\\y// _ﬁcondiﬁfdns. 2,2'-binaphthyl (29.5 mg) and 2% w/vdgEI/DZO {5 ml} were
plzfé&r?w a thick-walled glass tube. The so]utjoﬁlﬁhs degassed by three
f- ezerump-thaw cycles and sealed under vaéuum.;,fhe tube was placed in
‘a steel high pressure bomb (Parr) containing watér to equalize the
internal tuE?’ﬁtgssure and the reactor was maintained at ~ 2800C for
50 hours. Th_ product was recovered by filtration ang)washed with

\.-‘
w&EE?u The yield was 29.1 mg (98.6%). Gas chromatographic product

\\“““r\\\\\:F analysis indicated that the starting materia1 had rearranged signifi-
Cam_ - 117

cantly to the other binaphthyl isomers: 1,1'-binaphthyl -~ 2.2%; 1,2'-

binaphthyl - 19.4%;'2,2'-binaphthyl - 78.4%. The 2}2'-binaphthy1-d]4

- 47 -
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was separated by reverse-phase high pressure liquid chromatography
(HPLC) and the extent of deuterium incofporation was_estimated by low
energy (10 eV) electron impact mass spéctrometry to be > 98%.
2,5-diphenyloxazole (PP0) (Amersham Searle Scintillation Grade)
for the relative quantum yield measurements was purified by multiple *

recrystallizations from 95% ethanol followed by preparative reverse

- 1

pha\e HPLC.

The niQ0§écond Iifefime standards anthracene, naphthalene, 1,2- .
bedzanthracene, pyrene and 2,5-diphenyloxazole were derived from
commercial méteria]s‘ﬁurified by reverse phase HPLC.

The fode] compound, 1,2,7,8-dibenzofluorene (13-H-dibenzola,i]
fluorene) was prepared by dehydration and cyclization of di-(1-naphthyl}
carginol (di-(1-naphthytmethanol) by the metﬁéd of Tschitschiﬂabin and
Magidson.118 The di-(1-naphthyl)carbinol was przalared by a Grignard -
reaction as described by Schmidlin and Massini |2 and outlined below.

50 g (0.24 moles) of I-bromonaphthalene in ~ 150 ml of dry
ether was added dropwise over 1.5 h to 7.5 g {0.31 moles) of Mg turnings
in about 50 ml of dry ether. The Mg surface was E}eaned and the reaction
started by the addition of ~ 0.5 ml of 1,2-dibrunbethane. The mixture
was refluxed gently with vigorous stirring for 0.5 h after the addition
of the ]—bromonaphtha]ene solution was complete. 7.5 g (0.10 moies)
of “ethy] formate, ffactipna11y distilled p?%or to use, was diluted to 50
ml with dry ether%nd'the resultiﬁgmsplution was added dropwise to
the Grignafd reagent without heating.

After the addition {~ 40 min) the mixture was stirred without

heating for a further 0.5 h then the addition complex was decomposed by

ey
e
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tﬁe slow addition of ice-cold 5% H2504 solution. The carbinol was
.extracted with benzene and then recrystal¥ized once from benzene,
yielding 19.9 g (.070 moles, 70% yield) of rather crude di-(1-naphthyl)
carbinol, m.p. 120-134°¢C. ‘
A small amount of the carbinol was then treated with twice its

mass of anhydrous H3PO4]20 in the manner described by Tschitschibabin and

]]% After extraction of the inorganic salts with boiling H20

\ﬁag1dson
the organic materia] was extracted with benzene and recrystalliized from
that solvent. The ne1t1ng point of the recrystallized materiail wag

found to be 234- 236 C, uhcorrected (literature, 236 C).”9

This
recrystallized 1,2,7,8-dibenzof luorene was further purified by preﬁhrative
revergé phase HPLC and its identity confirmed by several techniques.

The UV absbrptiqn‘spectrum was in agreement with that shown by Bergmann

et a1j2] Low‘eéérgy electron impact mass spectrometry and elemental
analysis (Guelph Chémical Laboratories; required fo? C21H]4 C = 94.70%,

H = 5.30%; found C = 94.7 + .3%, H .3%) confirmed this identifi-

cation. //j
&

3.2 Solvents -

The solvents used were: _

- cyclohexane (Caledon Lahoratories, ACS Spéctﬁograde) was . M-
either-used as received or passed through a Woelm alumina

column; .

- methy]éyc]ohexane (Matheso an and Bell, Spectro-

quality) was used without ‘pruification;

- 3-methylpentane {Phillips pun Grade, 99 mol %), was shaken
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four\Pimes with BOH 13X molecular sieve then fractioiilly .
SL . {
distillaé;
e
j - {Ebpentane (2—m9thy1butane3 was obtained from a number of

—— sources:- Phillips Pure Grade and Anachemia Practical Grade ’ i
. were shaken with Linde 10X or BDH 13X molecular sieves then

distilled and Matheson, Coleman and Bell (Spectroquality)

which was used as received;
- ethanol, absolute {Consolidated Alcohols) was further dried
by addition of magnesium and few drops of 1,2-dibromoethane
(initiator) to produce the magnesium ethoxide, followed by
additioa of the bulk of the absolute ethanol, giving a §

'qiﬁ¥Qﬁinous preci%jtate;of magnesium hydroxide.]22 The dry

l\- N
thanolfLQQ.QS%‘miﬁgmum) was then fractionally distilled
A

out of the reaction flask and stored over Linde 3A molecular

‘sieve; ST B N ' ;

- n-pentane, n-hexane, and n-heptane {Matheson, Coleman and {Aﬁx\
Bell, Sbéctroquality) were used as received; , \\\\L__

- n-octane (Caledon Laboratories, distilled in glass) was
used without further purification; '

- é-methy?tetrahydrofuran (Eastman Organic Chemica]s) was
fractionally distilled immediately prior to use.

A1l the preceding solvents were checked for spurjous emission at
77K and roo/ témperéture'under the conditions of the emission and dec?y Z =

experimentq with no detectable luminescence being observed.

3;i//Purig:;;;;%n of Solutes

Sifce fluorescence measurements, both in emission and decay

./\
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experimenfs, were.extremely susceptible to the presence of impurities

great care wés exercised in the purification of the solute species,\'
M Initial attempts were made using fractional vacuum sub]imazion

and zone refining but these proved incapable of producing solutes of

assured purity. Zone refining, in prinﬁip]e capable of very good

separating, proved totally inadequate for some separation (for example,

in removing the phenanthrene impurity in anthracene) in addition to

being an extremely time consuming method. Thin Tayer chromatography

(TLC) gave acceptable separation, however, a number of the aromatic

hydrocarbons appeared td become sensitized to air oxidation on the

silica and alumina TLC plates.

Consequently, high pressure l:ga;a\ﬁh(pmatogfaﬁﬁy (HPLC)(TT?’
employed for most of the analytical and preparative work. The advaﬁtages
of HPLC were manifold: excelient separétion (up fo 25,000 plates/m},
good scalability from analytical to preparative size, high reproducibility,
reasotzgje speed of separation and the simple, nearly total recovery
of the sample. Very small amounts of extremely pure solutes were
required so that analytical scale injections (» 20 ut) were feasible.

As an example, to perform an emission or decay experiment required ~ 5 ml

of a 1x10-4 M solution, corresponding to 130 ug of a binaphthyl, an

amount easily obtainable from 6-7 analytical injections (at 1 mg/ml
stocé binaphthyl x,20 ug injections). (

Reverse phase columns were of thé C-18 (octadecy1) type, with
the Merck Hibar II RP-18 (10 , particle size, 4.6 mm x 25 cm) and
Whatman Partisil 0DS-2 {10 , particle size, 4.6 mm x 25 cm) used for

the analytical and semi;preparative work. The preparative reverse phase
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 column was a Whatman Magnum-90DS-2 (10 y particle size, 9 mm x 50 cm).
The mobile phases for the reverse phase chromatography were from 0 to
20% V/V water with the balance usually being HPLC grade methanol
" (Caledon Laboratories). Occ;siona11y acetonitrile was substituted
for half of the methanol conteni,i.e., 45% CH3CN; 45% MeOH; 10% HZO,y
with similar results. |

Anafytica]land semi-preparative normal phase separations were
performed with an Altex Cyano Ultrasphere Analytical Column (5 u
particle size, 4.6 mm x 25 cm) using isopropyl alcohol: hexane (1-4%
isopropyl alcohol) mobile phases.

Principally two sets of anEi]]ary equipment were ﬁsed for the
HPLC Separations. One system consisted of an isocratic solvent pump
(Analabs Model B-94), sample injection valve (Vélcé CFSV-4-HPax) and-
fixed wave]éngth (254 nm) absorption detector (watet§ Model UV LDC).
A Beckman Isocratic Liquid Chromatograph (Model 330) with a Beckman
Analytical optical unit and detector (8.0 n2 flow cell} compri;ed the
second system. The effluent fraction of interest was collected in a
round-bottom flask with a standard taper neck, taken to dryness in

vacuum and then redissolved in the appropriate solvent. Characteriza-

. tion of the fraction was done by UV absorption spectroscopy and comparison

to reference spectra and by electron impact mass spectrometry at low
impact energies. -

Typically the commercial solutes were dissolved in acetone
to ~ 1 mg/ml, filtered through aMillipore 0.5 um PTFE filter and then

injected (10 - 20 n2) on a reverse phase analytical column. Mobile

phase composition and flow rate were varied to give the best apparent

»
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separation under isocratic conditions. Isocratic, rather than gradient
elution was used throughout.sfnce +the necessary equipmént was more
readily available and isbcratic elution ga#e acceptable resolution in a
reasonable time for the compounds of interest. Once the conditions for
separation had been elucidated on the analytical scale it was usually
a matEgr‘of injecting larger volumes {100-300 nz) onto the corresponding
preparative column under similar conditions of linear flow rate and
solvent composition. All HPLC separations were conducted at ambient
temperatures. |

q
To ensure that the collected fraction was indeed a single,

pure compound two portions were redissq]&ed, cne in acetone, the other
in hexane and injected, respectively onto reverse and normal phase
analyticé] HPLC columns. Appearance of a ¥ingle peak (excludigg solvent)
nfgoth columns was takerkas strong evidence for the presence of only
one compound. For futther confirmation crucial samples, 2,2'-binaphthy]
mostly, were also sgbmitteaﬂgor,§3E1]1ary gas chromatography. Capillary
GC analyses were dbhg'on a Varian 3700 instrument using a 20 m Onuska
SP2100 (methyl siliconé) wall-coated capillary column {~ 2000 plates/m) _
with flame ioniéation detection. Only a single peak was apparent in

the traces of the previously purified solutes.

3.4 Fluorescence Emission and Fluorescence Excitation §pectfa

| Figure—371 shows the basic apparatus used to obtain the fluore-
scence emission gnd excitation spectra. Light from a 450 w Osram xenon
lamp, powered by an Oriel O ic§ Corporation Model C-72-50 DC regulated

power supply was focussed onto the entrance slit of a Jarrell-Ash 0.25 m

Ebert monochromator fitted with a 2360 grooves/m grating blazed at 300 nm.

1
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The reciprocal linear dispersigq\q?*this gratingegég/:.GS am/mm, SO that
with the three physical slit wfdths normaliy emp]éyed, 150 um, 650 um
and ]dOO pum the spectral bandpass was, respectively, 0.25 nm, 1.07 nm
and 4765 nm. The radiation leaving this monochromator was focussed by
a Spegkrosil lens onto the sample and the emisaion was observed at 90°
T

wWith respect to the exciting 1ight by a 0,5 m scanning Ebert monochromator

4

(Jarrell-Ash, model 82-000). The dispersive element of this monochromator N
-
was a 1180 grooves/mm grating blazed at 400 nm, with a reciprocal linear
dispersion of 1.6 nm/mm in the first order. At the mongchromator exit
s1it was mounted an RCA 8575 photomultip¥ier tube in an Ortec 9201
housing. Amplification was provided by an Ortec single photon counting
system operating of f of the anode output sigf®1. This amplification
system consisted of a Model 454 Timing Filter Amplifier, Model 421
Integral Discriminator and Model 441 Ratemeter. Occasionally, for
very weak signals an Ortec Model 9301 Fast Preamp11f{er with 10X gain
was inserted between the anode output and the timing filter_amplifier
| input. The output of the ratemeter was fed to a Varian G-2000 strip
chart recorder. Fluorescence ;mission spectra were usually obtained
by exciting in the wavelength region 260 - 335 nm. Except for oxygen
quenching studies the samples were thoroughly degassed by at least six
freeze-pump-thaw cycles at a pressure of -« 10_5 torr. Samples were
temporarily sealed off under vacuum by means of Rotaflo Teflon stop-
cocks, which maintained an adequate vacuum for several weeks. For room
temperature spectroscopy two sample arrangements were used. A Hellma
QS 221 quartz fluorescence cell, 1.000 cm path length with a quartz-
glass high vacuum extension was fitted with a pear-shaped side arm
{(~ 15 m vq]ume) and Rotaflo stopcock to Egrmit deoxygenation of the

|

N

hos
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EVACUABLE FLUORESCENCE CELL

male ¥ 14/26 joint for vacuum connection

Quickfit Rotaflo TF 6/13
stopcock

7.

f—— A:Acm'j..'

teflon-glass seals
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N
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Figure 3.2
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§

" solution by multiple freeze-pump-thaw cycles (Figure 3.2). Alternatively,

sample solutions were contained in 11 mm o.d. cylindrical tubes of
Spectrosil “A" or Suprasil quartz, fftted with Rotaflo stopcocks.

For Tow temperature emission and excitation spectra the solutions
were contained in the aforementioned 11 rm quartz tJhEs and immersed
in a partially silvered Dewar (Spectrosil "A" and commercial grade
quartz) containing liquid nitrogen. Low temperature samples were also
contained in a cell of ~ 5 ml vﬁ]ume fashioned from a block of OFHC
copper 2 ¢cm x 2 cm x 2 cm fitted with three 0.75 inch diameter S1-UV
quartz windows (Esco Products, Inc.). This cell was mounted on the
tip of a liquid nitrogen insert (Air Product§ Ine;, Model LC-1-110) or on
a variable temperature cryegenic liquid transfer refrigerator (Air
Products Inc., Model LT-3-110). ’

L Concentrations were generally kept below 5 x 10-4 M to avoid
self-quenching and solubility prob]ems: Spectral bandpasses were most
frequently 1.07 and 1.65 nm on the excitation side and from .165 to
.660 nm (100 ym - 400 um)} on the emission side. The resultant emission
spectra were uncorrected for the wavelength response of the detection
system. Accurate calibration of the spectra was achieved by super-
imposing the resonance lines from a low-pressure 25 w mercury pen
lamp directly onto the emission traces. The wavelength accuracy of the
bands was estimated to be + 5 x 1072 nm at best.

Fluorescence excitation spéctra were obtained from the same (:;
solutions as used for emission measurements. The 0.5 m Jarré11-Ash
monochromator was set to the fluorescenée emission wavelength of
interest and the exciting 1light was then scanned by means of a

-~

0
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synchronous motor fitted to the 0.25 m Jarrell-Ash monochromator.
Excitation scan rates of 5.0, 12.5 or 25.0 nm/minute were available.
Typically the emission monochromator was operated at maximum (400 um)
s1it width whereas the excitation monochromator was fitted with the
minimum acceptable slit width {650 um). Wavelength calibration of the
excitation spectré\was more .involved, uéing back-catibration from the
emission monochromator. The 0.5 m Jarrell-Ash monochromator was first
calibrated with the Hg pen I;mp as mentioned earlier. The 0.25m
monochromator was then set to the most intense pedk.injthe excitation
spectrum and the O.é m monochromator was scanned through this peak

- wavelength. The wavelength setting on the 0.5 m emission monochromator
at maximum signal was noted and all bther bands in the excitation spectra
were refaerred to tﬁis wavelength. ?he cummulative error in the synchron-
ous drives appeared quite small, about 0.1 nm in 100 nm.tota1 span.

Polycrystalline matrices of the solutions used in obtaiping
ghe fluorescence emission and excitation spectra were produced by placing

L the tip of the sample tube ~ 2 cm above the liquid level in an unsilvered

‘\‘“‘*«Dewar containing liquid nitrogen. As the bottom section slowly crystal -
lized the tube was successively lowered until complete crystallization -
had been effee}ed. The sample was immersed in the liquid nitrogen,
then rapidly transferred to\fhe&yaiting optical Dewar, previously
filled with liquid nitrogen. This procedure helped to ensure slow, )

} even crystaliization of the solution without the formation of glassy

regions.

.Organic glasses, both cracked and clear at\/7 K, were produced

by quickly plunging the quartz tube containing the solution into a Dewar

.
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of liquid nitrogen. After cooling to 77 K the tube was quickly transferred
to the quartz optical Dewar.

_Hhen the copper block arrangement was employed somewhat pooref
control of the cooling rate was obtained. The solutions were first
degassed by argon bﬁbb]ing then transferred to the cell under an argon
atmosphera. After cooling the cell and pumping the vacuum shroud the
coolant f?ow was started. Normally the cooling rate was too high for
good control of the crystallization process but yielded acceptable

glassy solutions.

3.5 Absorption Spectra

Most of 'the absorption spectra wereiébtained using a Pye Unicam
SP8-100 recording UV-visible spectrophotometer with a few also recorded
on a Cary Model 14 spectrophotometer.

A1l the room temperature absorption spectra were obtained qsing
matched 1.000 cm quartz absorption cells with the reference cell
containing pure solvent.

Accurate molar absorptivities were calculated from the absorption
spectra of standard solutions in cells of known (1.000 cm) path length.
The standard.so1utions were prepared by accurate weighing of the compounds
of interest into 10 or 25 ml volumetric flasks followed by dissolution
and dilution to the mark with appropriate solvent. If necessary, seria1'
“dilutions were performed, using volumetric glassware, until the maximum

absorbance was below about 1.5.

3.6 Determination of Relative Fluorescence Quantum Yields

The relative fluorescence quantum yields of the phenylnaphthalenes
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and binaphthyls were obtained using an Aminco-Bowman Spectrofluorimeter .
Model 4-8202. The reciprocal linear dispersion of the excitation and
emission grating monochromators was 5.5 nm/mm. PPO (2,5~-diphenyl-
oxazole) in cyclohexane or 3-methylpentane was chosen as the reference
standard since therabsorption and emission spectra were quite broad and
coincide with the emission spectra of the binaphthyls and phenyl-
naphthalenes. PPO was particularly attractive as a referencé compound
since the quantum yield for fluorescence in cyclohexane has been
reported to be near unity, with o 7 1.00 according to Ber‘lman.34
Recently Abu-Zeid and coworker§E3 have reported e = 0.964 in cyc]o:
hexane at 295 K, although their measured fluorescence lifetime of 2.0 ns
is somewhat greater than most other literature values.

In defence of Berlman's value it should be noted that no compound
exhibiting a greater quantum yield than that of PPO was encountered in
the course of this investigation. Para-quaterphenyl in cyclohexane was
explored as an alternative quantum yield standard, however the Tow
solubility of this compound limited its usefulness and made purification
difficult. The fluorescence quantum yield of p-quaterphenyl with
fespect to PPO in cyclohexane was found to be about 0.9, comparing
favourable with the oe = (.89 reported by Ber]man34; this served as an
internal check on the assumption of ¢f(PPO) = 1.0 in cyclohexane.

For low temperature quantum yield measurements PPO in 3MP
was used as the reference standard. The fluorescence quantum yield of
PPO in 3MP was unavailable from literature so the quantum yield of
PPO in 3MP at 295 Kwas measured relative to the same compound in

cyclohexane, also at 295 K. Equation 2.22, valid for two solutions of
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equal absorbaﬁ%@i‘gxqited under{jdentica] conditions and observeQ\iE‘

51,124 ™~

normal incidence gives ~
2
n"g IFS(A)dA
¢S/¢R = 2 .', (3'])(/0
n“p IFR(A)dA \

(‘ - - .
where n = refractive index of particular solvent at the emission wavelength

and S and R represent sample and reference respectively.

r/"_) For the case at hand it gave

|

quantum yield of PPO in 3MP al

2
+(PPO in 3MP) . Mamp 1.03°
»(PP0 in cyclohexane) n ) .
- cyclohexane

where 1.03 was the ratio of areas under the measured fluorescence curves.

Taking ngMP = 1.3765 and nD = 1.4266125 yields

cyclohexane

$(PP0 in 3MP) - Y ,
+(PP0 in cyclohexane) 0.96 + 5% (3 measurements).

)
The use of the optical dispersiotvi:u:;? sodium D Tine, 589.3 nm, was a
good approximation since the indivi n values increase only slowly
with increasing frequency. At the average emission wavelength for PPO
Paddy \

3 ' - .
in cyclohexane (370.3 nm é) the refractive igdex of cyclohexane has
,

risen to ].44434’]2§ an incneasgfbf‘anyll{é%. Dispersion ditafor
° v

t

3-methylpentane as a Functjon 3? wavelength was unavailable, but given

2

ncjc]ohexane was\]ess tha

This va]ug of ¢f =

\_/ | .
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realjty. Any error in assuming i to be 0.96 or 1.00 at 77 K will be
mucﬁ\ama11er than the inherent expevimenta? error in these low temper-
ature determinations anyway. 'Samp]e andar;ference solutions were
accurately matched to an absorbance of appraximate1y 0.5 in 1.000 cm

cells at the selected excitation wavelengths. The reference and sample

were matche ‘better in all cases. Degassing of the

folutions for y temperaturg measurements was achieved by six cycles

torr in the pear-shaped side arms of thef

-

of freeze-pumg-thaw at < 10~
taflo sealed fluorescence” cells described ear]iehr\\liis method entailed
lesy risk of change,in the®absorbance of reference and sdhp]e\than the
more: commonly used degassing technique of argon bubb]itg. A check of the
absorbanée before and after freeze-pump-thaw Begassing;xsyeatég no
significant increase in the absorbance owing to solvent loss during

"‘\/\ -"'A\’
-///J the pump cycles.

Room temperature measurements of bp Were generally conducted

)§E>emp1oyed

~ ' "
exclusively for the 77 K quantum yield measure‘énts. The) 3-methyl-

- \ - - -
pentane solutions were likewise accurately matc

in cyclohexane, with a few also measured in 3MP, the ‘ﬁ

at/aboit 0.5 absorbance
units in 1.000 cm ;e11s at room temperature. Solutions for low temper-

ature measurements were not degassed prior to use. The usual procedure

for relative guantum yield measurements at T{;K was to place thgﬂPPD in
3-methylpentane standard in a thin-walled cylindrical quartz tube of

~ 6 mm 0.d. on the upper section and ~ 1 mm 0.d. on the Tower br viewing Lo
section. The fube was then plunged into liquid nitrogen contained in

one of the partially- s1lvereﬂ’huartz optical Dewars provided with the

4k
Am1nc0 Bowman 1n5trumeng¢“4%iblow1ng a wait of aboﬁl one mlnute for thermal -

» \\\‘\=

I/‘

-
. s v i T
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equilibration the total emission spectrum was rapidly scanned. After

discarding the standard solution, acetone washing, and vacuum drying

_the tube was rinsed 4 - 5 times with the sample solution and returned

to the Dewar for recording of the total sample emission. Since the

geometry of the sample tube within the Dewar was not precisely reprod-

ucible a compromise procedure involved rotation of the sample tube and
Dewar until maximum signal amplitude was obtained for both sample and
reference. To reduce the fluctuations from this source four sépaﬁate
readings of sample and standard were conducted at each excitation
wavelength.

As outlined in the operating manual for the Aminco-Bowman
Spectrofluorimeter the emission monochromator was librated with a
mercury pen lamp, followed by back-calibration of the excitation mono-
chromator., The accuracy of this calibration was no bqﬁter than the
gﬁé}abi1ity of the monochgpmators, ~ T nm. Minimumrbgndpass, 2.8 nm,
was used on the excitation monochromator to reduce fhe effect of the

finite bandwidth of the exciting Tight on the observed. fluorescence
127,a

quaptum yields. The fﬁuorescence was observed at right angles:

‘with the narrowegtlpractical emjssion bandpass, usually 2.8 or 5.5 nm.

Some comparative experiments were done with the unused cuvette faces

masked with matte bIaCk_painf to reduce internal reflections as

recommended by H91hiush}28 Résults of-these trials were not signifi-

cantly different from those obtdined with upbl

-—

F
a earlier relationship, Equation 3.1 (¢ = (¢,.) =S was derived
. _ fs,frFR
n the assumption of monochromatic exciting light. for finite band-

width this is not stricti%/}rue but is closely appraximated at small

bandwidths. NS Ny

o .
ened cuvettes. For. -

el
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2,2'-binaphthyl excitation wavelengths from 330 - 260 nm at 10 nm
increments were used while for the other binaphthyls and the phenyl-
naphthalenes two or more excitation wavelengths from 330 - 280 nm weré\\-fl
employed. _

The photomultiplier signal of the Aminco-Bowman spectrofluori-
meter was amplified by the interpal electrometer and output as-a
voitage SE&’aI to the y-axis of a Hewlett-Packard 7470A X-Y recgrder,
while the x-axis input was furnished as a voltage signal from the wave-
length drive of the spectrofluorimeter. Each pair of measurements,
reference and sample, was repeated three times for the room temperature
experiments and four ;j%es for those at 77 K. The resulting curves were
photoreduced and the relative areas under the emission curves evaluated
by the cut- anduwe1ph technique or by computerized integration of the
areas under the curves using an Apple 6?)m1n1 -computer and Apple Graphics
Tablet to digitize the spectra. Each 7?ea measurement wak done in

triplicate.

)

%
3.7 Measurementiof Singlet Lifetimes :

A more compleﬁe description of the principles underlying the
time-correlated single photbn’counting method for the determination of
fluorescence 1ifetimes has Zeendg;xeq in Section 2. 7 The instrument

_used in this work, 111ustra ed in block foqw in F1gures 3 ;éid 3.4 was\\\_’

Q0

des1gned bUi]:‘2:f~ESS$EdL1n co]laborat1on with Drs. R. i Miller,
D.A. Cond1rsto d A.J. Yarwood. Some modifications, hytably the
fldsh]amp des1gn, em1ss1on monochroma tor and per1phera1 comput1ng were

.o
A

1ntroduced by the preghnt authbr : Details of the 1atest 1amp des1gn

age shown in Figure'3,5. The electrodes, of %“ thori{atec tungsten

* : (L

Y

[ 4
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Delrin compression washer

' \x@‘/ 1/8id. Viton o-ring
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1/8'\d. brass

,for HV connéctions

'.\1gure 3. 5

!

to Pyrex V-2
& 37 vacuum fittings

1/8ia. tungsten electrodes

— modified 3/8 Delmar

» ' stopcock bodies

U

leeve Scate 1:1

Low Pressure Flash Bamp Design,
' »

» T
‘ \

1/4" Swagelok hex nut ( Teflon)

electrode alignment coilar
Teflon - threaded 7/16- 24
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-l
welding rod were accurately ground to conical points of aq® half-angle
and the gap between the electrodes adjﬁ?ted by sliding \the electrodes
in or out of the o-ring sealed Teflon s]eeves. The electrode spacing
was varied from 1 - 3 mm with the larger spacing giving rise to greater
intensif}‘per flash and greater electrode longevity but at the exﬁense
of reduced arc stability, higher applied voltage and greater temporal
width of the flashlamp profile. The Teflon sleeves‘ho1d' g the
electrodes weré. in turﬁ, fitted into the modified glass bodies of
Delmar %"‘B.d. Teflen high vacgym\stopcocks.w Accurate colinearity of -
these glass sleeves and hence of the electrodes themse lves was ensured

3

at the glassblowing stage by jnserting a §“ dia. graphite rod thrbugh

" both sleeves while the Pyrex body was still somewhat plastic. ;he
: i

final performance, especially as regards physical skability of the lamp
was strongly deperdent on the precise alignment of the electrodes.

P
Small adjustments could be made by rotatij? the electrodes and Teflon

"holders about their long axes to give the best alignment visually.

1 -
The lamp was filled with 200 - 400 torr of D, or N., gas (prepurified

grade, Canadian Liquid Air),#» euterium f11}1 g1e]ded the narrower

-

/
full-width at half maximuﬁ?%{HHM) typically 1. D -0, E\hs while with
nitrogen the fWHM was ~ 4 - 7 ns. Deuterfum em1tted a\weak\Font1nuous
r .
lg the entire Uy, corresponding to the transition

repu]sive)‘.]29 The Nz_lamp gave a much more

~» -
{~ 100x) baqp spectrum character1st1c of the\Nﬁ—&nans1t4on
3, 130

rs

/u5efu1 disqrete lines were found in the region 280 - 400
nm,__Whenever possible N2 filling was used becapse of its greater

& G HY-2 ceramic-metal hydrogen thyratron. (ﬁlthough

exc1£¥tc§ij1ntens1ty and narrow excitation bands. The lamp-was_gated
with an %QR

s T

N

v’_i “\\\h ’Sxi . : \\\g_,//)
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nominally rated to 8 kV hold-off EEFEﬂtia] the fhyratron was occasionally
operatéﬁ without difficulty at 10 kV. The voltage applied to thé Tamp
‘was in the range 4.5 - 10 kV with the lower values giving improved arc
stability with some sacrifice of intensity. The flash repetition rate
was the maximum obtainable with the particular home-bui]t trigger
generator circuit, 19.5 - 20.0 kHz.

Excitation light from the flash lamp was focussed onto the

entrance slit of a Jarrell-Ash'D.25 m Ebert monochromator fitted with

1000 um slits—{t.65 nm bandpass). The focussing system for the mono-

chromated exciting Tght and fluorescence emission*and the sample holder

and comparsment ere those from a sevére]y modified TRW Model 31A Decay”
Iime Fluorometer optical system. The optical train, including this
modified TRW cbmponent is shown in Figure 3.4. The light intensity
impinging on the sample c0q1d be contro]]ed.by an adjustable iris
mounted before the sample holder or by the use.of neutral density fi]ter;
(Oriel, quartz substrate fi]ters). Saple emissifxu*mé m0n1toreé ai 90°
with respect to the exciting light and could be monochromated or discrim-
inated in several manners. ‘[n most early exbeniments Corning g]a;s
colour filters, either cut-off or bandpass types, were used. These
pogsessed the advantage of high light throughput but with little
selectivity and some_problems with filter flugprescence. Colour filters

were subsequent]y \Tac d by interference filters (Baird-Atomic Inc.,
D )

366 nm, 404. 7/nm—and 410 nm peak wavelengths) giving better scatteredqf\‘u
light reject#ﬁg-gaf‘izggor, fixed range in possible emission wave]engxﬁg.

W / -~
Schott KV seA1es cut-off filters proved superior to the corrésponding

o
Corning cut €¥\f}416;;‘general1y ﬁost exhibited low inherent




e

z

-'70 -

fluorescence and an extremely-sharp transmission cutfoff. The rejection
of scattered exciting light was very good but, of/course, only the entire
,,eaﬁssion profile or a large part of it could be Selected for observation.
To increase théﬁéﬁﬁssion wavelength selectivityh$% the expense of total
f]uorescence signal a Jobinijvon H-10 monochromator was inserted in the

emission optical path, after the condensing lenses and immediately

4

before\fhe high gain photomultiplier (Fig. 3.4).7 The dispersive
elemept a c0ncave'hqjogfaphic grating with 1200 grooves/mp, blazed
at 250 and with a reciprocal linear dispersion of 8.nm/mm, giving
4, 8 and 16 nm bandpasses with the supplied 0.5, 1.0 and 2.0 mm slits.
N After passage through filter or monochromator the luminescence
was detected by an Amperex 56 DUV§}53 high gain single photon counting
photomultiplier tube incorporated in a Photochemical Research Associates
Inc. Model 520 pousing. fitted with a Compur camera shutter and adjust-
able diaphragm. This safety shutter was confro]]ed'by a cable release
fitted to the 1id of the light-tight box containing the optical compon-
ents. Opening this 1id automatically engaged the safety shutter thereby
protectinb the highly sensitive photocathode from large ambient light
levels. Even wiE;ﬂ;o applied voltage, exposure of the PHT to room
lighting Fesu]ted in excessive darﬁhcounts\for ~ 48 h. At the operating

\ T ——

N - _ﬂ I
\ voltage of -1990 V this 56 DUVP/03 exhibited 20 - 40 Hz background

\ counts at ambient temperature. The PRA 520 PMT housing was custom

"= tuned for this particular PMT at the factory with some slight adjustments

\‘\iater made to the variable resistors in the'inter-dynOQE—éﬁd grid-anode
s :

hain.
, A

+

p

‘ - 3
;‘. Anode pulses from the photomultiplier paﬁ%ed {o an Ortéé—ﬂpqe] /

RO

A\\/
N\
|
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8301 Fast Preamplifier, giving—0x gain on the original pulse. This
. ;
furnished the input signal to an Ortec Model 454 Timing Filter Amplifier.
The function of this module was one of further amplification, pulse-
' £
Shaping and filtering. Gain could be adjusted contianus]y in the range
2x to 20Q x. Shaping was contrﬁ)ﬂed by independently varying the RC-
differentiate time constant at an RC-integrate time consté;t of less
than 2 ns. Thgse settings were determined empirically as those

yielding the smoothest, narrowest pulse.shape when viewed on a fast

oscilloscope. These aﬁp]ified and shaped timing pulses were fed to an

~ Ortec Model 473 Constant Fraction Discriminator operating in the

“constant fraction" mode. Details of the operation of this module may

131,132

be found in _the proprietary literature but the s§]ient feature was

that all iﬁcbming voltage pulses above a—setectable threshold value
would generate a negative-going logic current pulse which did not vary
with input pulse amplitude. These output logic pulses were iééaf‘for
timing purposes, being of.fixed size and very fast rise time (< 2.5 ns)
and provided the STORe pulses to the Ortec Model 457 Biased Time-to-
Amplitude Converter (TAC). START pulses to the TAC were u]timétely
derived from an RC; 1P28 photomulfiplier tube which viewed the flash
lamp via a 3 ft long fiber optic cable. This START photofiultiplien

was isolated in itguakn 1ight-tight container and received HV power from
the TRW power supply that also supplied the ﬁﬂash{amp hiéﬁ voltage.
START pulses frpm this W28 PMT furnished the irput to an Ortec Model
436 100 MHz Discriminator. Low level glectronic noise was removed by
this discriminator, which generated fast (1.4 ns) negﬁtiﬁe logic pulses
Egingle for timingqpp{ications, in this case as the timing signal to

/ = “

” ' , .
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the START input chqnne] of the TAC. 1In the majority bf experimenﬁs s0-
calied delay cables were used on both the START and STOP signal path-
wWays. Thesé delays were usually introduced between the 9301 Preampliifier
and 454 Timing Filter Aﬁplifier;ﬁt the SJOP. circuit and betweenqghe
RCA 1P28 output and 436 100 MHz Discriminator on the START side.

Physically these delays consisted simply of appropriate lengths of RG58

C/u co:;;Tal\:i:ie, for which the velocity of propagation = 0.659 x
veloc??y of 1ight, corresponding to 5.05 ns/m.in this cable.r This
é?lay box was kindly constructed by Mr. G.J.G. Hicks of the I.P.A.C.S.,
HcMaster University. Delay of the signals helped to ensure that the
detection electronjcs did not receive spurious no{se in the form of
radio-frequency radiation from the flashlamp since the STRRT and STOP
signal could be delayed unti tong after a particulaf lamp pulse and

any associated noise had died away and well before the succeeding

flash had appeared. In thjs manner the delay cables appeared to function

as high-frequency cut-off i]ters.52 Use of variable delays also
ensured that the inherent differeétia1 delays in the START ana STOP
circuits could be adjusted Ysuch that the START-STOP difference actually
fell within the usable voltige domain of the TAC. Experimentally it
was found that delays of ~ 380 ns eacH in both START and STOP circuits
gave the best performance. An excellent discussion of the use of delay
cables may be found in the review of Knight and Se]inger.53

The TAC output, & pulse of particular voltage proportiona® to the
START-STOP time difference, was fed to a Nuclear Data Inc. ND 60 Multi-

thannel Analyzer. This device contained 2048 channels of memory,

o 7 .
usually segmented into four Gggups of 512 channels each.. Nemirlly these

o
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512 chénnéls spanned a voltage fange of 0 to +8 V. Incoming pulses
from the TAC were then &llocated to the corresponding voltage or channel
address in the MCA with the many accumulated pulses forming a histogram
of pulses versus channel (intensity versus time)}. Since.the TAC time-
bases were only very roughly accurate it was necessary to calibrate the
TAC and MCA with an Ortec 462 Time Calibrator. The 462 Time Calibrator
‘ Produced timing signals with a minimum accuracy of + .01% by means of
\\precision 100 MHz crystal-controlled oscillator.
| After acquisition of adequate data, usually 10* counts at &8 -

%
maximum peak height, in the MCA the information was transferred to the
main computer system (CDC 6400 and Cyber 170} b; te]ephonq line via an
ENA Datasystems Inc. Model 112 acoustic coupler and Texas &nstrument
Silent 743 terminal. In éfz}pical exberiment three sets of data were
collected: the lamp profile, the obse;ved fluorescence decay and a .
time calibration run. The molecular decay parameters were, cbtained by
the method of reiterative convolution> 22?7 to solve the convolution

intégra] (Equation 2.26). The observed data was normally fitted to
mono- and biexponential decay laws by the computer prdgrams MRQRDT
and TWOEXP respectively, both most ggnerous]y supplied by Dr. T.L.
Nemzek, ®hen at the University of Toronto. T?ese programs were some-
what modified in the course of this work. Observed and fitted decay
furves with associated molecular parameters and statistica% measures
such as sz- percent d}fferences between observed and fittéd‘curves.
and the autocorrelation function77 of the weighted residuals were

plotted by a California Computer Corp. (Calcomp) pen and ink plotter.

Performance of the lifetime system was occasionally checked by decay

(\I

b

| ;s ' e
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Table 3.1 V4

Singlet Decay Times of Some Standard Substances

o
Solute Measured® Reporteda Reference
Lifetime (ns) Lifetime (ns)
Pyrene 441.1 + 3.4 408 133
444 88
Naphthalene 110.2 + 2.2 109 134
‘ 96 34
120 135
1,2-Benzanthracene 41.8 + 2.2 42 136
— 44.1 137
Anthracene _ 4.93 + .14 4.9 ~ 34
4.94 138
5.03 74
-—_
PPO 1.50 + .13 1.3 139
(2,5-diphenyloxazole). 1.4 34
1.6 - 140
1.36 147
1.35 142

a Solvent used was cyclohexane, degassed and at: room temperature.
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measurements on dilute solutions of compounds that are.generally
acCepted to exhibit simple, single exponential fluorescence decay
kinetics.

Agreement between the lifetimes obtained and those reported
in the literature was very good indeed, as seen in Table 3.1. For
these standard compounds the fitting of a second exponential component
to the decay led to little, if any, improvement in the goodness-of-fit
as evaluated by sz and the autocorrelation function of the weighted
residuals. By means of illustration an example of an actual decay

experiment is given below.

2,2'—Binaphthy1—d]4 Lifetime in Cyclohexane at 295 K

A solution of 2,?_'-b1'naphthy]—d]4 (8.6 x 10-5 1) in cyclohexane
was degassed in a Rotaflo sealed cylindrical Spectrosil "A" tube by
six cycles of freeze-pump-thaw at 5_10-5 forr on a mercury-free vacuum
line and then sealed off by means of the Teflon valve. The flashlamp
was fi1ied with 350 torr of prepurified N2 and the 0.25 Jarrell-Ash
excitation monochromator was fitted with 1000 um slits and set to the
intense nitrogen band at 313.6 nm. A nominal timebase of 400 ns was.
selected on the TAC, with ~ 300 ns of delay cable inserted in both
the STARI and STOP signal circuits. The lamp was operated at_5 kV and
19.5 kHz while the START and STOP PMTs were operated at -1050 V and
-1990 V respectively. The ratio of STOP/START pulses at the appropriate
discrimator outputs was adjusted to be < .05. This was crucial to
ensure that only single, not multiple photon events were being observed

by the STOP PMT and to prevent pulse pile-up in the STOP channel
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;4,55,59,138 Collection times at -

(Stop PMT, Stop Discriminator, TAC'.
these low STOP/START ratioivyﬂre nat prohibitively gng since the quantum
.yield of the solute was suff1c1ent1y high such than the near-maximum™=
detection rate of ~ 800 Hz could be obtained with the H-10 emission
monochromator fitted with 1.8 mm slits and set to pass QAQ;O nm

emis§¥on The STOP/START, rat1o was controlled by adjustment of the
diaphragm in the excitation 11ght path only, since it was known that thL
instrumental response functions of most photomultipliers, including the
56 DUVP/03 are dependent on the actual porﬁjon of photocathode idlumin-
ated. 52, 13$ For this reason the emission optics were set L0 give full
11]um1nat10n of the photocathode réther than emp10y1ng a sharply focuseed
image. After collection of ~ 10 counts in the peak c@annel the 2 2'-
binaphthyl- d14 samp]e was replaced by a cy11ndr1ca1 tuﬁB conta1n1ng an
aqueous su5pension of the diffuse, colloidal scatterer Ludox SM

(DuPopt) The lamp profile was obtained by sett1ng the emission mono-

~
chromater to the excitation wavelength, 313.6 nm and measuring the

Rayleigh scatte;ed light from the Ludox suspension. The apparent optipgl
density of this scatterer was ug?ﬁﬁert;;t (if < 2.0) since, in contrast
to the apparatus of Lewis et a152, the use of emission optics assured
essentially fixed spatial illumination of the photocathode.  Without
such optics the capture of a nearly constant. solid ﬁcaitering angle of
emission may have proved a significant consideration. In contrast to
Eastman's observation143 this batch of Ludok'was found to be non-
fluorescent when excited belou,300 nm. Furthermore, substitution of a

specular reflector (aluminum foil or front-surface mirror) for the

diffuse scatterer yielded identical results on deconvolution of the
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52,138,144

observed decay cusves. Following collection of 10* counts in

the peak channel of the Tamp profile the nominal 400 nsec timebase

was calibrated and the two experimental curves transferred to the

computer for reiteratii% convolution to extract the‘mo1eCu1ar decay

-

parameters.

Mono exponential fit: I(t) = 0.4332 exp (§%%§6)

x,? = 36.45
Bi exponential fit:  I(t) = .04789 exp'(2;t39) + .003689 exp 156333)
« 2 = 1.291 '
v

The dramatic decrease in sz and the obvious improvement in
the randomness of the residuals as evidenced by both the percent
deviation plot and the autocorrelation function plot strongly suggested
that the decay kinetics more closely resemble those of two excited

species, ‘each decaying according to a first order rate law.

P
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CHAPTER FOUR

Photophysics of the Phenylnaphthalenes

4.1 Photophysics of 1-Phenylnaphthalene

4.1.1 Fluorescence Emission and Excitation Spectroscopy

While the luminescence properties of 1-phenylnaphthalene in
solution have been sporadically examined no comprehensive treatment of
temperature and excitation or emi;ijan wavelength effects has begn

previously undertaken. The fluorescence spectrum at room temperature

and 77K and the phosphorescence spectrum at the Tatter temperature have
been reported?4']45 Additionally, quantum yields of f]uorescence34’]46

~and triplet fbrmation]anre avai]gbie at 295K, as is the quantum yield
ratio, ¢p/¢f in low temperature giass.]45 This present study will
supplement this existing information to permit calculation of many of
the photophysicﬁl parameters for the 1-phenylnaphthalene luminescence
in solution. The effect of varied temperature, exc{tation wavelenqth
and emission wavelength on the steady-state and decay spectroscopy of
1-phenylnaphthalene has been examined, with\e view to confirming the
presence or absence of conformeric species and to elucidating approx-
imate torsional geometries of the absorptive and fluorescent states.
The robm temperature fluorescence emission and excitation
spectra of 1-phenylnaphthalene in alkane solvents {shown in Figure 4.1
are broad and structureless with maxima at 342.2 nm (29 220 cm'1) and

295.9 nm (33 800 cm']) respectively, At 77K the maximum in the

- 78 -
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Table 4.1

T

Filuorescence Emission Bands of ‘IO'4 - IO'SM'

1-Phenylnaphthalene in 3MP or Isopentane Glass at 77K

Intensitya A vy _ 8y, Frequepciés (gm']) and

| SR SR T R e
hs * P

m 322.7 >3o 990 0 " 05 0-0

Vs 327.6 7 30 530 460 4,  513; 8by or 92,

w,sh 332.1 30 110 880 9375 Tbyy

m 337.8 29 600 1390 1380: 5a

s 342.6 29190 1800 11888; 1380 + 513

b,sh 359.2 27 840 3150 3273; 513 +2 x 1380

a s=strong; m=moderate; w=weak; b=broad; v=very; sh=shoulder.

b in n-pentane matrix }t 77K from refs. 38,99.
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excitation spectrum shifts to 307.0 rm (32 570 tm']) wjﬁh a ﬁoorly
resolved shoulder appearing at 314.9 nm (31 760 cm:J). . The actugl onset
of absorption as measured from the excitation spectra does not change
significantly on going to 77K. The fluorescence emission spectrum on
the otﬁgt hand becomes quite structured at 77K with a smal{ red-shift

in the onset of emission (310-nm at 295k, 315 nm at 77K) w;zh an apparent

1). The intensity

0-0 band being clearly resolved at 322.7 nm {30 990 cm-
distribution of the fluorescence changes ma;zed]y. thé maximum blue-
shifting 1310 cm™| to 327.6 nm at 77K. .

The emission spectra and lifetimes of 1-phenylnaphthalene were
independent ;f tﬁg actual alkane solvent with 3MPand isopentane vielding
nearly identical spectra and lifetimes, despite the ]a;ge viscosity
difference at 77K. (“77K (isopentane) ~ 106 poise, 77k (3MP) =

2.2x10]2 poise]48’]49).

‘
Positions of the resolved bands in the Tow temperature
fluoresence spectrum are given gin Table 2.1 While "the bandwidths at

half-maximum are large, typically 350 cmf], no solvent yielded more
siructured spectra despite attempts to obtain quasilinear spectra in
n-pentane, n-hexane and methy]éj%fohexane polycrystalline matrices at

3 bu.

77K, with solute concentrations nominally ranging from 1077 to 10°
These polycrystalline matrices in fact gave much broader spectra than
those obtained in the clear organic glasses.

These results are similar to those obtained by Hochstrasser
for the nonplanar molecule 1,1'-binaphthyl in rigid organic glasses
{Section 5.1.1).

The nonp]aﬁarity of the electronic ground state for the isolated
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1-phenylnaphthalene molecule-is amply documented by'the available

150,151 and theoretical studieslls',"]55

experimental which give an inter-
annular angle in the range 46° to 66°. The Iarge-Stékes shift between
the fluorescence emission and-excitation specifa in the fluid so]utiqn
" at 295K {Figure 4.) suggests that 1-phenglnaphthalene undergoes a,
significant geometry changé subsequent to excitation in fluid medig.
Since torsibnal reTaxation about the quasi-single interconnectina bond
should be quite facile at 295K it is probable that the emissive state
in fluid solution is more planar than the ipitia]ly formed Franck-
Condan excited state (thch should have the interplanar angle of the
ground state}. The calculations of Gustav and Eoworkers]53 support this
contention, with an interannular angie of 32° being found for the
equilibrium geqmetry of the first éxcited singlet state.

At low temperatures or high viscosities this torsiomal relax-
ation after excitation will be inhibited, so that the emissive state
geometry at 77K will more c165e1y resemble thé,éround state geohetfy.
Examination of the low temperature spectra confirms this sﬁpposition.
The large blue-shift of the f]uores;ence énvelope (1310 cm-] fdr the
maxima) on going to 77K indicates that the emissioq does arise from a
- state of Aflgher energy. Furthe%more; the electronic origin of the

fluerescence emissioh of 1-phenylnaphthalene at 77K is at 30 990 cm™',

0n19"?36 en”| to the red of the naphthalene origin at 31 716 cm-].98

- [
This points to an excited state in rigid solution with a fairly large

interannular angle, i.e., very much like naphthalene. i

The slight red-shift in the excitation onset at 77K relative

td the room temperature excitation points to the absorptive state at 77K
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heing, on the average, somewhat more planar than the ground state
configuration at room temperature. This is {n keeping with a broad and
shallow minimum for the ground state potential, whereby various torsiona}
states of So can be moderately populated at room temperature. Such a ‘
shallow minimum mayf incidentally, account for the wide range of inter-
planar angles detennin;d experimentally for 1-phenylnaphthalene.

The lack of an excitation of emission wavelength dependence of
the fluoresence spectra at 295K and 77K supports the belief that
essen;ial]y a single conformer or narrow range of conformers are ..
responsible for the fluorescence at these two temperatures. At room
temperature, where torsional relaxation in the excited state is expected
to be fast the emissive state will likely have the equilibrium excited
state geometry, name]x e.w- 32°. oOn cooling to 77K this twisting will
be inhibited, so the bulk of the emission will originafé from an S1
state with 8 ~ 46-66°. This barrier to relaxation in S, at 77K may be
partially intrinsic (i.e. intramolecular in origin} and partly determined
by the viscosfty of the solvent. The similar results in isopéntane and
3MP at low temperature might be takén to indicate that the contribution
of the former is more important; however, the viscosity of even iso-
pentane may already be sufficient]y high to impede torsional relaxation.
Kordas and El-Bayoumi's study]56 of the intramolecular fﬁisting relaxation
in the sterically cyowded molecule Fran311,1,4,4—tetrapheny1-2-methy1—

butadiene indicated that the fluorescence efiergy depended on the solvent
viscosity while the fluorescence quantum y§eld was a function of both

temperature and viscosity. The phenomenology of such solvent matrix

157-159"
effects has been discussed by{}/humber of authors. >

)
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4.1.2 Fluorescence Quantum Yield Measurements

The fluorescence quantum yields ok;l;gpé;ylnaphthalene, measured

relative to a PPO reference in cyclohexane at 295K and in J-methylpentene

‘
’

at 295K and 77K are tabulated below.

’ Table 4.2

Relative Fluorescence Quantum Yields of 1-Phenylnaphthalene

Solvent ¢ bg (1iterature)
295K 77K 295K only
| ‘ N
cyclohexane 0.36 0.36a’]4€ 0.37b‘34
3MP 0.42 0.71
4 relative to bc {quinine sulfate) = 0.55 in IN H2804h S

4

b relative to b¢ (9,10-diphenylapthracens) = 1.0 in cycldhexane.

These experimental values reprgSent thg mean of at least three runs, with
an estimated error of about 10% in the room temperature quantum yields,
rising to perhaps 20% for the trials at 77K due to the-greater

difficulty in reproducibly positioning the sample and reference. The

. of 1-phenylnaphthalene exhiffited no dependence on the excitation

wavélength at either temperature.

o

4.1.3 Fluorescence Decay Measurements

The fluorescence decay of 1-phenylnaphthalene in dilute solution
could, in all cases, be well described by simple first order kinetics,

with the intensity following a decay law of, the form

- I{t) = aexp{-t/1). (4.1)
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Reduced chi-squﬁred.values were ggneral]y less than 1.3 and showed no
significant improvement if the decay was fitted, instead, to a-bi-
exponentiai decay law. Observed fluorescence lifetimes for 1-phenyl-
naphthalene in rooA\temperature cyclohexane solution and in 3MP at a

number of temperatures are given in the accompanying table.

v Table 4.3

Fluorescence Lifetimes of 1-Phenylnaphthalene in Dilute Solution

Fitted to a Monoexgonential Decay Law®

Solvent Temperature T 1 {literature)
(ns) (ns)
cyclohexane 295K 12.67 + .05 1324 9.3
3MP 295K 14.56 + .05
195K 16.19 ¥ .05 .
' 77K 24.00 ¥ .05

a concanﬁration 7x10'4M: ‘AA = 315.9 nm, AF = 370.0 nm.

solid COZ/acetone slush, temperature measured with platinum resistance

thermometer.

In comparing the measured lifetime in cyclohexane to those in
the literature it should be noted that the agreeﬁent with Berlman's value
of 13 ns34, also determined by éinéle photon counting techniques, is
excellent whereas the determination of Lentz et a],]46 9.3 ns, appears to
be gravely in error. Their fluorescence lifetimes were calculated by
means of a Stern-Volmer scheme of oxygen quenching, Vviz

(4/6¢) - 1
T = W—_ (4-2)
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where ¢2 and ¢, are the quantum yields of fluorescence

[ .,86-

n the absence

and presence of air respectively. This approach is intfinsically less
accurate than direct, pulsed methods since the precisioh\and accuracy
of the quantum yield measurement for ¢$/¢f is Tow while Fonstancy of kQ,
the bimolecular quenching rate constant, for a series of aromatic
hydrocarbons is only approximate. The application, by Lentz, of the
empirical kQ[OZI term for naphthalene to a seriés of substituted

naphthalenes should be regarded with caution.

4.1.4 Analysis and Discussién'of fhe Photophysics of 1-Phenylnaphthalene

From the experimental values of the observed fluorescence
lifetimes and quantum yie1as the purely radiative lifetime or rate

constant may be calculated by the relationship

T = 1/¢f = 1/kf, (4.3)

Table 4.4

Radiative Lifetimes and Rate Constants for 1-Phenylnaphthalene

Solvent;Tenperature Ty T r/¢f kf =-:/ro k? = Ef/nz,a n

(ns) (s™") (s71)
cyclohexane;295k 35 2.8x10 1.ax10"7  1.4266
3IMP ;295K 35 2.8x100  1.5010"  1.3765
3IMP; 77K 34 3.0x10’ 1.ax10"  1.489
a see text.

The second last column in the preceding table shows the

radiative rate constant, k?, after correction for the effect of the
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refractive index of the medium using the equation -

o _ 2
ke = ke/n". (4.4)

94,160

This dependence has been predicted theoretically” '’ and verified

for several solutes in both hydrocarbon and ehtanolic solvents over

160-163 01mstead1§3 and otherslﬁ] have

wide temperature regions.
found k? to vary at least as n"2 and at most as n'3, their data being
consistent with either functional depgndence. The refractive index of
3-methylpentane at 77K not being dire§t1y available was calculated on the

bas{s of the formu1a164_]66

i \J |
T) - 1 _
D(Tr)]{rg('?') + 0.4) b (4.5)

where the parameter b can be evaluated from the room temperature

refractive index and density o while the density at low temperature is
available froﬁ contraction data. The values for n and p at ambient
temperature are 1.3765 and 0;6643 g/mi respective]y.125 Also,
V(77K)/V(293K) = 0.7845 + 0.0006 for 3-meth,y1pen‘cane.]67 Using these
data, n (77K) for 3MP = 1.489. ¢

' \\ Physically, kg may be interpreted as the radiative rate constant
1;‘a medium of unit refractive index, i.e., gas phase. Table 4.4
indicates that the radiative rate constant is invariant with temperature
and solvent after this correction has been applied. This effect has been
observed in many other systems.32’160_]63']68_]70
The experimental radiative lifetime of 35 ns is considerably longer than

the 5 ns lifetime calculated from'the integrated absorption specirum

using t&i:é/gtricﬂer—Bergw1 relationship
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= 2.88x10"°n S

3

-
"
- | —

“1l,e — : 4
] >AV f;du { 6)

_3 —_ =
— -3 _ v f(v)dv
where <ve _>AV = _??Téjgﬁf—'

This discrepancy may arise from the overlap of tHe S, + S

~

-

1 2
transitions in absorption, since the integration should be conducted ,”

.and S0 + S

over only that absorption transition ultimately responsible for the
fluorescence, i.e., over S0 - S] absorption band only. Inc]usjon of

higher transitions leads to erroneously large values for f%ﬂGi with a
commensurate decrease in the apparent Ty Implicit in the app]icatian

of the Strickler-Berg re]ationsh%p is the presumption that the transitien )
moments for f]uorespence and absorption arg equal. This assumption has
merit only if the nuclear configg:;tions of the two relevant states, S,
and_S1, are similar. For most systems the effect of Iérge configurational

-

differences between absorptive and emissive states.is to make

172 As mentioned in Section 4.1.1 the

ro(experimentaT) > ro(ca1cu1ated).
S0 geometry of 1-phenylnaphthalene is believed to have a twist angle of
46 - 66° between the aryl rings while the equilibrium S] geometry is
probably somewhat more planar with g ~ 32%.  This geometry change 1;
rather modest, and as indicated by the similar calculated oscillator
strengths for absorption and emission transitions in 1-pheny1naphthalene,153
the transition moments of‘thé participating states are likely not much
different. Most of the disparity between observed and calculated o

values should thus be ascribed to overlap of the two low lying absorp-

tion transitions and inclusion of some S0 + 82 absorption in the

Strickler-Berg calculations by Berlman. _
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L]
3 In Table 4.3 one may note that the experimenta]lfTuorescence
lifetime increases with decreasing temperature. From the definitions

of the observed singlet lifetime
-3 ' _
+ k) . (4.7)

and the constancy of-kf_with temperature it is apparent that knr

(= k. *+k

ic iscl’ the rate constant for nonradiative depletion of the first

*

excited singlet state, decreases with decreasing temperature. Inverting

the lifetime expression one may write
-

_\;) () =k kL | . (4(8)

The temperature dependence of the radiationless rate constant is

- 94
frequently taken to be of ‘the form

= Q ' - .
K S knrexp( w/kT) (4.9)

wherein kzr is temperature independent and the temperature dependent

-’

component is comprised.of an Arrﬁenius term with frequency factor k;r

and activation energy w. Subs‘titution gives ' /'*”‘J
. |
0
= . ! - 4,10
K(T) = ke + ko k exp( w/kT). | { )

-1 in 3MP were fitted by nonlinear least

Experimental values of k{(T) = ¢

~—

squares to a function of the form
- . 1
k(T) = A + Bexp(-C/T) . (4.11)

~

0

with A = kTc + knr

;B o= kﬁr; € = w/k. Fitted yalues of the three para-

meters were A = 2.82x107_s-], B = 6;09x107 s'1 and C = 115.7K, so that
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+ k9 = 2.82x107 57! 1
nr

ke k! = 6.09x10" 57! and w = 80.4 cm! (0.23
7

keal/mole). Since ke = 2.9 + .1x107 7' this implies that ko~ 0.
Furthermore, *since the S] - S0 energy gap >> kT, the rate of internal
conversion S] -+ S0 is usually effectively independent of temperature,

$0 that the temperature-dependent term, kér exp(-w/kT) refers exclusively

- . .. o _ .0 -
to the intersystem crossing S] - Tn‘ Summarizing, knr kisc + kic =0
7 -1

' = ' = = -T
. and knr = kisc 6.09x10° s and Wice 80.4 cm '. These values are

typical of those f0un& for-substituted naphthalenes and anthracenes in

dilute so]uticm.gd’]73

The activation energy term Wise may be physicaily
intgrpreted in the following manner. If T] or some higher triplet state
Tn lies significant]y below S] as in Figure 4.2 then the density of

states” in T] or T at the isoenergetic crossing point w111 be large and
the intersystem crossing process will be effectively independent of
temperature (Figure 4.2a). However, if Tn lies at ~ Wi above SI

{Figure 4.2b) then the rate of intersystem crossing Sy -+ Tn will be

strongiy influenced by tﬁb thermal population of low-lying vibrational

.4 ke T
S K, S ‘ n
1 1 i
Tn " W¥se T
T 1
‘\ ! N
S _t S
! w
7 (@) (b) 0
rigure 4.2

a: Temperature Independent Intersystem Crossing
b: Thermally Activated Intersystem Crossing

/
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levels in S]. Thermal activation or population of these vibrational

states S](v > 0) will then lead to crossing to the nearby triplet, Tn.
From the known'®? S0 - S] and S_ - energy gaps for 1-phenylnaphthaiene
in 3MP so]utian, 31 060 cm”! (26/;21\:%°] from the 0-0 in fluorescence in
this study) and 20 660 cm'] respectively, the separation S] - TI may be

1

calculated as 10 400 to 10 330 cm '. This large energy difference

indicates that S] - T, intersystem crossing should be temperature indep-

1
endent. The state Tn’ if it exists, should lie at about 10 400 + 80 =
10 480 cm-] above T]. Using laser absorption spectroscopy Amand and

-

Bensasson]47 have measured a triplet-triplet absorption at 20 833 cm'1 in

a cyclchexane solution of 1-pheny1naphtha1ené while in 3MP at 77K other

174 have found the T - T absorption of 1-phenylnaphthalene to have

1

waorkers

a 0-0 at about 20 207 c¢cm ', both of which may correspond to the T] - T8

173 Little is known about

absorption in naphthalene and %ts derivatives.
the intervening triplet 1eve1£ in naphthalene derivatives, although T2 is
known to be ~ 10 000 cm'] above T] in naphfhalene itself. Lending some
credence to an assignment of Tn as T2 in 1-phenylnaphthalene is the observ-
ation that for condensed aromatic hydrocarbons k?sc {(~ zero in this case) is
generally small if there are no intervening tripTet states between S] and
T1.]73 Failure to observe the triplet level involved in intersystem
crossing by T1 - Tn absorption is not surprising since the pertinent level:
may be strongly forbidden in radiatiY? combination with‘T], as indeed is

the case fgr the T] - T2 transition in naphthalene and like molecules.

The calculated value, K = k% +k°% ~ o, in cunjunction with
. nr isc ic
the measured fluorescence quantum yield ¢f = kf/(kf + Kisc + kic) = 0.42

in 3MP at 295K leads to a‘huantum yield of triplet formation of about 0.58

as calculated from the definition of the quantum yield of triplet formation,

-

i a
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K _
b, = 1sC (4.12)
and the relationship Pic T op *t o : |

This figure compares most favourably withthe determination
(T - T absorption) by -Amand and Bensasson who found o7 = 0.52 + 15%
for 1-phenylnaphthalene in cyclohexane at ambient temperature.147

Using the experimentally determined values for kic and kf and

the temperature dependence of the rate constant for intersystem crossing
ki o (T) = 6.09x10" exp(-80.4/KT) (4.13)

, . . . . 145 . .

in conjunction with Gallivan's data fot the phosphorescence 1ifetime,
D = 1.2s and the quantum yield ratio ¢p/¢f = 0.11 at 77K in 3MP one
may solve for many of the photophysical parameters, as shown on the

accompanying Jablonski diagram for 1-phenylnaphthalene in 3MP glass.

7.
1 k =1.3K1OS1

3x0s T
S Weeoed T | ’
) I AE=1000cm’  iK- fost -
! T 1 '
' i
§ nE 1 T1
! [}
A{:'_S=S30990crﬁ1 E
- 1 g
01 H k=2,9x107§1 :
i ) ! k=28
k-O : -1: p ‘
| k 633! AE =20660 e
' isc | &1
: i 0N
S —1 :
0
Figure 4.3

Jablonski Diagram for Photophysics of 1-Phenylnaphthalene in 3MP at 77K
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The photophysics of 1-phenylnaphthalene is, on the whole, quite
straightforward, despite the apparent change in the nature of the
emitting state at low temperature. Under all circumstances the fluores-
gence decay was a simple monoexponential and the radiative lifetime of
the unre]axed,JFranck-Condon excited state seen at 77K is essentially
identical to tﬁét of* the équi1ibrium excited state present in the

more fluidﬁmedia.

4.2 Photophysics of 2-Phenylnaphthalene

4.2.1 Fluorescence Emission and Excitation Spectroscopy

4.2.1a. Fluorescence in Fluid and Glassy Media

The fluorescence emission of 2-phenylnaphthalene in 3MP glass
at 77K has been the subject of intensive study by Wharton, Nauman,
Hughes and Ho]]oway,25‘26’27 so the results of this present study
will be presented in light of their previous work. The aforementiongd
group concluded that, while the preferred ground state geometry of
2-phenylnaphthalene was twisted with 8 © 30°, there existed, even at 77K,
a small but experimentally accessiﬁle fraction bf mo]ecuies having a
nearly coplanar, & ~ a°, geomefry. Excitation at the long wavelength
edge, ca. 330 nm, was believed to selectively excite primarily these
coplanar conformers, leading to a more structured and slightly red-
shifted emission than that obtained at Ag < 320 nm. This proposed

25,26,27

scheme of Wharton et al ) may be represented qualitatively in

Figure 4.4.



4,

+30

Figure 4.4

Qualitative Potential Energy Scheme for Two Lowest Singlet States of

2-Phenylnaphthalene after Hol

loway, Nauman, Hhartonzs’27

Energetic excitation at A would produce a wide distribution

of conformers with a variety of interannular angles whereas minimum

energy excitation at Ao could excite only that narrow distribution of

conformers having geometries near g
account for their observed red-shif
spectrum obtained at Ay = 330 nm.

appears to be qualitatively correct

and theoretical evidence]52’153,]75

= 0°. This, they believed would
ted and structured fluorescence

The ground state curve in Figure 4.4
26,151

in view of the experimental

pointing to an S0 geometry of 6 =

[a}

20 - 340, whereas little is known about the S1 potential energy curve.

In glasses of 3MP. and isopentane Nauman's group found the

lowest energy absorption band of 2-phenylnaphthalene to lie at 322.5

nm (31-010 cm—]) aftd the first emission band at 342.0 nm (29 240 cm'])

a Stokes Shift of about 1770 cm_l.
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The results of this present stuﬁy are at variance with those
of Wharton with regard to the Tow temperature emission behaviour.
Figure 4.6 shows the fluorescence spectrum of 2-phenylnaphthalene in
3MP. glass at liquid nitrogen temperatures as a function of the excitation
wavelength. While the predominant peak at all excitation wavelengths
is the 342.5 nm one, a§ found by Wharton, excitation near the absorp-
tion edge with”xA = 320 or 310 nm gives rise to a sharp, moderately
strong band at 325.5 nm (30 720 cm']) which diminishes in Hntensity as
the excitation becomes progressively more energetic. The fluorescence
spectrum of 2-phenylnaphthalene in 3MP at,amb{ent.temperatures. shown
with the 295K and 77K excitation spectra in Figure 4.5 wés found to
be independent of the excitation energy while the excitation spectra
were invariant with emission wavglength. The 77K and 295K excitation
spectra showed a distinct, strong shoulder at 322.7 nm, evidently the
0-0 in absorption as found by Wharton at 322.5 nm. Thfs evidence'
indicates that Wharton's assignment of the 0-0 in fluorescence to the
342.0 nm band is incorrect, with the band at 325.5 nm being the much
more likely candidate. In conjunction with the excitation spectrum
at 77K this would mean a Stokes Shift of only 270 cm™! between the
lowest energy absorption band and the highest energy peak in the fluore-
scence.

Gai]ivan]45

3

also reported no fluorescence emission below about

- 1078

340 nm for 10~ M solutions of 2-phenylnaphthalene at 77K,
although his choice of excitation wavelengths (*A < 300 nm) may have
preciuded the observation of higher energy fluorescence bands. No

concentration effect was found in this present study over the range
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FLUORESCENCE INTENéiJY

1 " 1 " |

N 1 n 1 "
300 320 340 360 380 400
. WAVELENGTH (NM}

Figure 4.6

Fluorescence Emission Spectrum of 5x10_5M 2-Phenylnaphthalene in

3-Methylpentane at 77K as a Function.of Excitation Wavelength

420
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-3 5

to 10"°M and any aggregate or crystal fluorescence of 2-phenyl -

10

naphthaléne would be expected to lie to longer, not shorter wavelengths.

\ The near-coincidence of the long wavelength shoulder in the
excitation spectrum, at 322.7 nm, (also seen by Wharton) and the highest
énergy fluorescence band at 325.5 nm for 2—pﬁény]naphthalene in 3MP
solution at'77K is strong eviaence that this 325.5 nm feature is genuine.
Furthermore, the non-appearance of this short wavelength emission band
in the quasilinear f]ﬁbrescence spectrum in methylcyclohexane at

liquid nitrogen temperatures (Section 4.2.1b) suggests that this 325.5
nm band is not merely impurity related, the solutes for both sets of
experiments having a common origin. It should be remembered that the
2-phenylnaphthalene solute was rigorousiy purified by HPLC, a technique
unavailable at the time of Wharton's and Gallivan's studies.

The highly structgrg;LJun+ssdon reported by Nhérton25 when

rigid glassy solutions of 2-pheny1naphtha]ene were excited at 328.2 nm
could not be FEproduced in this present work, especially since with

Ay 320 nm the interference of the exciting light precluded useful
measurements at the high energy end of the emission enyelope. ‘

Wharton and coworkers have argued that at 77K the excitation of

nonplanar ground state molecules was followed by torsional relaxation
towards a more planar 51 equilibrium conformation from which emission
occurred, he:Ee accounting for the apparently large Stoke's Shift between -
emission and absorption. This picture cannot‘be entirely correct, since
the appearance of the fluorescence band at 325.5 nm indicates a mirror-

image relation to the absorption 0-0 at 322.5 - 322.7 nm. Apparently then,

the state prepared by low-energy excitation (as with A = 320, 310 nm in
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Figure \%Q ) also-emits directly, without significant geometry change,

" as shoyn.by'the small Stokes Shift. This particular feature could be
accomodated within Wharton's scheme, as excitation at Ao in Figure 4.4
i.e., excitation of, and emission from planar or near planar
conformers of 2-phenylnaphthalene. That scheme does not however account

for the complete excitation wavelength effect.

With excitation at M the'fiuorescence spectrum should be
enhanced in its blue components with respect to the spectra obtained
upon very long wavelength excitation,. such as at i,. If whifton's .

_ scheme is valid then one would expett to see an increase in the higher
energy components of the fluorescence as the excitation energy increases.
If the excited state initially prepared at excitation wavelength X
doeS relax towards the equilibrium configuration in S1 the fluorescence
should resemble that induced by direct excitation at Ao - In fact, as
seen in Figure 4.6, the high energy excitation enhanced the red, not
the blue components, in the fluorescence spectrum at 77K, relative to
the weaker bands near 325.5 nm.

Failure to observe a wavelength effect at 295K in the emission
and excitation spectra and in the 77K excitation spectrum goes not
necessarily preclude the presence of ground state con rs of 2-
phenylnaphthalene since the spectral broadening at 295K may render it
“impossible to resolve the expected small variations in spectral
dist}ibutions of the conformers. The excitation spectra may appear

: T
constant for several reasons: the broad excitation bandwidth {1.07 nm)
needed for-reasonable intensity may have been of insufficient spectral

purity to selectively excite the appropriate conformers; the emission

N
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of the conformers méy overlap so strongly at A > 340.0 nm that the
net excitation spect;a are effectively independent of the particular
monitoring wavelength; the emission region of greatesf interest, 320 nm
A= 340 nm could not be examined owing to interference %rom the
exciting Tight. The 6ther possibility is that the excitation spectra
may be tfﬁ]y independent of Ap if the emitting conformers are produced
only after excitation, solely by conversion in the excited state.

Although the emission from degassed room temperature solutions
of 2-phenylnaphthalene showed no excitation wavelength effect it was
suggested by the fluorescence deéay experiments that introduction of
a singlet quencher might produce a differential quenching of the steéa;—
state fluorescence if more than one emitting state were present.
Anticipating these fluorescence decay measurements, it was found that
the room tehperature f]udrescence decay did indeed indicate two lifetime
components, one decaying,vé}y rapidly with T 1 ns while the other
was much longer 1ived,‘12 being approximately 113 - 117 ns. The large
difference in fluorescence lifetimes suggested that differential
quenching could be of use in elucidating the identity of the components
in the steady state fluorescence emission. The effect of a strong
singlet quencher like molecular oxygen should be to differentially
quench the intensity of the two components in a ratio of about.Tz/T]. i.e.,
the longer-lived emission should be quenched ~ 100-fold more effectively
than the very short component.

The fluorescence of an air-equilibrated solution of 10" 2-phenyl-
naphthalene in 3MP was examined at various excitation wavelengths. Use

of 1 atm. of 02 produced excessive quenching - the sample became non-



- 101 -
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Figure 4.7
Fluorescence Emission Spectrum of 10—4M 2-Phenylnaphthalene
in Air-Saturated 3-Methylpentane at 295K, as a Function

of Excitation Wavelength

420
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v,
fluorescent. At wavelengths below 300 nm the air-saturated solutions

yielded spectra identical in shape to those obtained from degassed
solutions, though much reduced in intensity, while with excitation.at
310 nm and 320 nm several differences were noted in the emission of the
quenched sample. The relative intensity of the 358.6 nm peak decreased
slightly, coupling with the progressive emergence of a shoulder on the
blue edge of the ffuorescence profile at 326 + 1 nm. Represéntative
spectra of the;e oxygen-quenched solutioné are shown in Figure 4.7

These spectra show unequivocally that the species responsible
for the emission at 335.5 nm at 77k and 326 + 1 nm at 295K is the short
Tived (r] < 1 ns) component. This component 1 is likely responsible for
the lowest energy absorption at about 322.6 nm in view of the appearance
of compoﬁent 1 most pronouncedly in the steady state spectrum and the
decay profile when Ay is above 300 nm. Species 1 probably contributes
to the intensity of the 346.1 nm peak at room temperature judging by {ES
enhancement relative to the 358.6 nm Band. As seen from the pulsed and
steaQy state experiments this short—livéd component cannot be excited
to the exclusion of species 2, the longer-lived and longer wavelength
emission component, so the two species or conformers must have very
similar absorption energies or be derived from a common intermediate
following excitation. Ffurthermore, component 1 must be a very minor
component since even the 100-fold selective quenching of the long lived
species was not capable of effecting complete suppression of the species
2 fluorescence.

Introduction of air or oxygen led to no permanent photooxidation
products in sglution, since the normal, unquenched emission could be

easily regengrated by degassing the air or oxygen saturated samples.
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No changes.in the absorption spectra were noted in the air saturated
solutions, indicating no strong tendency of molecular oxygen to form

ground state charge transfer complexes with 2-phenylnaphthalene

4.2.1b. Fluorescence in Polycrystalline (Shpol'skii) Matrices

Unlike the 1-phenyl isomer 2-phenylnaphthalene was found to
yield a much sharper gquasilinear spectrum (Shpol'skii effgct) in poly-
crys@a!]iné\matricgs of methylcyclohexane or cyclohexane at 77K. The
former solvent was preferred, giving siightly better resolution with

half-widths of about 100 3150 cm™ .

This is far from the optimum
bandwidths of 1 - 10 <:m_1 obtained for many Shpol‘skii matrix-solute
combinations and may arise from the'impe;fect "fit" of the bulky
aryl grouﬁs into the lattice sites of the methylcyclohexane host._ .
Ethyfcyc]ohexane is an obvious altkrpative but does not crystallize at
low temperatures forming instead a highly viscous glass. Some of the '
breadth of the spectra11{nes may arise from low frequenc} torsional
oscillations of the two aryl groups about the interannular bond leading
to emission from a moderately broad distribution of torsiona],conférm-
ations of the molecule.

The appearance of a quasilinear fluorescence spectrum for 2-
pheny]naphtﬁp]ene (and 2,2'-binaphthyl) should be contrasted with the
observation that 1-phenylnaphthalene, 1,1;; and 1,2'-binaphthyls did

/J
not ‘show highly structured emission in any of the n-alkanes or cyclo-

3 ]0-6

alkanes in the concentration range 10° M. This is strong
evidence that 2-phenylnaphthalene {and 2,2'-binaphthyl) can assume a
planar conformation or conformations in the ground state since the

Shpol'skii effect is generally limited to planar aromatic systems.

-
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This is not without exception however; since Palewska has shown that

the slightly non-planar gromat{cvhydrocarbon 1,2-benzotetraphene (penta-
helicene} does show considerable fine structure superimposed onda

diffuse background'uu?er Shpol'skii conditions. The more sevére]y
nonp]anar'homologs; hexa- and heptahelicene did not show such structurg.
- Quasilinear emission spectra have very reEentIy been used to
distinguish the planar and nonplanar corformers of ‘the trans-1,2-

diarylethylenes 14 with the composite spectrum of the conformers

——

giving sharp quasilﬁnes/6¥hfhe planar species superimposed on the broad
band spectrum of the nonfp1anar conformers.
Untike 2,2'-binaphthyl (Sectign 5.3.1¢) the Shpol'skii fluore-
scence efgssion of 2-phenyinaphtha]ene showed no intensity variations
. #of note with changes in the excitation wavelength. This quasilinear

fluorescénce emisstep is show in Figure 4.8, with the emission
N .

wavelengths and frequﬁncies tabulated in Table 4.5._
[ No attempt at a coﬁ%rehensfvé assignment or interpretation of
these frequencies has been undertaken, however, a few poiﬁff“wi11 be ’

LY
noted. N

As expected, ;be 0-0 in fluorescence for 2-phenylnaphthalene

(29 340}em']) is at lower energy than that of naphthalene (31 716 Cm—])~98'99']76

1

The first distinct vibronic band is red shifted 290 cm ' from the origin

in 2-phenylnaphthalene with the corresponding frequencies in 2,2'-

binaphthyl-h,, and —d]4 being 260 cm'T and 240 cm-]: This is attributable

Mg

to the vibration described as the aryl-X in-plane bending mode in mono-
- — -

substituled behzene;TJY and naphthalenes. Since this mode involves a
L ————

bending of the substituent on the ring it will be sensitive to the force

b R wbebe
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Tablejz 4.5

4 r

2-Phenylnaphthalene in Polycrystalline Methylcyclohexane at 77K

\?Eansity A v Ay,
| (nm) (em™ ), (em ") _
+ 10 cm + 20 ¢cm

Vs 340.8 29 340 0

m 344.2 29 050 2990

s 347.0 28 820 520

Vs 350.0 28 570 770

W 353.0 28 330 1010

w,sh 356.2 28 070 1270

Vs " 357.8 27 950 ]39(_)

$,sh 360.0 27 780 1560

W 363.0 27 550 - 1790

m 364.2 27 450 1890

m 367.8 27 150 2150

m 370.4 27 000 2%40

m,b 376.5 26 560 2780

m,b 394.5 25 530 3990

a s=strong; m=moderate; w=weak; b=broad; v=very,; sh=shoulder.
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constant of the atoms involved and the mass of the substituent. This
would be in keeping with the progressive shift to higher wavenumber as
the substituents become successively lighter from naphthy]-d7 and

naphthyl-h7 to pﬁeny1. In the .related system of biphenyl and biphenyl-d10

178

Katon and Lippincott have identified the two low frequency modes at

302 cm'] (-do) and 297 cm'l ('dIO) in the solution phase vibrational
spectrum as belonging to this in-plane shear or bend, in agreement with
the present designation. Unassigned low frequency vibronic bends were

observed in the Shpol'skii fluorescence spectrum of bipheny1~d0 and

-d]D and 4,4'-difluorobiphenyl at, respectively, 357, 340 and 279 cm']

11

from the electronic origin. In crystalline biphenyl (in which the

-117
molecule is planar) the corresponding bending mode appears at 334 cm 1} 9

The strong vibronic band at av = 520 cmf1 in 2-phenylnaphthalene .

can be jdentified with the moderately strong ones at 540 and 510 crn-.I

in the vibronic spectrum of 2,2‘-b1’naphthy1—h]4 and -d]4 and with the

very intense band at 513 cm_] in naphthalene's vibronic spectrum,

assigned in the latter case to the 9ag or 8b39 vibrational modes.98

Both of these modes may be described as in-plane skeletal distortions
of the naphthalene moiety; no clear choice between these two possible

assignments may be made on the basis of.existing evidence.

1

The strong band at 770 en ' from the electronic origin in

2-phenylnaphthalene appears to be a companion to the bands at 800 and

1 1

750 cm ' in the perprotio- and perdeutero-2,2-binaphthyls and 768 cm
in naphthalene. In gereral terms this is best envisaged as an in-plane
skeletal distortion of the ring systems. In-plane skeletal modes of

both the naphthyl and phenyl groups are expected in this frequency
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region, with monosubstituted benzene derivatives showing a substituent-

-1.177

sensitive planar deformation in the range 620 - 830 cm Physically

this mode is rather similar to the Bag vibration (in-plane skeletal
distortion) at 768 r:m-I in naphthalene. If a fundamental, the shoulder
at 1270 cm-I in 2-phenylnaphthalene may be the interannular stretching

frequency. The counterparts for this band in the 2,2‘'-binaphthyls are

1

likely the strong ones seen at 1190 cm ' (-h and 1150 cn”! (_dla)‘

14)
The frequéncies decrease in the expected order for the increasing

masses of the substituent ring systems. If 2-phenylnapirthalene is vigﬁed
as simply a monosubstituted benzene this 1270 cm'] frequency is at the
upper end of the usual frequeﬁcy range of this X-sensitive C-X carbon-
carbon stretching frequency, 1100 - 1280 cm'],]77 and is nearly

identical with the frequency assigned to the ring-ring stretch in

biphenyl, 1273 - 1275 cm ). 112178

This apparent lack of mass effect
on substitution of a naphthyl group for the phenyl group in biphenyl
(i.e., purely in mass terms the ring-ring stretching frequency should
be Tower in 2-phenylnaphthalene than in biphenyl) may arise from a
commensurate increase in the force constant for that stretching mode
with introduction of the naphthyl substituent. Indeed, Holloway

et a127 gives the interannular force constant for 2-phenylnaphthalene

5 dyne.cmdl, 10% greater than Westheimer's value of 5.5x10°

182
for the ring-ring stretch in biphenyl.

as 6.1x10
dynes.cm_]

The two remaining strong bands in the Shpol'skii spectrum of
2-phenylnaphthalene at av = 139¢ and 1560 cm_], if fundamentals, must

be C-C stretching vibrations in the aromatic rings.

One should also attempt to reconcile the behaviour of 2-phenyl-
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naphthalene in glassy and polycrystalline solvents at 77K. The apparent

electronic origin at 29 340 crr:'1

in the fluorescence in polycrystalline
mefhy]cyclohexane at 77K does not correspond to that observed in fluid
or rigid glasses. The.glaséy solutions exhibit the blue component at
3Q/720 cm'1 seen on long wavelength excitation and the prominent 29 200
band present at all excitation eﬁergies. In room temperature 3MP

1 and

solution these are red shifted to approximately 3.06x104 cm”
2.89x104 cm'] as estimated from the oxygen quenching of the room
temperature fluorescence. This non-correspondence of the electronic
origins suggests that the geometry in either or both the ground or
first excited sing]ét states is perturbed by the polycrystalline matrix
itself. This should be compaged with the structurally similar system,
biphenyl, wherein the fluorescence origip is practically unshifted on
going from polycrystalline n-heptane at 77K (0-0 at 33 383 cm'])

to a rigid 3MP glass (0-0 at 33 340 cm-T).]B3 Biphenyl, in the g;gund
electronic state, is known to have a twisted conformation in the vapour

and solution with g = 45 + 15%2°2109-110

0 25,183

in the former case and

about 20 - 30
184,185

in the latter, while the molecule is planar in
the crystal.
Theoretical and experimental considerations indicate that the

Sy geometry of biphenyl is p]anar.11]‘]55

Although the S0 geomet[{\pf
biphenyl is nonplanar in fluid solution this species does yield a ™
quasilinear emission spectrum in n-heptane at 77K. For biphenyl in L::b
disordered media {3MP, fluid and glass) the ground and first excited

singlet state geometries must be unaffected by temperature since the

low temperature (77K) absorption and emission spectra were essentially
! .
!
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25,34 This observ-

identical to their room temperature counierparts.
ation, in conjunction with the near coincidence of the fluorescence
origin in n-heptane and 3MP, points to a similar, planar geometry
for S1 in the glassy and polycrystaliine media. This would also_imp]y
that some relaxation from the Franck-Condon excited state geometry,
i.e., 8 = 20 - 30° toward 6, = 0° is possible within the lifetime of
51, even in 3MP at 77K. Hhethgr the ground state geometry of bipheny]l
in polycrystalline n-heptane {s nearer &8 = 0° or 8 = 307 is not certain.
" The barrier for interannular rotation from g = 30° » 0% in S0 is
substantial, being estimated at about 2.5 kcal/mole {874 cm']) for the

[RIUN intermolecular packing forces of

isolated biphenyl molecule.
the lattice may overcome this barrier however, as clearly seen for
crystalline biphenyl, wherein the molecular geometry is undeniably

184,185
planar.

In the n-heptane matrix then, the biphenyl molecules
may have a planar geometry prior to excitation.
The requirement of a net planar ground state géometry sometimes
‘bproposed for observation of a Shpol'skii or quasilinear spectrpm probably
represents only a special case of a more general phenomenon. In
principle, one might expect quasilinear spectra from systems in which
the solute-ﬁatrix combination is capable of restricting the distribution
of emitting molecular conformations to a narrow range of twist angles.
In the most common cases this arises from intramolecular restriction of
the molecular geometry, typified by the inherently rigid planar aromatic
hydrdtdrbons such as fluorene, pyrene, naphthalene, etc. For these

systems the emissive state, S], will, of necessity, have a nearly

planar geometry since excitation can likely produce only small changes
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from the already planar ground state geometry. This accounts for the
relatively structured fluorescence of these hydrocarbons even in fluid
media1 A further narrowing of the conformeric distribution {and spectral
bandwidths) is made possible by g:‘éhtat1on of the solute molecule
within the ordered solvent cage of the polycrystalline environment.

The presence of these isolated and oriented solute molecules is the

baﬁis of the so-called "cold gas" model for quasilinear spectra.

The 1380 c:m'I shift in the highest energy fluorescence band

at 77K from 30 720 cm ' in glassy media to 29 340 !

in the poly-
crystalline methylcyclohexane for 2-phenylnaphthalene indicates that

the polycrystalline matrix is restricting the solute molecules to a

more nearly coplanar geometry. The lack of any excitation wave]engih
dependence of the’Shpof'skii fluorescence spectrum of 2-phenylnaphthalene
further points to the involvement of a single conformeric species under
these conditions. A resulting picture for the fluorescence of 2-
phenylnaphthalene in a polycrystalline matrix would then be excitation

of the planar ground state conformers, followed by emission from a

planar excited state configuration.

4.2.2 Fluorescence Quantum Yield Measurements

The relative fluorescence quantum yields of 2-phenylnaphthalene
with respect to PPO are shown for 295K in cyclohexane and 3MP and for
77K in 3MP only. The fluorescence quantum yield showed no dependence
on the excitation wavelength used and the values below represent means
- of the determinations at i, = 320, 300 and 280 nm. Estimated errors

are similar to those encountered for 1-phenylnaphthalene.

T
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Table 4.6

Relative Fluorescence Quantum Yields of 2-Phenylnaphthalene

Solvent ¢ b¢ (1iterature)
295K 77K 295K only
cyclohexane 0.37 O.44a’]46; 0.26b’186
3MP (.33 0.38

K

a by .
relative to ¢, (quinTae sulfate) = 0.55 in IN HZSO4.

b relative to bs (9,10-diphenylanthracene) = 1.0 in cyclohexane.

4.2.3 Fluorescence Decay Measurements

In marked contrast to 1-phenylnaphthalene, fhe fluorescence decay
of 2-phenylnaphthailene in fluid or rigid solution could not be adequately
described by a monoexponential process. Examination of the observed
decay curve and the fitted single exponential model, .Figure 4.9 ,
indicates a serious non-correspondence of the observed and calculated
traces, particularly near the maximum in the experimental curve.

At first this "spike" in the decay profile was ascribed to
Rayleigh scattered exciting light being detected optically or to spﬁﬁious
radiofréquency noise pick-up by the detection system, since this spike
appears in the temporal region expected for these interferences, i.e.,
at the time of the lamp flash. Usually this spike occurred only 1
channel or 1.3 ns after the known maximum in the temporal profile of
the flashlamp. Insertion of additional sharp-cut, broad band, or
interference filters or use of an emission monochromatorn the fluore-
scence light path left the relative contribution of this spike to the

total decay intensity largely unaltered, as did changes in the excitation
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Figure 4.9
Observed and Fitted Monoexponential Fluorescence Decay Curve for
107%M 2-Phenylnaphthalene in Cyclohexane at 295K Showing

Presence of Short-lived Component
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and emission bandpasses. This short component was unaffected by changes
in solvent.(methy]cyc]ohexane; cyclohexane, 3MP) and geometry (cylindrical
or rectangular fluorescence cells}). ngnificant]y, the lifetime standards
for this long timebase, pyrene and naphthalene gave normal (i.e., mono-
exponential) decay curves under the same cond%tions. Improved radio-
frequency shielding and ;ﬁcreased START aﬁd STOP discriminator levels in
no way diminished this spike in the 2-phenylnaphthalene decay.

In light of these precautions one is forced to conclude that.
the extremely short combonent in the 2—pheny1nabhtha1ene decay is
genuinely fluorescence occurring in conjunction with an energetica1iy
similar but much, Tonger lived major comp&gént. Under the conditions of
extremely low photon flux used in Ehe Tifetime ﬁ;;surements Baman scatter
from the solvent is entirely precluded, in addition to being spectrally
restricted to frequency differences of about 3000 cm'I from the exciting
light for hydrocarbon solvents. For examplie, excitation at 315.9 nm

could potentially produce a Raman line ca. 347 nn only.

Owing to the enormous difference between the lifetimes of the
two contributions, T 1 ns and T, > 100 ns the observed decay curve
resisted most attemplk to simul taneously extract both'decay parameters
by the method of reiterative convolution. Computationally the method
usually failed due to excessively large negative arguments (TI tao
small) in the exponent term during the search algorithms. Ver}
occasionally a change in the initial guesses for the four parameters
a, Ty, B and s permitted successful ‘deconvolution to be achieved. This
two component decay of 2-phenylnaphthalene points out the inherent limit-

ations of the data reduction method; although this problem is nearly
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fhtractab]e by reiterative convolution techniques this method is, none- .
theless superior to all current alternative approaches such as the method
of moments, Laplace or Fourier gransforms or modulating functions.59
A good estimate of the large component i could be obtained by
deconvoluting as a monoexponential decay, starting the fitting only a
few channels (5 - 10) past the maximum. By this paint, 5 - 15 ns after
the lamp flash, the intensity of the short component had becomé negligible
and the decay closely resembled that of t, above. By a jadicious choice
of experimental conditions it was possible to obtain the long decay
component almost exclusively (see Figure 4.9)}. With excitation below
300 nm the amount of species or component 1 (T] ~ 1 ns} produced was

small, with progressively larger contributions from 1 as AA was moved

from 300 to 337.1 nm.

)\ﬂz 2953 nm Aa: 315.9 nm
- .
200ns
_
time
Figure 4.10

\
Excitation Wavelength Dependence of Observed 2-Phenylnaphthalene

Fluorescence Decay in 3MP at 295K; AF = 360.0 nm in both cases
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Excitation at AA < 300 nm gave decay curves that showed little visible
evidence of the early spike seen at 310 nrm and above although the ~
‘bresence of a second component was often betrayed by the moderately
poor reduced chi squared values obtained, usually xzv =3 -6 if Ay
was 295.3 or 297.7 nm. Attempts to fit those decay curves obtained
at A > 310 nm to a single exponential function over the entire
profile gave'xzU values of 20 - 200.

The lifetimes extracted for the long component only are indicated

in the accompanying table.

Table 4.7
Fluorescence Lifetimes of the Long Lived Component of

2-Phenylnaphthalene in Dilute Solution®

Solvent Temperature T, 1 (literature)
(ns) (ns)
Cyclohexane 295K 116.8 + 1.0° 1783 47046
3P 295K 113.8 + 1.9
77K A 134.7 ¥ 1.1

a . -4 c .

Concentration ~ 10 M. Mean of 8 trials.
b . d .

Mean of 5 trials. Mean of 5 trials.

A crude estimate for the decay time of the short Tived component
was obtained in several experiments, with values ranging from 0.64 ns
to 1.44 ns, with a mean of 0.9+ .4 ns. Given the large uncertainty
it is not known if T] is solvent or temperature dependent. The relative

contributions of the two fluorophores to the fluorescence emission can
~
-
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be estimated by the quantity QTT/BTZ which is found to vary from .008
to .364, depending on the choice of excitation an:‘gﬁ$ssion wavelengths.
It should be emphasized that these numbers do not indicate directly

the ground state fractions of each species as the reTat}ve quantum
yields and absorbances of the individual species remain unknown.

The oxygen quenching of the steady state fluorescence of 2-
phenylnaphthalene (Section 4.2.1a)was incidentally confirmed by
fluorescence decay measurements on "old" samples of 2-phenylnaphthalenes.
With samples more than several weeks old it was noticed that slow air
‘leakage gkross the Teflon stopcocks ted to a small reduction in o to
~ 90 - 100-ns, while the relative contributién of the short component
to the total emission intensity increased markedly. This may SEEE&C(ibed
to the pre%erential qugnching of the quantum yields and hence intensities
in the ratio of about rz/r] or ~ 100:1. The same sample, when freshly
degassed and measured under otherwise identical-experimental conditions
showed a definite decrease in the relative contribution of the short
Tived species to the observed decay profile.

Quantitaq}ve measurements were not possible, owing to the
already short lifetime of species 1.-

The only other direct measurement of the 2-phenylnaphthalene
lifetime was by Ber‘lman,34 who arrived at a value of 114 ns in cyclo-
hexane, in good agreement with T, His fai]ure to detect the short
component in the fluorescence decay is not surprising in view of the
experimental conditions he employed: excitation at 304 nm, with no
monochromatioﬁ of the fluorescence. Indeed, in the original configuratidn

of his lifetime system, using a 02 excitation source (AA < 300 nm) and
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cotour filtering of the fluorescence this present author also failed to

detect the short component.

L

4.2.4 ‘Ealysis and Discussion of the Photophysics of 2-Phenylnaphthalene

full kinetic treatment of the photophysics such as that S
given for 1-phenyinaphthalene is not possible for the 2-phenylnaphthalene

since indivi

alues of the fluorescence qyantum yields for the
principal sfectes 1 and 2 are not available. The emission and decay
experiments lindicate that species 2 predominates, while the observed
%ack of dependence of ¢g ON the excitation wagglgngth for 2-phenyl-

naphthalene suggests the approximation of the quantum yield for species

2 by the net observed quantum yield. Table 4.8 was calculated on

this basis, Val(2) ~ b
Table 4.8

Radiative Lifetimes and Radiative anq'Nonradiative Rate Constants

for the Long Lived {omponent in 2-Phenylnaphthalene

.' _ _ o _ 2
Solvent;Temperature Ty T -r/¢f kf _}/ro kf _ﬁf/n n
(ns) (s ) (s (s™ 1)
6 6 6
Cyclohexane; 295K 316 3.2x10 1.6x10 5.4x10
3MP; 295K 345 2.9x10° 1.5x10°  5.9x10°
IMP; 77K 354 . 2;§x105 1.3x10%  4.6x10°

. e SN
The corrected radidtive rate constant, k? is seen to be approximately
independent of temperature and solvent within the limits of uncertainty
imposed by the quantuh yield measurements.

A Galue of the total quantum yield of triplet formation at 25°¢C

o

'—

'y




~smaller for the 2-phenyl isomer than for 1-p nylnaphthalene, as the
. 1 - .
nonbonded hydrogen-hydrogen steric repisionk are lowerwin the former

N
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in cyclohexane is available from the literature, with ¢T = 0.43 :_]5%.147
_ . » |
In conjunction with the net quantum yield of. fluorescence, 0.37 under
these conditions, one may calculate the total fraction of internal
conversion from
=1 - - 4,14
bic =V 95 - o | (4.14)
which on substitution gives ¢, = 0.20 +.0.12 orhkic = 1.7 + 1.0 x10° s_].

This is small, but non-zero, perhaps indicative of the competition . .
bétween radiative and nonradiative processes for the intrinsica]]y-
long\1ived component 2 in 2-phenylnaphthalene. Internal conversion
in 2-phenylnaphthalene may also have a contribution from intercbnversion
between the excited singlet states identified as 1 and 2.

The accumulated evidence of both the emission and decay
experiments strongly supports the contention of Wharton and Hughes et

25

al that 2-phenylnaphthaiene in solution may exist as two or possibly

more emissive conformers, which differ principally in their angular

‘rotation about the interannular C-C bond. The finer spectroscopic

\\
details of this presenf’work are somewha®™at vé?\pnce with those of the
N
earlier workers however.

I

o 4 Theoretical and experiméhta] evidence points to an equi]ibrium
-

ground state configuration fék 2-phen¥}ngphtha1ene wﬁécg{n the phenyl

and paphthy] rings are slightly twisted with respect to one another.

_— Ay
T o

Qfalitatively it would be expected that this twist angle, 0, should bé“v/

L bt
molecule. ’

c - :

v
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Figure 4.11
Stgric Interactions of Nonbonded Hydrogens in 1- and 2-Phenyl-

naphthalene; broken circles represent Van der Waals radii for hydrogen

This is borne bup by the experimental va]ye, 200.]5] and the

026:27:175 404 34°.7%2 1 a11 cases

theoretical ones of 23°]5°, 30
the uncertainty is large since the minimum is broad and shallow from
about to 40°. For 2-phenylnaphthalene the 5ma11 Tocal maximum 4t

8

0° is estimated to be no more than 0.7 kcal/mole (~ 230 cm_1)

ol7

above the minimum at ~ 30 so that at 295K and 77K an appreciable

fraction of molecules could have configurations approaching coplanarity.

27 indicate that even

' These calculations by Holloway et al
at 77K the fraction of 0° conformers should be 1 - 2% of those with
the 30° conformation. .At angles 30° + 90° the ground state potential
function rises much more steeply, with the 8 = 60° conformation lying

A 1600 cm™! above the & = 30° minimum. Accordingly, the number of

conformers in S0 having @ = 60° will be vanishingly small at 77K or

at 295K.

The stabilization of 2-phenylnaphthalene in a coplanar
configuration by the intermolecular forces in the methylcyclohexane

matrix is thus-entirely understandable in view of the comparatively
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small intramolecular sfabi]ization afforded for the ¢ = 30° ground state
conformation. -

Like the related biphenyls and po]ypheny1s155 2-phenylnaphthalene
is believed to have a minimum near € = 0 - 1° in the first excited
singlet state.]53’175 -

The predominance of species 2 in the fluorescence emission
and the longevity of this species suggests that this must represent
an equilibrated, relaxed excited state, i.e., conformer 2 represents
an absolute minimum on the excited singlet potential energy surface. .
Excitation of species 2 occurs with all excitation wavelengths but is
fa;oured relative ;B‘species 1 at shorter excita}ion wavelengths.

The emission of this relaxed conformer 15‘?ound iﬁ_s]ight]y lower energy
than that from the less relaxed, short lived spehies 1, wifh the band

at 354.6 nm (28 200 cm) in rigid solution and at 398.6 nm (27 890 cm'])
in fluid media evincing most clearly the contribution of species 2
emission. | ! '

The appearance of a strong species 1 component in the
fluorescence emission and decay at wavelengths above 300 nm and the
short lifetime of this fluorescence suggests that this céﬁponent arises
from excitation of near-planar ground state conformers, followed by
prompt emission from a Franck-Condon (unrelaxed) excited state.

This planar or near-planar excited state may not represent the absolute
minimuﬁ of the upper singlet state surface although a minimum has beén .

calculated near 0027’]53

; rather this may be a local minimum, with
the absolute minimum for 51 being located at some larger dihedral angle.

A semi-qualitative model accountiné for the observed emission, excitation
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and decay behaviour of 2-phenyinaphthalene in 3MP is pictured below.
' ) o

29200 ¢

o
w
O-
@
o

Figure 4.12
Proposed Singlet State Potential Energy Diagram for
| 2-Phenylnaphthalene in 3MP at 77K

The bulk.of the absorption at 32 680 cm'] correspon@s to excitation of
the ¢ ~ 30° ground state conformers directly to‘thé S] surface. The .
low energy absorption at ~ 31 000 cm"I excites only those conformers
having near]x coplanar configurations. No long wavelength absorption
by ground state conformers with jnterannular angles appreciably greater
than 30° will be expected because of the insignificant population of
such conformefs (F;Earg14.12 is drawn with the S0 potential rising
steeply for ¢ > 300).4 .

Molecules prepared at point A on the upper surface may suffer
a nquér of fates: internal conversion back to SO; intersystem crossing

to a triplet state; radiative return to the electronic ground state,
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this process perhaps giviﬁg rise fb the'fluorescence originating at
325.5 nm (30 720 cm‘1); torsional relaxatian towards the absolute
minimum, B, on this potential surface._ The extremely short fluorescence
Tifetime of these molecules points either to very efficient radiative
return to S0 or to very fast nonradiatjve depletion of thfs state. The
former proposal would require an extremely large oscillator strength
for this transition and hence a h{;;‘aaantum yield and intensity.
Since this short‘]ived emission is not Eominant this second alternative
is to be favoured. For fast conversion A + B the barrier must pe
quite low. Figure 4.12 envisages this as occurring along a purely
torsional coordinate although this need ﬁot be strictly accurate.
Pure A emission could not be obtained eJen on low eﬁergy excitation,
so a very small excess of excitation energy was evidently capable of
effecting the conversiOnkfrom A to B. This conversion implies that
rotation of the phenyl substituent about the interannular band is
rapid, even in the moderately viscous 3MP at 77K. The minimum at B
must be lower than that at A, with the emission fror_B to the ground
state occurring at slightly longer wavelength than the A + S0 emission,
The long lifetime of the molecules at B may be attributable to the
higher agﬁﬁvation barrier for B;+ A conversion and to a low transition
probability for the B - S0 radiative transition;1a possibility suggested
by Gustav's study.‘53

While this proposed potential energy scheme may not be the only

explanation of the observed emission, excitation (absorption) and decay

behaviour it does account for a number of the major features. Any

proposal calling for a single minimum for S] in the interval 0 < @ i\ifj~/f)
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-(2—phenylnaphtha1ene, like the 1-phenyl isomer will have potential
functions symmetric about 8 = 900) must be discounted, since two
components are present in fluorescence decay even at room temperature,
where torsiomal relaxation will be fast. A single S] minimum would then
give emission only from the re;;xed, equiIibriQm'configuration and so
the fluorescence decay at room tempgrature would be expected to be
monoexponential, not biexponential és seen.
The possibility thdt the ground state potential has two minima
at between 0 and 90° cannot be entirely discounted, though no strong
evidence favours this possibility over the single minimum case.
Certainly no fast equilibrium can exist between the excited

state conformations even at room tempeﬁhtgre, since this would necessitate
“the emission components decaying with a common lifetime, as seen for
the "high temperature” behaviour of excimer or exciplex kinetics.82’83

Although the upper state (SI) potenFié] function is described
as deriving from a single electronic state with two minima, this
surface may also be pictured as arising from the crossing, or rather
the avoided crossing of the potential functionsrgf two different and.
closely lying excited sing]et-stétes. Orlandi and S1‘ebrand]87 have
set forth such®a model for the upper singlet surface of trans-stilbene
as a function of the double bond twist angle, w. Their potential
energy diagram for trans-stilbene is shown in Figure 4.13, with the
1 1

A d
g an

minimum in the upper singlet surface as a function of twist angle.
i

Gustav's calculations indicate two close lying excited singﬁet states

avoided crossing of the upper states Bu leading to a double

for 2-phenylnaphthalene too.153 Recently Riley and cu:m'or'ker's]90 have
L) .

.
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described a double minimum of the excited singlet surface of 1,1'-
binaphthyl in terms of the avoided crossing of two excited singlet states
of different symmetry. These differences in describing the upper surface
would appear to be Targely a question of semantics or definition.

Photoisomerization studies on trans-stilbene indicate that only
v~ 1% of the twisted (w = 902) form is present in the excited state at 90K.18§
For 2-phenylnaphthalene in §olution the torsional barrier will be lowes,
since rotation about a quasi-single bond, not a double bond is involved.
In view of the 1% estimate for w = 90° trans-stilbene, it is not surprising
that some significant emission is seen from both the planar and twisted
forms of 2-pheny1naphthalene at 77Kk. Furthermore, as seen in Figure 4.12
or similar schemes, the majority of molecules would require only smail
anguiar disPlacements to reach either minima at A or B following excitation

into the initial Franck-Condon excited state’at g n 300, in contrast to the

90° rotation required in the trans-stilbene scheme.
v

conu\g\\\\w_’///”‘fiL . . Figure 4.13

Potential Energy Diagmam of Ground

30 5 " and Two Lowest Excited Singlet
u 9 - ,'
T States of Trans-Stilbene as ag:unction
'?E 20} of Rotation Angle, w, about D ng,__//
.
s Bond188,189
w 1
. A
10}
0 - 4 ’ 3 - !
) w 90
trans perp.



__CHAPTER F;iif,”gf
PHOTOPHYSICS OF THE-BTNAPHTHYLS

5.1 Photophysics\bf 1,1'-Binaphthyl
il

- 5.1.1 Fluorescence Emission and Excitation Spectroscopy

The fluorescence emission and excitation spectra of 1,1:—
binaphthyl in solution at 77K and 295K are shown in Figure 5.1.
Within experimentil,error these spectra showed no dependence on the
excitation or eT{;sion wavelengths respectively. Solvent effects
were negligible Yoo, with identical spectra being obtained in cyclo-
hexane, 3MP, islopentane or 2-methyltetrahydrofuran (2-MTHF) at 295K
and in the lﬁgl three named solvents at 77K. >

In 7luid media at 295K the excitation and emission spectra were
broad and structureless, with maxima at 302 and 360.5 nm respectively.
On cooling to 77K in any of the three glass-forming sd]vents,“3MP,
2-MTHF or isopentane, the excitation spectrum remainéd broad and
essentially unshifted, with the maximum still at 302 nm (33 110 cm—]),
Some structure did become evident in the Tow temperature excitation
spectrum with distincf peaks being resolved at 312.2 nm (32‘030 cm'])

,
and 320.9 nm (31 160 cm™ !

), the latter peak probably being the 0-0 in
absorpgion.
¥ 4
The change in the fluorescence emission spectrum on cooling was
more dramatic, with the maximum shifting fully 1780 cm'1 to higher
energy, lying at 338.8 nm {29 520 cm-]) at 77K. Owing to the breadth
of the room temperature emission it was impossible to accurately assess

the shift in the 0-0 in fluorescence on codling to 77K. The emission
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spectrum of 1,1'-binaphthyl at liquid nitrogen temperatures is also
much more structured, with 10 bands plainly disce;nib]e, with the

1

breadth of some approaching a mere 50 cmY at half-maximum. This

behaviour ha§ been previously noted and studied by several authors.24’191
Table 5.1 summarizes the vibrational details of the 77K fluorescence
spectrym of 1,1'-binaphthyl and additionally shows the striking
resemblance to the vibrational structure of the naphthalene quasilinear

24 The

Sp?ctrum, a relationship first pointed out by Hochstrasser.
anglysis shqungjn_Ihisrtab}ef%Sffn‘genera?‘agneéﬁéht\ti§h Hochstrasser's

work although the binaphthyl frequencies dié}er slightly and a more

recent and comprehensive survey of the naphthalene vibronic spectrum L
has been employed for comparison.98

The fluorescence origin of 1,1'-binaphthyl at 77K is red-

1 from the 0-0 in fluorescence of naphthalene,

shifted only ~ 420 cm
indicating that the melectronic interaction between the constituent
naphthalene chromophores in 1,1'-binaphthyl must be small; this will be
the case if the naphthyl moieties are mutually perpendicular or nearly
s0.

This new, structured, higher energy emission at*77K cannot be

~ascribed to precipitation or aggregation of :;;\QoTute at low temp-

erature since the emission df crystalline 1,1'-binaphthyl is known to be '

much further to the red, with the maximum at 373 nm.]92’193

This author found that, like 1-phenylnaphthalene, {and unlike
the-Z-pheny1naphthalene), 1,1'-binaphthyl did not give a quasilinear

spectrum in polycrystalline matrices at 77K. Over the concentration

3

range 10~ - IO_SM the emission bands in n—pentéﬁe, n-hexane, n-heptane,

- -
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n-octane, cyclohexane and methylcyclohexane were, if anything, broader
than those obtained in glassy media. Very recently, Riley and co-
workers]90 have reported structured vibronic .spectra for dilute
(5X]0_5M) solutions of 1,1'-binaphthyl in polycrystalline n-pentane
at 4.2K. The failure to obtain such structured emission in this present
work is possibly attributable to the higher temperatures used; at
1iquid nitrogen temperatures it is possible that low frequency torsional
motions of the solute molecule are still sufficiently active to cause
broadening of the emission bands and consequent loss of detail.

More importantly, Riley et al report the selective excitation
of two vibronic subspectra, eaéh arising from a distinct ground state

torsional conformer of 1,1'-binaphthyl in the n-pentane matrix.190

With high excitation energ;;s (AA = 290 nm) the fluorescence of F

relatively twisted ground state conformer is excited, with an e]éctronic
origin at 31 467 cm_] (314.8 nm) while upon lower energy_excitation at
340 nm a fAuorescence spectrum with a 0-0 at 26 917 cm"T (371.5 nm) is
observed. Riley and coworkers attributed this long wavelength emission
to a more nearly planar conformation of the 1,1'-binaphthyl solute.

The hiéh energy (314.8 nm) fluorescence seen by Riley undoubt-
edly corresponds to the fluorescence from glassy solutions at 77K,
where the origin is likely 319.2 nm. No evidence of the much longer
wavelength fluorescence was discovered for the glassy solutions
thever, despite variation of the excitation’energy. The energy
difference between the origins pf these flaoreséﬁnces, 4850 + 10 ™!

(13.9 kcal/mole) would then represent the sum of the differences in

ground state and excited state minima for the two conformers. This is

-
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1

much larger than the 1050 c¢m ' difference estimated by Hochstrasser.
[ 4

The high energy origin observed by Riley at 31 767 c:rn'I is only 21 cm‘?
above that of naphthalene, so these authors attribute that fluorescence
to 1,1'—b'ﬁébhthy] molecules with dihedral angles near 900, wh1{3'2;;
red-shifted emission arises from binaphthyl molecules having more nearly
coplanar geometries.

The spectroscopic evidence from this present study, down to 77K,
points to the possibility of a single ground state conformer for ],1;-
binaphthyl. The wavelength independence of emission and excitation_ |
spectra points to the presence of a predominant ground state conformer;
from the similarity of the low temperature emission to that of naphthalene
it is probable that this conformation is highly twisted. This is in
accord with the experimental value in solution 90° - 110° (ci}cu1ar
dichroism methods) and the various calculated isolated molecule
vatues: 61% 19195 6g° 105°,19% 60°,120% 7% 89%:'%7 90°'7T. AN these
indicate a large interannular angle in the ground state. In crystaliine
1.1'-binaphthyl the geometry is largely dictated by the packing farces
of the lattice. Recent x-ray crystallographic measurements show thé
existence of two molecular conformations in the solid, with the pure
chiral crysté] being composed_of molecules with 6 = 103.1° whereas the
molecules in the racemic crystal have dihedral angles of 68.60.]98 The
presence of these two crystalline modifications is reasonable if the
ground state potential well for 1,1'-binaphthyl is pictured as quite
broad and flat- over a range ;f dihedral angles. Such a model could

explain the wide range of values found for the experimental and calculated
/

e
dihedral angles.
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Air and oxygen satﬁration resulted only in a diminution of the
total fluorescence intensity without any accompanying alterations in
the shape or distribution g?_¥ﬁe\f1uorescence emission. This lends
some support to the belief thét only a single species‘is responsible

for the emission in fluid solution.

5.1.2 Fluoréscencp Quantum Yield Measurements

The fluorescence quantum yields of 1,1'-binaphthyl with respect

to a PPO reference are given below.

Table 5.2

Relative Fluorescence Quantum Yields of 1,1'-Binaphthy) !

-

*  Solvent b¢ . - de (literature)
C sk K 295K C T
\s ' _ -
Cyclohexane .81 + .13 .87,148 20,1283 4738
3 Mp .88+ .08 _ .51 + .06 | 7023186
4 in absolute ethanol. .
1

These tabulated values represent the mean of measurements with

™~

A = 320, 300 and 280 nm. Np systematic variation with excitation wave-
/ length was seen at 295K but the scatter was quite large for these
measurements. t 77K in 3 MP d¢ exhibited a slight increase with excit-

ation gth, gaing from 0.46 at 280 nm to 0.49 at 300 nm and 0.58

at 3 There is fair agreement between this present study and

the literature at 295K but the quantum yield at 77K in 3 MP, 0.51,

~
-

. . .
apbears anomalously Tow. All other factors being equal the nonnaigsfive
€ .

e
Ty
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rate constants for deplet1on of S1 shou]d decriséf with decreasing

~ | temperature, leading to a larger, not smaller value of ¢g- Some of this
anomaly may arise from the large blue shift of the f]uorescencefoh
cooling. This would reducezthe overlap of the RBD and 1,]'—5inaphthx1 oA
“emission curves and necessitate a different detection-response correction
for the two curves, a response corréction'that Aas hitherto been
.cons1dered equal for both samp]e and reference. The alternht%ve

possibility is that the quantum yield 1s truly smaller at 77K as a

\

*\\\ result of some change in the photophysics at this temperatUﬁg. ‘?

5.1\3 Fluorescence Decay Measurements

u

in cyclohexane,

respend® decay of 1,1'-binaphthyl in dilute solution 7
j{isopentane and 2 MTHF at 295K /could, in all cases,

be best described by -2 single exponentia{\g;cay law. The reduced chi-

squared dhrameter wdg\genefé11y < 1.3 forAa)monoexponential fit and

showed no/ significant improvement if fit to a biexponent{a1 decay instead.

Zutocorrelation function of the weighed residuals showed the
/——'_‘—___/\"
residuals of the monoexpenential fit to be random. Occassionally some

slight improvement in XZ was noted upon biexponential fitting of the
Qfoom temperature decay data ‘but no consistent second lifetime component

——

L\ could,be extracted from the fit to ¢

. (
I(t} = aexp&%]) + Bexp(-tlrz) . (5.1)

T’\ \ _9 )

indicating that the slightly poor f1t*1s more likely due to some

»

transient instrumental artifact than to a genuine second filuorescent
component. At these short timebases the decay measurements are

experimentally more difficult and particular attention must be paid to

S ~ --
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scattered light rejection and radiofrequency shielding. Variation of
the flashlamp temporal profile can be a problem on this timescale too.

)
The room temperature singlet 1ifetimes obtained by deconvolution dre
tabulated for the various solvents in Table 5.3. Within experimental
error there is no solvent dependence of the measured fluorescence life-

times. ~

Table 5.3
F]uoréscence Lifetime of 1,1'-Binaphthy]l in Dilute Solution at 295K;

Fitted to a Monoexponential Decay Law

Solvent T T (literature)
{concentration of (ns) (ns)
sotute moles/£)

. 1
Cyclohexgne 3.20 + .18 3.0;34 3.1;18% 2.70'%
(1.6x10°°)

M. 3.36 + .22

(1-4x10 ~)

isopentage : 3.38 + .21

(8.5x10°2)

2 MTHE, 3.10 + 1 3.500
{(2x10°7)

The tabulated values are the means and standard deviations of
from five to ten trials for each solvent, obtained at various combinations
of excitation and emission wavelengths. The agreement with the ,
literature values is good.

At 77K the fluorescence decay bec&mes considerably more complex,
although superficial inspection of the monoexponential fit showed the

single component lifetime to be nearly unaltered from its room temperature
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value. Closer examination showed that, in glasses of 3MP, isopentane
or é MTHF at }7K. the monoexponential decay modél no longer adequately_
described the fluorescence decay of 1,1'-binaphthyl. Attempts to fit

a monoexponential decay to the observed decay curves at low temperature
invariably gave values of xzv of 6 - 90, with the single component
lifetime varying from 3 - 7 ns, dependiﬁg on the particular excitation
and emission wavelengths.

Fitting a biexponential decay law to the observed curves _
produced a drastic improvement in the goodness-of-fit, while the ;;Eai/
was reso]véd into a major component with 1, about 2 - 3 ns and with 1,
about 11 - 24 ns. These parameters are summarized in Table 5.4.

These solutions were necessarily dilute (leo'sM) so the choice of
useful emission and excitation wavelengths and slit widths Qas rather
limi ted, with Ap chosen as 315.9 nm or 295.3 nm &nd Ap from 360 - 370
nm. The short component, t,, was nearly constant in all solvents with
© a means of 2.57 + .30 ns while T, appeared to fall into two distinct

ranges of values. Excitation at 315.9 nm yielded 1, = 12.7 + 1.5 ns
whereas at higher excitation energy, 295.3 nm, 1, was 23.9 + .5 ns. This
lack of constancy for T, is probably a result of the very small amount of
long 1ived component excited with 315.9 nm radiation; this is reflected
in the ratio of the preexponential factors, o/f being 23 - 45 . At

these low levels 6?/‘%Iative intensity the lifetime of the minor
constituent can95t(6£édetermined with a high degree of confidence,
although the vé{yﬂs obtained under a fixed set of conditions will remain
approximately constant, i.e., excitation at AA = 315.9 nm and AF = 360 -

370 nm will always give, Ty v 13 ns. Excitation at 295.3 nm evidently
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producéd relatively more of tpﬁ minor componenf, a/B8 decreasing to about
11. It is expected that the %a]ue obtained-for ré at this wavelength

is closer to the true figure, that is Ty is probably > 24 ns. This
problem is quite general; with reiterative deEOnvolution the presence of
a very minor component can still be detected at levels where the actual
lifetime of the component cannot be accurately extracted.

With the short lifetimes encountered for 1,1'~binaphthyl
temporal instability in the light source during the data acquisition
period caﬁ also produce larger re]étive error in the experimental
lifetimes.

These low temperature decay parameters are at variance with

200 While that group arrived at

the results of Post and coworkers.
simiiar values for the room temperature decay of 1,1'-binaphthyl with
3.5 ns in 2 MTHF and 4.5 ns in EPA (ether/isopentane/ethanol (5:5:2
Q/v)) they found the fluorescence lifetime to increase to 48 ns (2 MTHF)
and 54 ns (2-methylpentane) at\}7K. Thiskpresent study'found no
evidence for such a long lived decay from the highly purified solute

in any of the glass-forming solvents. While solvent impurities could
explain Post's results in 2 MITHF (wherein hydroquinone or butylated
hydroxytoluene are used as stabilizers) it fails to explain the result -
in 2MP unless the 1,1'-binaphthyl solute were itself contaminated.

Post et a1200 also worked with soiutions of 1,1'-binaphthyl about 10-

4M)-than this present work (2.5)(10-5 ).

fold more concentrated (2.8x10"
As this material is only sparingly soluble it }s\gossib1e that their
observed behaviour might be attributabiegto microcrystallite formation

at low temperature. The microcrystallite emission spectrum should
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resemble that of the bulk solid, which is known to be broad with a

-

maximum at about 373 nm at low temperature as noted earlier.
The 77K emission spectra in this study and in Post's paper show no

. . T
evidence of such a species however. :

5.1.4 Analysis and Discussion of the Photophysics of 1,1°'-Binaphthyl

’ k O0f these simple biaryls 1,1'-binaphthyl has undoubtedly been
the most extenwively studied. FriedeIZO] was the first to point out
the similarity of the absorption spectrum of 1,1'-binaphthyl in fluid
solution to that of naphthalene. He interpreted this resemblance to
be indicative of slight interaction between the naphthalene moieties
in the ground state of 1,1'-binaphthyl probably owing to a large
dihedral angle between the two halves of the double molecule. This
molecuie has also attracted considerable attention since, by virtue

LY

(\_///~ of its restricted internal roiation, it is the simplest unsubstituted
biaryl exhibiting optical activity.zoz_zo4 The rate of thermally
induced~racemization of chiral 1,1'-binaphthyl in solution has been
determined by a number of workers in a wide'range of soIventszoz’zos’206
with the average enthalpy of racemization being 22.0 + .5 kca]/mé]e
(7.69x103 cm-])f This figﬁre has Been nicely confirmed by/tﬁé’theoretical
study of the configurational inversion of 1,1'-binaphthyl by Carter and
L1'1,jefors]97 who predicted a barrier to inversion-dn fhe trans- or anti-
side of 20.4 kcal/mole (7.12x103 cm). As expected qualitatively

(Figure 5.2) passage of the naphthyl rings on the cis-side was found to
be energetically much less favourable, with a barrier_of at least 34

kcal/mole.
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Figure 5.2
Qualitative View of 5teric Restrictions for s-cis versus s-trans

Racemization in 1,1'-Binaphthyl (broken circles represent Van der

‘-\\gj Waals radii for hydrogen)

N
i _'f_,/
These enthalpies of‘racemization correspdnd approximately to
S )

the potential energy diﬁigrence between the equilfﬁ}guh ground state
configuration and the coﬁfiguration with.an interplanar angle of 180°
as measured f;am the s-cis configuration as 0°. Figure 5.3 is drawn
with the s-cis barrier of Carter and Li]jefors,197 the experimertal
racemization enthalpy and an approximate equilibrium ground state\\J,,,
configuration, 68 - 70°. The minima in Figure 5.3 are intentipng]]y

~

drawn to be rather flat and broad since the dependence on 8 is befﬁeved

rather weak over the range ¢ = 60 - ]200. as discussed in Section 5.1.1.

The very small shift in the f]uorescence ori®in of 1,1'-
binaphthyl at 77K from that"of naphfﬁa]ene (418 cm'1 or 1.2 kcal) and
the appearance of the typical néphtha]ene-1ike vibrational modes in
the fluorescence emission of 1,1'-binaphthyl support the contention

that the molecule is twisted in-SO. In the rigid glass the exctted

2

o
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Figure 5.3

"~
Potential Energy as a Function of Dihedral Angle for the

Electronic Ground State of 1,1'-Binaphthy]

i

molecule will remain largely unrelaxed by the timé’emiSsjon occurs,
. N

so the geometry of the emissive state at 77K should resemble the

geometry of the initial, abgbrptive state, So' In fluid solution

'

this Franck-Condon excited state will rapidly relax towards the S]
e;uilibrium co?figuration. This equilibrium S] configuration in fluid
solution must be more coplanar than the S0 geometry, judging from the
“ 1800 cm—] red shift of the fluorescence on passing from rigid to

. 34
fluid media. The large Stokes Shift, 3000cm-I between the emission
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and absorption spectra at 295K further indicates a substantial geometry
change between the emissive and absorptive states in fluid solution.

At intermediate temperatures {142K) Hochstrasser24 found the fluorescence
to show some vibrational details and to be blue-shifted from the room
temperature maximum, though not as blue-shifted as the 77K fluorescence.

xation times for the torsional relaxation

of 1,1'-binaphthyl in S
207

id solution have been measured directly
by Shank et al by monj oring the evolution of the S] - Sn absorption of
thé equilibrium excited state configuration. This group found the
relagation times to be 11 - 22 ps at room temperature, wiﬁh\:ﬁg

relaxation times increasing with solvent viscosity. This direct

confirmation that k or k. under these conditions is

>> ke, kic isc

relax.
proof that the electronically excited molecules wiil relax totally
before any fluorescence emission occurs in fluid solution, thereby h
accounting for the observation of the purely monoexponential decay of
the 1,1'-binaphthyl fluorescence intensity at room temperature.

As Hochstrasser first noted24 the emission properties of 1,1'-
binaphthy] can be accomodated by a model which entails the existence
of a double minimum in the upper state potential energy surface. Sugp
a double minimum may explain the appearance of the two typesrdf flugre-
scence origins seen (relaxed and unrelaxed) and the a;pearance of a
biegabnentia1 fluorescence decay at 77K. This double minimum will
arise because of the asymmetric nature of the potential energy function
in relation to the angle of twist between the two napﬁpha]ene rings.
This asymmetry will be inherent in:mo]ecu]eslof this type, where the

“s-cis conformation is energetically much less favourable than the
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s-trans confiduration. The qualitative shape of the S, surface has

24,98,191

1
and has been

the subject of some gquantitative ca]cu]ations,]gl’]gq’.]96 the most

157

been suggested by earlier spectroscopic work

comprehensive being the elegant study of McCaskill and Gilbert.

Their calculations indicated a local minimum on the S] surface gt g =

3
70° (measured with s-cis coplanar as 00) and an absolute minimum at

8 = 30°. They also considered the case of ¢ = 70° (1ocal minimum) and
g = 110° (absolute minimum) as possible but the latter case seems less

tenable on the grounds that it would necessitate a steeper p0tent1a1
as g - ]800 than as e » 0° , implying fte dubious poss1b111ty that the
s-cis conformation is of lower energy than the s-trans form.” The Sr:

potential curve calculated by McCaskill and Gilbert is shown below.

~1

3

Energy (107cm’)

Figure 5.4

Potential Energy of First Excited Singlet State of 1,1'-Binaphthyl as a
Function of Dihedral Angle; from McCaskill and Gilbert, ref. 157
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The photophysics and spectroscopy of 1,1'-binaphthyl in solution

may be explained with the aid of figure 5.5.
{

—

’ (ih,. ' Figure 5.5

Potential Energy of S, and S, for 1,1'-Binaphthyl as a

Function of Dihedral Angle

The geometry of the electronic ground state of 1,1'-hinaphthyl
at g ~ 70? in fluid or rigid solution will be substantially unchanged

immediately following excitatioh;'producing a Franck-Condon excited

T

“
~state at or near g = 700, the local minimum on the S] surface. This

local minimum is separated from the absolute minimum by a barrier of
about 400 - 500 cm"], a value which may be approximated from tﬁ&\g,///"
’differénce between the 0-0 bands in emission for naphthalene and 1,1'-

binaphthy? at 77K. This difference represents an upper limit for the

-

1
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right hand well depth and was found to be 480 cm'] by Hochstr&sserz4 and

1

418 cm © in this study. McCaskilI and Gilbert artived at a very similar -

figuke of 475 cm .

At low solvent viscosity, i.e., 295K, this Franck-Condon
excited state will rapidly relax towards the equilibrium excited state

conformation with 8 ~ 30°. At this dihedral ang]ir/tgs n-electron

A

interaction between the constituent naphthglene moietfes will increase
and the emission shows the expected red siRft with-respect to the
nearly pérpendicular naphthatene-like std$§® seen in rigid solution. o<
At high vigzbsity the emission will orig{ﬁGté Targely from the unrelaxed
local .minimum at 0(5:7 é;]OO.

Riley and coworkersjgo very recent observation'of an apparently
dual emission in the quasilinear vibronic spectrum of 1:1'-binaphthy1 in
n-pentane Shpol'skii matrices at 4.2K is of considerable importance.
Quasi1inearlspectra could not be obtained by this present author at 77K
for this same system at the concentrations useqkby Riley, despite
numerous attempts. One possible exp1anatioﬁ'3§ithat even at 77K the
torsional modes of 1,1'-binaphthyl are stiJ{lsdfficiently active to
preclude obtaining very narraw bandwidths. iAlso, at these temperatures
the “fi&% éI the 1,1'-binaphthyl mo]écu]e into the n-pentane lattice may
be poor. ' Selective excitation was found to yieldstwo distinct sub-
spectra of 4.2K in Riley's study. At high excitation energiés‘(kA =
290 nm) a sdE?peg;rum with an origin band at 31 767 cm | dominates

[y S -
while at lower excitation energies (AA = 340 nm) the fluorescence is

1 (-~

chj om a subspectrum with an apparent 0-0 at 26 917 cm '. No '--
-
such red-shifted 2mission was observed by this author in any solvent

——

N v T —

-
-~ \
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at 77K, although the system starting at 31 767 (:m_I is probably that
seen, with poorer resolution, in glassy solution at 77K. Riley
ascribes these twoc subspectra to two conformers of 1,1'-binaphthyl,

the red-shifted emission being from the coplanar conformer while the
shorter wavelength fluorescence arises from a more twisted conformation
of the molecule. Riley also believes both conformers to be' present

in the ground state, pridr to excitation, so the large separation of
the two electronic origins in fluorescence, 4850 cm_] (13.9 kcal/mole)
must be the sum of the energy differences between the two conformers

in thgkéround 3d excited state.

The most important point to note is that the Shpol'skii matrix

does not represent a situation of thermodynamic equilibrium. If the

difference, QBSE\EH’] was evenly divided between ground and excited
N

*

state, this would correspond to a ground stﬁte energy separation between
thq’twoukénformers of ~ 2425 cm”l or ~ 7 kca?fmole. At 4.2K or even
roém temperature this would dictate a vénishin§1y small population of
the higher energy conformer, if the states were in thermal {Boltzmann)
equilibrium. As Ri]gy points out “the ground-state potential of 1,1'-
BN in some media may also be a double rnim'murn".]90 This second minimum
is so]vent induced-and is not necessarily present in the purely intra-

molecular ground state pofentia] function. This is not, as suggested

A

by Riley et a};’dependent on solvent polarity, since the nonpolar hydro-
carbon glasse§ behaved identically to the polar glasses, ethanol and
2-MTHF, at 77K. w

The likely explanation is that the 1,1°'-binaphthyl molecules

mdy occupy, or be forced to occupy the substitutional Tattice sites in

P

el
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n-pentane in two distinct manners. Being a large molecule it seems
reasonable that the 1,1'-binaphthyl moTecule may span two adjacent
substitutional sites in the n-pentane matrix, in one case with the

naphthalene moieties being nearly coplanar (the 26 917 cm'] emission)

while in the other case-the two naphthyl! groups aré4mutua11y perpendicular

(31 767 cm']-emission). The low energy fluorescence seen by Riley is
surprisingly red-shifted, even for a completely coplanar conformation

of the molecuie. The rigid planar binaphthyl analog 1,2,7,8-dibenzo-

fluorene has its 0«0 in fluorescence and absorption at 28 030 cm_l,
\‘\ .
1

fully 1113 cm =~ to thé blue of. the low energy emission seen by Riley.

The absorption spectrum of the planar methylene-bridgad 1,1'-binaphthyl
' 121 ‘

analog, 3,4,5,6-dibenzofluorene indicates that the electronic origin

of that molecule lies at about 360.0 nm (27 780 cm'1),st411 to the

blue of the long wavelength emission in Riley's spectra. This does
/
seem to raise the suspicion that the long wavelength componend . at

1

26 917 ¢cm ~ in the I,]'-binaph%hy] f]uéfescence might be from a higher

T

condensed hydrocarbon impurity. o
The fluorescence lifetime and quantum yield found at ambient

tempe ture§ must be those of the equilibrium excited state conformation

of 1,1'-binaphthyl. from these data the radiaticé Jiﬁgtime and |

radiative and nopradiative_rate cénstants at 295K may ES calculated.

At 77K the domiﬁanf species, as judgéd from the re]ativeHEBﬁtributions

to the fluorescence decay, would ap

0 be the species characterized

by 7, ~ 2.6 ns. Hence the structu fon seen in the low.temperature

]

glasses, originating at 31 328 cm - correlate with this same species.

The minor, longer lived decay component, in all 1ikelihood, arises via

) . 8

—
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N Table 5.5 .
\ g ’ r -
Radiative Lifg;fmes and Radiative and Nonradiative Rate Cohstants
- - ) &
~/‘§ for 1,1'-Binaphthyl at 295K
T : "
. . - 0 _ 2
So]ye?t T r/¢f kf }/10 k Eg/n k@
(ns) (s ) (s ') (s™")
: \//—-\
Cyclofxane 4.0 2.5x108 1.2x10° 6.2x10
3 Mp 3.8 2.6x108 1.4x108 3.7x107

emission from partially relaxed states. Variation of the excitation
egnergy mayj to some small extent, dictate the degree of torsional
re]akaj?gh possible in the glassy matrix. At higher excitation energies
the éigeséuvibrationa1 energy may be sufficient to induce some local
heating of the matrix, allowing crossing of the upper state potential
barrier. This would bg in;kéeping with the observat%on that increasing
the excitation energy increased the relative amount/éf lifetime
component 2. Su;h a variation with Ay may partially explain the
variation in the experimental values of o since this observed lifetime
would reflect only in an average way the lifetimes of the wealth of
contributing ssates, differing in their degree of torsiqna] relaxation.
The second lifetime component, Tos should not be explicitly identified

%ith the equilibrium confqrmiiion of the excited state at o ~ 30°

he ureay radiative 13ifétime of that state shouid be no longer

4

than jabout 4 ns, a number derived from the room temperature lifetime

‘The net flubrescence quantum yield at 77K must then be a

N
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weighted .average of the quantum yields of the emitting species and as

. such may show some dependence of AA' Indeed, the relative fluorescence

" quantum yield of 1,1'-binaphthyl was found to show a slight %}stematic -

increase with increasing excitation wavelength, going from 0.46 at 280
nm, 0.49 at 300 nm to 0.58 at 320 nm. Such a trend seems reasonable
qualitatively, as increasing excitation energy would be expected to
eﬁhance‘the nonradiative depletion rate via torsional relaxation.

éince a second componenf was observable in the fluorescence
decay it should also be present in the steady state fluorescence spectrum.

No obvious wavelength effect or second component was in fact seen in

the fluorescence specEFEm?\\IEjs disparity may be explained by the
small absolute amount of second-boﬁponent preSeﬁifffThe second component
will also have a broad and structureless emission since a large number
of emitting species constitute the second emission component. These
conformations must not bE”ﬁﬁgstaﬁtia11y different from the geometry

of the principal Franck-Condon emissive state at 6 ~ 70° in S] as a
broad emission feature might beAexpected to the\red‘of the structured
emission at 77K. This structured emiséion p%bbab]y hides and overlays
the broad background continuum of the second decay component.

As mentioned previously, the low temperature fluorescence

Tifetime results in this study are very much at odds with the values

1

of 48 ns (2-MTHF) and 54 ns (2-methylpentane) reported by Post and

coworkers.zoo These authors noted the similarity of these 1ifetimes

to those of simple alkylated naphthalenes and on this basis and that of
the steady state fluorescence proposed that the fluorescence originates
from a naphthaleng-like state with a dihedral angle approaching 90°.

)

.
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194

The theoretical calculations of Gustav, Suhnel and Wild support the

hypothesis that, in rigid solution, the emission is principally from

a statelﬁving]L 0, a naphtha]éne-

b
like state; in fluid media they caliculate an S1 geometry more nearly

character, i.e., with (S;) ~ 70° - 90

s-cis coplanar with the resulting state being primarily of ]La character

more similar to the higher condensed hydrocarbons such as anthracene.

]194

Gustav et a also calculated the oscillator strength of

the transition So(e=68°) - Sl(e=68°) to be akin to the 1A - ]Lb
transition of naphthalene, which is approximately zero. The transition ’
is thus forbidden (in the sense of having a small oscillator strength)
and the state should be long ]ivéd. With a calculated equilibrium
geometry of 41° in S] Gustav found a large oscillator strength, 0.76,

r

for a f]uorescenge transition at 27 890 cm_1 (yS experimental value of

27 740 a1}, this transition being of 'A « |

La cQgracter. The large
oscillator strength implies a short lifetime for the upper state,

in accord with the observed fluid solution radiative lifetime of 3.8 -
4.0 ns. -

While at present no adequate explanation can be offered for’
the discrepancy between the pre;;nt lifetime results and those of
Post200 this author is convinced that no long lived decay of the sort
reported by Post was present in the fluorescence decay at 77K. Great
pains were taken to purify both solute and solvents aég no anomalous
behaviour was found for these solutions at room temperature, with the
-experimental fluorescence lifetime being strictly monoexponential and

in exce]lent-agreement with the literature values. The solutions were

kept dilute to reduce possible precipitation on cooling and the three
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soivents, 3MP, isopentane and 2-MTHF yielded very transparent glasses

at 77K, fre d? visib]e‘turbid}ty. Substitution of a pure solvent glass
for the sample solution at 77K gave no detectable decay signal in the
pulsed Iifet(me apparatus, further indication that the solvent, sample
tube and dewar were free of any spurious fluorescent component.

C . As a further check on the low temperature performance of the
decay fluorometer the lifetimes of several solutes known to have mono-
exponential decays at 77K were redetermined in conjunction with several™
of the low temperature 1,1'-binaphthyl runs. Under condition® similar
to those used for the 1ﬂ1'—b1naphthyﬁ both 1-phenylnaphthalene and
1,2,7,8-dibenzofluorene, the rigid methylene-bridged analog of s-cis

2,2'-binaphthyl, were found to exhibit‘simp]e monoexponential fluorescence

§) #decay. No solubility problems were encountered with the Tdtter solute
\.d\-_/ .

&
(nominally 10'5 ), which is expected to have a solubility even lower

3

than that of 1,1'-binaphthyl. These observations reinforce the belief
that the biexpgd%btia] deca§q§é§n for 1,1'-binaphthyl at 77K is indeed
genuine %pd not merely an instrumental artifact of the decay fluorometer.

The attempts to correlate the lifetime behaviour with molecular
191,200 -

gecmetry by Gustav]g4 and Post may be'subject to some criticism.
' ' e

=
The room temperature absorption spectrum of 1-phenyinaphthalene and 1,1'-

'binaphthy1 show a strong similarity, not surprising in Jight of their

similar geound state geometries, estimated at 44 - 66° dihedral angle
150,151 e .

for 1-phenylnaphthalene. The S] equilibrium geometries are

also similar with 0 ~ 3 fof 1-—pheny1naphtha]ene.]53 The character

of the lowest lying singTet-singlet transition (in fluorescence) is

1

believed to principally of 'A «+ 1La character (allowed) for 1-phenyl-

\\j
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- naphtha]ene]53 yet the radiative lifetime of this molecule is moderatg]y
long, 34 - 35 ns at 295K. Furthermore, the radiative lifetime of
1-phenylnaphthalene in rigid so]ution at 77K is identical to that
obta{neg at room temperature despite some blue shift in the fluorescence
and the likelihood that at 77K the transition SO + 51 will originate
| from the more twisted Franck-Condon excited state and would be expected

1 1 153

to be of greater ‘A « Lb (forbidden) character. > While the correl-

ation between strq;ture and lifetime for the simple ;?EYT-substituted

naphtha]enes34’208 seems reasonably valid similar correlations for

209-211 For

aryl-substituted naphthalenes appear less clear-cut.
a series of phenyl-substituted nahhtha]enes given by Ber]man34 the
radiative lifetimes are as follows: 1,4-diphenyl, 3.1 ns; 1,5-diphenyl,

3.8 ns; 1,7-diphenyl, 59 ns; 1,4,5,8,-tetraphenyl, 4.6 ns.

5.2 Photophysics of 1,2'-Binaphthy] -

5.2.1 Fluorescence Em%ssion and Excitation Sbectroscqu

As opposed to the 1,1'-binaphthyl very little has been reported
experimentally about 1,2'-b1naphthy1'except for the cataloging and

brief discussion of its absorption spectrum.2]2’2]3

| Indeed of th%§g
five simple biaryls 1,2'-binaphthyl js by far the least studied.
Superficially the shape of the absorption spectrum resembles that of
1,1'-binaphthyl and 1-phenylnaphthalene both of which are twisted in
the ground state. ’

The fluorescence spectroscopy of 1,2'-binaphthyl 1is, in

many respects, very alike that of 1,1'-binaphthyl. As with the 1,1'-

jsomer 1,2'-binaphthyl showed fluorescence emission and excitation

spectra which were independent of the excitation and emission wavelengths
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1

respectively and which were, for all purposes, independent of the
particular glass-forming solvent. Figure 5.6 shows the emission and
excitation spectra of 1,2'-binaphthyl in isopentane at,77K and 295K
although ;his describes the steady state f]uorescqnce in 3MP or cyclo-
hexane (295K only) equally well. 1,2'-binaphthyl gave no highly
structured emission at 77K such as seen for 1,1'-binaphthyl in glassy
matrices. Attempts to find a solvent yielding a ‘Shpol'skii or quasi-

linear spectrum at 77K over the solute concentration range 1073 - 107M

met with no success. Ag,with 1,1'-binaphthyl (at 77K) most of the poly-

crystalline matrices produced even more poorly resolved emission than

~ that obtained from the rigid glasses.

Upon'cooling to liquid nitrogen téhpgratures the fluorescence

‘,emiésion of 1,2'-binaphthyl was found to undergo a substantial blue shift,

an effect also observed for 1-phenyinaphthalene and 1,1'-binaphthyl.

The emission maximum for solutions of 1,2'-binaphthyl moved fully 2020 cm-],

from 27 680 cm_T ! !

at 295K to 29 700 cm; at 77K compared to the 780 cm”
hypéochromic shift in 1,1'-binaphthyl.

[t is apparent that the spectral characteristics of 1,2'-
binaphthyl are similar to those of 1,1'-binaphthyl but with both
excitation (abéorption) and emission shifted to 10n§er'wavelength.

The exception is the emission maximum at 77K; however both the center
of gravity and the highest energy ban& of the T52'-binaphthyl fluorescencé
lie _to the red of the corresponding features in 1,1'-binaphthyl. The
highest energy band in the fluorescence of 1,2'-binaphthyl, possibly the

1 1 frol\the/\L

0-0, is 1410 ¢m ' from the naphthalene origin and 990 cm™

1,1'-binaphthyl origin.
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This red shift of'absorption’and emission for the 1,2'-isomer
may be produced by several mechanisms. The effects of substitution on
the absorption spectra of numerous molecules have been dealt with at
length by Jaffe and Orchin,213 who concluded that extensiocn of a
coﬁjugéted system in a pgrticu]ar direction by substitution will
principally affect those bands whose transition moment or polarization
lie in the same direction. Substitution at the 2-position of the
naphthalene ring, extending the longitudinal conjugation, should affect
mast strongly the long-axis polarized ]Lb band, red shifting it and
increasing its intensity in absorption. Because of the strong overlap
with the adjacent ]La band in the absorpiion-sbectrum of 1,2'-binaphthyl
it~s_difficult to discern such an effect, although the molar absorp-
tivity/éoes seem to show some increase relative to that.in the 1,1'-
isomer.™

The alternative, but relatéd, explanation of the bathochromic
shift is to be found in the lower steric repﬁlsion‘inherent in the 1,2'-

structure as compared to the more crowded 1,1'-binaphthyl.

Figure 5.7

Qualitative View of Steric Restrictions for s-cis versuéf;—trans
Conformers of 1,2'-Binaphthyl g -
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For Soth coplanar forms of 1,2'-binaphthyl the expected non-
bonded hydrogen repulsion will be lower than the nonbonded steric
repuision in either s-cis or s-trans cop]ana} 1,1'-binaphthyl. Oh
this basis alone it is expected that 1,2'-binaphthyl could adopt a
more nearly coplanar geometry in the ground or first excited singlet
states. It is also obvious that the difference between the’éﬁtis and
s-trans coplanar forms in 1,2'-binaphthyl is much smaller than the
energy difference expected between the two coplanar 1,1'-binaphthyl
éonformations. Smaller dihedral angles betwéénxgg? naphthyl moieties

would then lead to increased n-electronic interaction between the two

“aromatic rings and a bathochromic shift in absorption and emission.

Quenching of the steady state fluorescence of 1,2'¥b1naphthy1
at 295K in either air or oxygen saturated (1 atm.) cyclohexane led to
a decrease in the total fluorescence intensity but no change in the

actual emission profile. This points to the presence of only a single

- emitting state or species in fluid solution.

5.2.2 Fluorescence Quantum Yield Measurements

Relative fluorescence quantum yields for 1,2'-binaphthyl were
determined .in the usual manner. No excitation wavelength deﬁendence
of the quamtum yield was noted over the range from Ay = 260 nm to
Ag = 320 nm. Unfortunately no comparative data for this moleculg are
available in the scientific literature.

The unceftainty in these quanﬁum yields is about 10% at room

temperature, increasing to near 15% at 77K.

-
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' Table 5.6

Relative Fluorescence Quantum Yields of 1,2'-Binaphthyl

- Solvent S5
295K NS
Cyclochexane .76
PR B ' .73 | .72

5.2.3 Fluorescence Decay Measurements

The singlet decay kinetics of 1,2'-binaphthyl in dilute alkane
solution at room temperature follow a monoexponential decay law, xi
being generally < 1.3 and the autocorre15€ion function showing a random
distribution of the weighted residuals of the calculated and observed
curves. The singlet 1ifetime of 1,2'-binaphthy] at 295K was, like that
of 1,1'-binaphthyl, quite short, 5.2 - 6.6 ns depending on solvent.
Lifetimes extracted f}om a monoeﬁggnentia1 fit of the room temperature .
decay data are given below.

Table 5.7
Fluorescence Lifetimes of I,2'—Binaph£hyl in Dilute Solution at 295K;°

by Fit to a Monoexponential Decay Law

Solvent : B
(concentration, moles/£) (ns)
Cyclohexane® 5.23 + .13
(2.4x107 %)

3 M0, p 6.56 + .09
(3x10 7 ~ 1x10 "M}

a . S . : . .
with both N, and D, excitation sources; various filter/
monochromator combinations.

b A = 313.6 nm or 315.9; x. = 370 nm.
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The 1ifetimes given in Table 5.7 are the means of 8 - 10
measurements each and were highly reproducible from sample to sampie
and consistent over a long period of time. In 3 MP the lifetime was
found to,be independent of concentration over more than two orders of
magnitude. As Qith the quantum yield, no literature value of the
singlet 1ifetime was available for comparison.
~In rigid 3 MP glass at 77K the kinetics apparently deviate

greatly from the simple decay seen at room temperature, as adduced from
the deterioration of the monoexponential goodness-of-fit at 77K. A
much improved fit was obtained by assuming a biexponential f]uotegcence
decay for 1,2'-binaphthyl at 77K. A comparison of the mono- and bi-

exponential results is given in the accompanying table.

Table 5.8
Comparison of Mono- and Biexponential Fit of Fluorescence Lifetime Data

for 1,2'-Binaphthyl in 3 MP at 77K

Solute Biexponential Fit Monoexponential Fit
Concentration 1 19 afB x2:— T xév
(mole/£) (ns) {ns) {ns)
2.7x107% C 433 15.09 9.3 1.4 6.63 19.26
4.40 14.29 8.04 1.23 6.80 21.27
5x10”° 4.35 14.50  8.25  1.12 6.65 14.84
1x1078 4.30 14.21 7.24 1.26 6.42 5.99
AA = 313.6 nm; AF = 370 nm

Means: 1, = 4.34 .04 ns; 1, = 14.52 + .40 ns; o/ = 8.2 + .95
T = 6.63 ns
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The apparent monoexponenf?;?\aégay seen at 77K has a lifetime ?‘7

~ N~
(6.63 ns) nearly identical to the room temperature value of 6.56 ns. >

However, the extremely large )(2\J values (and strong autocorrelation of
the residuals, not shown here) suggest that the decay at 77K is not mono-»

exponential. Deconvolution as a sum of exponential terms yielded two

constant and characteristic lifetime parameters, Sl 4.34 ns and T, =

14.5 ns with the reduced chi-squared values becoming acceptably small.

) Trials at other excitation and emission wavelengths showed similar

lifetime values to those above but with different ratios of the pre--

exponential factors, «/8. -

Such evidence suggests that, as was the case for 1,1'-binaphthyl,
there are at least two dfétinct fluorophores present in the 1,2'-
binaphthyl decay at 77K. Aggregat’bn or microcrystallite formation
upon cooling cannot be discounted absolutely but the Tlack of significants
change of the decay parameters on going from 1x10_6 to 2.7x10_4ﬁ

nominal concentration tends to show this not to be the case, unless t

6

solubility 1imit of 1,2'-binaphthyl is already much below 10 "M at 77%.

S

' : T
* At these concentrations the 3 MP glass was, to the naked eye, free of\\\

turbidity or opalescence. FA //// S\\_,

- T *-__/

./’ /' B}
5.2.4 Analysis and Discussion/é} the Photophysics of 1,2'-Binaphthyl
7

From the resemblanci/égthepabsorétion spectra of 1-phenyl-

— .~

naphthalene and 1,1'- an? 1,2'-binaphthyl one might argue that the ground

. state of 1,2'-binaphthyl, T1dke those of the other two must be far from’

coplanar in the absence of stikgng matrix effects. Direct experimental

evidence as to.the ground state ¥onformation is lacking but the two

published qilfflifigp& of the'SO geometry arrived at disparate conclusions.
¥
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Gamba et al estimated a dihedral angle of 60 - 120° (the minimum

\\js very shallow) by matching experimental and calculated absorption

3

transition energies and oscillatorestrengths. Their calculations further
indicated that the five biaryls fell Anto two. distinct categories:
those with S0 minima in the region 60 - 120°, encompassing 1,1'-, 1,2'-

bfnaphthyl and 1-ggnylnaphthalene and those with a maximum at 90° and

2,2'-binaphthyl and 2-phenylnaphthalene being

in the . he available experimental evidence support;'Gamba's
conclusions regardind the angular locations of the minima for 1,1'-
2,2'-binaphthyl and e phenylnaphthalenes. Gamba a150_correct1y

predicts the asymmetry of the 1,1'-binaphthyl gr?ynd state potential

T

funct1on . ﬁ\\v‘

SCF-CI studies of the steric effects of naphthyl and phenyl

152 T
led ghat author to conclude that 1,2'- and

substituents by Tinland
2,2'-binaphthyl both have ground state twist ang]es < 20° (with respect

to which initial configuration is not stated), t resu1t being in

rough agreement with other pub115hed vah‘s for th ]after molecule
'whxlst the 1,2'- b1naphthy1 finding is in hlfggﬁ/égfirast to Gamba's

conclusion. Tinland failed to explore angles above 20° however and his
fitting criteria, the matching of observed to calculated oscillator
strengths and transition energies shoﬁﬁg a very weak angulgr dependence .’
by this method.

On the whole it aﬁﬁéars that Gamba's theoretical model for the
SO potenfia] surface for 1,2'-binaphthyl is in closer accord with the
cumulative evidence of this study, and that, ?hi1e the dihedral angle

for 1,2'-binéphthy]“ﬁ@ﬁgga]ler‘than that forJ1,1'-binaphthyl it is not +
\

AT Y
: ~ : ' )

/

T
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}s small as the 9 5_20O predicted by Tinland. It seems probable that

the dihedral angle is nearer that seen for 1-phenylnaphthalene, 50° -

60°. In terms'of their nonbonded hydrogen interactions 1-phenylnaphthalene

and 1,2'-binaphthyl are quite similar. This ground state minimum is

probably very shallow and the potential function will be more symmetric

about & = 90° than was the case for 1,1'-binaphthyl since the s-cis and

s-trans forms of 1,2'-binaphthy] will be more nearly isoenergetic. B
Excitation of 1,2'-binaphthyl in fluid solution wi]i be followed

by rapid reiaxation towards the équi]ibrium excited state. From the

large Stokes Shift in fluid solution the excited state equilibrium

configuration mugt be at some dihedral angle different from that in the -

ground state; the S1 potential surface of 1,2'-binaphthyl is probably

simi}an to that of 1,1'-binaphthyl although not as fteep towards 8 = 0°

and 180°. The minimum-may be a lower dihedral anglg and shallower. Thé

lack of much vibrational structure in the 1,2'-5{Haphthy1 fluorescence

«< J .
at 77K suggests that the local minimum calculated for the 1,1'-binaphthy)

2

S]‘surface may be much more shallow or entirely absent. A shallow

ground and excited state surface would result in a wealth of populated
torsional states which could broaden or smear out the vibrational details
of the Emission. At 77K the f]uorescence is shifted to higher energies
as the relaxation towards the equilibrium configuration is impeded, with

the emission consequently arising Wrom the higher energy Franck-Condon

state. These features areisummarized inFigure 5.8. - P
The room temperatqre ﬁ'fétime and quantum yield are those of ¥
S?gzhe equilibrium conformation in‘S]. The radiative lifetime and rate
constants for that state }é given below. '
L b — \ N
i ]; e Fa ‘ - % v
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-Figure 5.8
Propose%/fotential Energy Diagram for Ground and -

First Excited Singlet States of 1,2'-Binaphthy]

. .
LA Table 5.9
Radiative Lifetimes and Radiatitgrand'Nonradiative Rate Constants
for' 1,2'-Binabhthyl at 295K “
Solvent ~  t. = /6, Kk, = 1/1 K2 = k./n° K
: ‘ o f f 0 % f f nr N
Ay ms) T (s’ s -
. - 8 7 7
Cyclohexane 6.9 . 1.4x10 7.1x10 5.1x10
3 WP 9.0 " 1.1x10° 5.9x107 4.2x10%
. ‘{ . . & ,
a P

o 2

The 20% di erence between k? in cyclohexagpe and 3 MP is, in

brincipie,*atfributable to the error in the quantum yield measurements

o

but the dbserved f]uore%cenpe 1ifeti%es differ by fully 25% too, 5.23:ns ™~ //,;’
= P gy

in cyclohexdne and 6:56 nn jn'3 MP, In contrast pliengreatest difference f/
. ' i
S
LY £ y )
- r
- - + L] ]
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for the experimental 1,1'-binaphthyl 1$fetimes was only 9% for the pair
isopentane and 2 MTHF. For all five bia;y]s the lTifetimes meagﬁred in,
3 MP were garginally Tonger than the corresponding values in cyclohexane,
S0 some specific solvent effect may be responsible, over and above the
refractive index correction. |

In fluid solution the relaxation of 1,2'-binaphthyl should be
even more rapid than the already fast equilibration seen for ],1'1-.
binaphthyl. Under these conditions it is expected that the fluorescence
will arise entirely from the equilibrium S1 conformation, having a
sm$11.dihedra1 angle, as depicted in Figure 5.8. This decay has a
fluoresfence lTifetime of 5.23 ns (cyclohexane) to 6.56 ns (3 MP). At
17K this relaxation is inhibited, so much of the emi;s%qgiéf]]now
originate frunla more highly twisted Franck-Condon type ;xcited state,
character1299 by a fluorescence lifetime of about 4. 33 ns (3 MP) while
the 10nger/A1ved em15510n arises from a partially relaxed state or
' s;ates, v{th a net fluorescence lifetime of 14.6 ns. The emission from.
these pa?tialiy relaxed states should Iii to the red end of the fluore-
scence at 77K. It is not clear whether this long-lived component at 77K
aé%UaTTyzzgrreSDQnds to the equilibrium geometry in fluid solution,
which decayed with a Tifetime of 6.56 ns. The fluorescence lifetime
certainly does change in the expected manner, increasing from 6.56 ns

k]

to 14.6 ns upon cooling to 77K, if these emissive states are of similar

geometry. The seeming invariance-of the fluorescence quantum yield with

temperature is possibly mostly fortuitous, the projected increas!'Rn‘¢f 2'

being compensated EiE:he decreased amount of the relaxed species 2 at

77K. -
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5.3 Photophysics of 2,2'-Binaphthyl \\\)

5.3.1 Fluorescence Emission and Excitation Spectroscopy

5.3.1a Fluorescence Spectroscopy at Room Temperature
Fluorescence emission and excitation spectra of di]ute‘¥10'4 -

107°M) solutions of 2,2'-binaphthyl-h,, were obtained in the nonpolar

14
media cyclohexane, methylcyclohexane, 3MP and isopentane and in ethanol
at the nominal room temperature, 295K.

The fluorescence excitation spectra 1n‘the hydrocarbon solvents
at 295K were found to be broad and nearly devoid of structure, with a
maximum at 313.8 hm (31 870 cm-]) and a broad, weak shoulder at 274
nm. These excitation spectra were found to be practica]]y.fndependént
of the monitoring wavelength but with the maximum slit width on the
emission monochromator, 400 um, it was necessary to operate the 0.25m
excitation monochromator at fairly poqfiﬁbnochromaticity with 1.00 or
OZFS mm slits. Small differences in the relatively structureless

eicitatiqg,spaetruxkcou]d be lost with such spectrally impure excitation.
The apparent red shift of the excitation maximum from the 304 nm absorp-
M
tion peak of the conventional absorption spectrum is 1ik?iy,a2qart1fact
L4
y A

of the experiment. ‘ ‘ I ”
(

"For the nonpolar solvents the emission spectta at 295K\ were

1

~f’fiuipund to be independent of so]}ent but strongly dependent on the excit-

ation wavelengfh-chosen. The most comprehensive results were obtained
¥

T

' in cyclohexane; the fluorescence obtained with excitation wiﬁglengths
of 330 nm to 260-gm, at 10 nm intervals is shown in Figure 5.9 . The

dependende of A, was similar for the oggg?‘hydnocarbons,’with some of”

T .
i!sion also shown for isopentane solution

|
” /
J 4

the wavelength dependgnt em

-
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FJuorescence Emission Spectra.of 10 ° -~ 10 "M 2,2 —Bm:mhthyl-hmt
b in Cyclohexane at 295K as a Function of Excitation Wavelength
. ©
< g
f \ 'Io N




“

FLUORESCENCE INTENSITY

K
\Qf3OONM
/
(o Ve 0
L : I 1 7 AL = !
340 /380 386~ 400 420 440"
a WAVELENGTH (NM)
| ¢ .
N
Figure 5.9 ( e .
\(,_g - - . \ \)
N\ s '
* _ A h"—?\ .."r -)




FLUORESCENCE INTENSITY

380
WAVELENGTH (NM )

&
Figure 5.9
«ontinued

400




- 165 -

(Figure 5.10).

At all excitation wavelengths three pfincipal bands are seen

-, in the alkane solutions of 2,2'-binaphthyl hy4» at 348.6, 367.6 and
1390 nm; uthe” intervals between these bands are M400 - 1500 cm |,
corresponding to C-C vibratipnal frequencies. This separation more

closely resembles the spacingﬁseen in higher condensed aromatic hydro-
cargﬁns than that of benzene, nraphthalene and their simpie derivd¥ives,
« —ysually ~ 1000 cm % With both Tong (3, > 330 rm) and short (3, <
\\\Ji;ZBO nm) wavelength exZitation the 348.6 nm (28 690 cm_I) band dominates
the emission while at intermediate excitation energies the peak at 36?.6
nm (27 200 cm"l) becomes relatively more intense with respect to the
\§h8.6 nm band. This variation dlggests the presence of perhaps two or
more absorbing species possessing overlapping absorption and emission
spectra. Se]ect1ve excitation at the extreme long wavelength edge of
the absorpt1on profile produces a spectrum rich ih the 348.6 nm
c0mponent With more epergetic excitation a second component is
significantly qgcited too, leading to an enhanced emission near 367.6
nm. A further increase in excitation energy, to 280 - 260 nm again

- . . . .
reaches a region wherein the absorption,of the first component is

relatively stronger than that ofsthe second one, again producing an

el -

emission similar to that obtained at A, > 330 nm. This behaviour will

be treated more fully in conjunction with the detailed fluorescence \

decay study of 2,2'-binaphthyl and with the discussion of the photo- \
\x\\\ physics of this system These results are in qua]1tat1?t agree /Jﬂi\ '

with Horrock's study of the exc1tat10n, solvent ané/temperature depehd-

ence of the 2,2'-binaphthyl f]uorescence , 28 Tﬁé sp%ctra shOwn"bZ)

5
L ——
[0

N
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FLUORESCENCE INTENSITY
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Figure 5.10

. 'f#;;;;:gscence Emission Spectra of'10_4 - 10'5M 2,2'-81’napht’.hy"l-h]4
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that author are somewhat different in relative intensity, prabably as
a result of the uncorrected nature of both sets of fluorescence spectra.

Additionally, his emission wavelengths are systematically in error,

identifying the 34@.6, 36123\2jf/329xgm peaks as 355, 375_3nd 395 nm
respectively. The spectra obtdined at his two excitation wavelengths of
:5;\34&i3\:h peak increases with respect to the 367.6 nm peak as the
excitation\is changed from 300 - 310 nm to shorter wavelengths.

The room temperature fluorescence of 2,2'-binaphthyl in absolute
ethanol is somewhat more structured than that in nonpolar solvents, a

.28 :
feature also noted by Horrocks. = Although superficially the spectrum

in ethanol rdsembles that found in alkane solutions, funder better resol-
ution the broa peaks corresponding to the 348.6:and 367.6 nm peaks in
hydrocarbon med\a were found to be resolved into at least two components
each. The f]uoyesce e excitation spectrum'of 2,2'-bianphthy1 in fluid
ethanol solution was &s broad and featureless as in alkane solvents but
with the maximum slightly to Ehe red of that in the nonpgjd¥ solvents

(317.7 nm vs 313.8 nm)} As in alkane media, the fluorescence excitation

at 295K in ethanol was apparently'independent of the monitored fluorescence

wavelength.

Variation of the excitation energy produced profound changes in

the room temperature emission profile in absolute ethanol, as il]ustrated‘

in Figure.5.11. The variation with A roughly parallels that*seen in
alkane solvents, with low eneré} excitation {330 nm) giving rise to a
strong high energy component at 348.4 nm. The relative intensity of

- ¥ {
this b;;d then decréies at Ap = 300 - 310 nm rising again at 280 and

“ ' . ‘ ‘//fr

310 and 260 nm show the same qualitative trend as this present work, i.e.

4

RN
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'270 nm excitation. The bands at 353.0 and 370.8 nm appear-stronQTy at

all excitation wavelengths.

5.3.1b Fluorescence Spectroscopy in Organic Glasses at 77K

r

In glasses of 3-methylpentane or isopentane at 77K the fluore-
N

scence maximum of 2,2'-binaphthyl is shifted toward‘longer wave]ength,
wHen compared to the 295K results. This is in contrast to the blue
shifts observed.for i,]'- and 1,2'-binaphthyl upon cooiing. The two
principal bands in emission, depending upon the excitation wavelength, ~
are at 367 nm and 387 - 389 nm at—77K. Examples of the Tow temperature
fluorescence excitation and emission spectra for 2,2'-binaphthyl in
isopentane and 3 MP are shown in Figures 5.12, 5.13 and 5.14 while some
of the salient.emission wavelengths are given in Tahle 5.10.

Relative intensities are not given in the following tables as
they were dependeﬁ; on excitation wavelength. The Tow temperature spectra
in isopentane and 3 MP are quite similar, with a few of the weakest
bands in the isopentane solution absent from the 3 MP spectrum, The
actual band frequencies found in 3 MP and isopentane are 1denti§a] within
the/EEEEEimenta] error and it can be seen that all the bands observed
at rooﬁ.temperature are also seen in the 77K spectrum, unshifted in
frequency buf greatly different in intensity.

" The long wave]engtﬁ region of the low temperature absorption
spectrum in 3 MP and isopentane seems somewhat enhanced too; this infor-
mation is,unfortunate]y;'not djrect]y availabie from absorption measure-

ments at 77K but-Qay be inferred fr%p the fluorescence excitation spectra

and from the fluorescence emission behaviour. The excitation spectra

-
o I

o
e ‘\\ a \
9\ e N\ v :

Y



Figure 5.12

. F]uoreséence Emission Spectra of 10'5M 2,2'~BinaphthyT-h]4

in Isopentane at 77K as a Function of Excitation Navg]ength‘
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Figure 5.713

5

Fluorescence Excitation Spectra of 107 "M 2,2'-Binaphthyl-h

14
in Isopentane at 77K as a Function of Emission Wavelength
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Figure 5.14

Fluorescence Emission Spectra of 10'5M 2,2'-Binaphthy1:h]4_

in 3-Methylpentane at 77K as a Function of Excitation Wavelength
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Table 5.10 - \&
¥ 4 -5 '

Emission Wavelengths of 107" - 107 °M 2,2'-Binaphthy1‘

in Alkane Solvents at 295K aad 77K

295K - 77K
isopentane, 3-methylpentane

¢t W A T S

' cyclohexane or methyicyclohexane - Isopentane 3-Methylpentane

r(nm) 3(cm']) A(nm) 3(cm']) | x(nm) -_‘U(cm'1)
! 341.8 29 260 338.6 29 540

) e 28 690 35 w0 M2 29 140

{ 358.8 27 870 348.7 28 680  348.2 28 720

%7.6- 27 200 3529 28330 . .,

390 25 640 . 359.6 . 27810  359.5 27 810

410 24 390 366.8 27 260 366.6 27 280

. 376.) 26 590 37847 ///és 410

383.1 ZP 100
388.6 | 25 730 : 387:2 25 830
398.1%. 25 120
412.6 24 240 409.5 24 420

436.1 22 930 437.6 22 850
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show considerable absorption up to = 350 nm, while excitation of 2,2'-
binaphthyl in tsopentane at 77K with Ay 25 Tong as 345 nm was found to
yield appreciable fluorescence; in contrast, room temperature solutions
of 2,2'—b{haphthyl éf,gomparaﬂﬁe con;éntration gave essentially no
'f]uorescence with éxcitation wavelengths greater than 335 nm.

On cooling to 77K the emission of 2,2'-binaphthyl in rigid’éihanol
giass is fouﬁd to remain strongly dependent on excitation wavelength. These
variations in relative }nténsities may arise from the overlap of several
, jndividua] subspectra constituting the net fluorescence emission spectrum.
With excitation at 325 ﬁm the contributions of the subspectra are of
similar intens}ty and the vibronic peaks are mére clearly resoived them
at either higher or lower excitation energies, with the apparently broad
bands at about .350 and 367 nm separatin§ into a number of component peaks,
as seen in Figure 5.15 and listed in Tab]é 5.41. The low temperature
emission in ethanol is shifted to slightly shortér wavelength rélatjve
to the room temperafuré fluorescence. Using the relative intensities as
a guide the shifts appear as follows: '348.4 - 346:1 nm; 353.0 ~ 351.5 nm;
391.0 -~ 386.4 nm or about‘ISO - 300.cm']. The accuracy of this figure /
is limited by the breadth of the emission lines, particularly at room
temperature. Despite this sma]i shift the greatest intensity still lies
at the high energy end of the fluorescence at 77K in ethanol. This
situation is markedly different from the state of agfg;;tnin alkane
solvents where the band frequencies were unaltered but whére the
intensity distribution was enhanced-at longer fluorescence wavelengths
at liquid nitrogen temperatures.

Fluorescence excitation spectra recorded at 77K in isopentane
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Figure 5.15

Fluorescence Emission and Excitation Spectra of 107
2,2'-Binaphthy1-h14 in Ethanol at 77K as a Function of

Excitation and Emission Wavelengths
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Table 5.1

Emission Wavelengths for 10~

1
5

M 2,2'-Binaphthyl in

Absolute Ethanol at 295K and 77K

295K

77K

«F(nm)
344.0%
348.4
353.0
370.8
391.0

Ny
wiem )

29 070
28 700
28 330
26 970
25 580

AF(nm)

350.101

366.9°¢

386.4
410.3

346. 1
351.5

362.2
370.2

a
very weak

b with poor resdlution

-

ki
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Table 5.12

5

Excitation Wavelengths of 10 °M 2,2'-Binaphthyl }n

Absolute Ethanol and Isopentane at 77K 1

Ethanol Isopentane

A;(nm) . C(cm']) A;(nm) G(cm_]) . A;(nm) 3(cm—])
325.8 30 690 356.8. 28030 307.3 32 540
313.5 31 900 350.9 28 500 300.1¢2) 33 320
301.8 33130 345.4 28 950 204.6¢2) 33 940
283.6 35 260 338.6 29 530 292.148) 34 240
273.2 36 600 334.6 29 890 286.8 34 870
" 266.7 37 500 331.4 30 180 283.442) 35 290
322.4 31 010 274.8(2) 36 390

316.8 31 570

4 resolved only in‘AF = 358.8 spectrum.

e
1

363.6, 353.0, 346.7 nm (see Figure 5.15).

436.1, 412.6, 388.6, 376.1, 366.8, 358.8 nm (see Figure 5.13).

e
n
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and ethanol show a decided wavelength of‘emission dependence, in additfon
to becoming somewhat sharper, particularly those in isopeﬁtane. The
excitationlspectrum in isopentane is towards longer wavelength compared
with the excitation spectrum in alcohol, in agreement with the observed
emission behaviour in these fwo solvents.

The broad band at 325.8 nm in ethanol-glass is believed to have
as its counterpart the sharper peak at 338.6 nm in isopentaée with the
immediately adjacent peaks being unreso(}ed in ethanol; the 0-0 in
excitation in ethanol is probably buried under this structureless band
centered at 325.8 nm while the longest excitation band in isopentane,
although very weak, may be discerned at 356.8 nm. Since the excitation
and emission overlap significantly at 77K the apparent difference in the
fluorescence excitation spectra monitored at the high energy edge of
the emission, both in ethanol and isopentane, may be partially attribut-
able to reabsorption of the fluorescence in this region. Reabsorption
may account for the relative weakness of the long wavelength excitation
bands for fluorescence monitored at 359 nm in isopentane or 347 nm in
ethanol, both in the absorption-emission overlap region. It is unlikely
ﬂhst the entire wavelength effect is due to the distorting effect of
posé?b]e reabsorption since this would not explain the variation of
intensities at 338.6 nm to 322.4 nm in isopentane. This 322.4 nm band
in isopentane is believed to be the red shifted counterpart of the peak
at ~ 313.5 pm in ethanol.

The d{%ferences between the spectra obtained in ethanol as
opposed to;alkane solvents at 77K could be ascribed to either specific
so]vent-sgidfe interactions in the polar alcohol solution or to the

D

J
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19 214

high viscosity of thé ethanol glasses (n ~ 2.1x10°° poise). Trial

spectra in highly strained cracked gyasses of the hydrocarbon solvent

. 214 :
18 poise at 77K) resembled those found in

methylcyclohexane (n ~ 1.2x10
3 MP at this temperature, suggesting that the sggpfrOSFOpic djfferences
are primarily the result of some specific solve%t-so]ute interaction in/”
the ethanol solution, a rather suprising result in view of the low |
polarity of the 2,2'-binaphthyl solute. The difference in the room
temperature emission in alkanes and ethanol, wherein the viscosities are
comparably low, altso .supports this contention. The absorption spectrum

of 2,2'-binaphthyl at 295K was apparently unaffected by solvent, with

the same spectrum being obtained in ethanol and the hydrocarbon solvents.

N\ .
5.3.1¢c Fluorescence in Polycrystalline (Shpol'skii) Matrices

In contrast to the broad emission bands obtained in 1ow‘temper§-
ture glassy media the fluorescence emission/of 2,2'--b1'naphthy1—h14 and
-d]4 in po]ycrys?g]]ine matrices of methylcyclohexane at 77K yielded a
wealth of vibrational structure. In this solvent the half-widths were

U Stil1 far from the 1 - 10 cm™ | bandwidths

typically 100 - 150 cm
observed in other Shpol'skii guest-host combinations. This is similar to
the case of 2-phenylnaphthalene in methylcyclohexane matrices, as
discussed in Section 4.2.1b.‘

Nominal solute concentrationé were.kept to a maximum of TO'SM to
avoid possible aggregation or precipitation at the lower temperature. A
nunber of other matrix forming a]éané solvents were tried with cyclohexane '

and n-pentane producing spectra of marginally inferior 5fsolution to those

e

in methycyclohexane. The normal alkanes, hexane, heptéhe and octane gave

very poorly resolved emission.
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Bg}h the -h]4 and -d14 fluorescences show a large Qariation in
relative intensities of the quasilines as a function of the excitation
wavele&gth, as shown in the accompanying spectral traces, Figures 5.16
through 5.17. The wavenumbers of the 25°‘resolved vibronic bands for the
-h14 species and 27 vibronic bénds for the -d14 species are listed in
Table 5.13, with the rough relative intensities with*300 nm excitation
being noted.

Isotopic substitution of deuterium for hydrogen produced a small
hypsochrom%c shift of the haghest wévenumber band in the -h,, (28 700 cm'])
and -d]4 8 790 cm']) spectra. Blue shifts of tHis magnitude are
frequenzquseen on perdeuteration and are bglieved to arise from the
'decrease in zero-point energiesvof both ground ani/éxeited states upon
deuteration, with the decrease being greater in the ground state.34 A blue
shift of comparable size was obseﬁwéd in the room temperature absorption
spectrum of the isotopic 2,2'-binaphthyls. Although the S0 > S] absorp-
tion is largely buried under the adjacent S0 - 32 band, for the higher
energy absorption transiéidﬁs at 212 and 254 nm the blue shift is ~ 80 cm'1
on perdeuteration while the molar absorptivifies were.unaffeCtea.

) -~ Fluorescence excitation spect;;, Figure 5.18, were obtained for
four principa] bands in the —h]4 emission sﬁectrum at'3§§.4, 363.6,
368.8 and 373.1 nm. The band of greatest interest, the highest energy
band at 348.5 nm could not be monitored directly becéuse of interference
with scattered exciting light. It should be noted that the resolution
df the fluorescence excitation was rather pooruowing to the necessarily

large excitation bandwidth. Even considering the large bandwidth it

appears that the excitation spectrum is infrinsical]y broader than the



- 181 -

Figure 5.16

al,
Uncorrected Fluorescence Emission Spectra of 10'5M
2.?_‘-B1'naphthy1-h]4 in Polycrystalline Methylcyclohexane
at 77K as a Eynction of Excitation Wavelength

indicated peaks correspond to monitoring wavelengths for excitation

spectra, Figure5.18; a = 358 nm; b = 364 nm; c = 369 nm; d = 373 nm.

— T
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Figure 5.17

5

Uncorrected Fluorescence Emission Spectra of 107 "M

. )
2,2'-Binaphthyl-d,, in Polycrystalline Methylcyclohexane at 77K as a

14
Function of Excitation Wavelength
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Table 5.13
Frequencies from the Flusrescence Spectra of 10°°M

2,2'-81’naphthy]-h]4 and -d]4 in Polycrystalline Methylcyclohexane at 77K

-hyq -d

14

Relative Intensitya v(cm-])]. Relative Intensitya v(cm'])]

at A, = 300 nm +10 cm” at A, = 300 nm +10 cm
s 28 700 $ 28 790
m 28 430 W 28 550
m 28 160 m 28 280
m 27 900 W 28 040
m 27 740 m 27 990
m 27 640 s 27 850
Vs 27 510 W 27 750

S - 27 220 Vs 27 640

S 27 110 W 27 480

S 20 970 ms 27 360

T Vs 26 800 m,sh 27 160
m 26 490 Vs 27 070
m 26 280 VS 26 940
m 26 100 s,sh 26 900
m 25 850 VW 26 640
m 25 710 VW 26 560
m 25 610 W 26 430
ms 25 420 VW 26 310
ms 25 200 : m 26 230
W 24 940 m ' 26 080
W 24 720 m y 25 630
W 24.650 m 25-500
W 24 520 VW 25 020
W - 24 320 VW 24 808
W 23 820 w 24 660
vw,sh - 24 500

w,broad 24 070

a s=strong; m=mederate; w=weak; v=very; sh=shoulder
LY
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Figure 5.18

Fluorescence Excitation Spectra of 2,2'-Binaphthy1-h]4 in
Polycrystalline Methylcyclohexane at 77K as a Function
of Emission Wavelength.

Curves are individually height normalized.
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emission spectrum.

The excitation spectra indicate the presence of at least two
absorbing species in the polycrystalline matfix, with the excitation
spectra at 358.4 and 368.8 nm belonging principally-to one species and
the363.6 and 373.1 nm spectra arising mostly from the other component.-
The monitored bands are indicated on the quasilinear emission spectrum
for 2,2'—bin§phthy1~h14. The excitation curves are individually height
Honnalized so that quantitative comparison of the relative absorbances
of the two species at a particular wavelength is difficult.

Examination of the wavelength dependent emission and excitation
gpectra clearly indicateg that at least two fluorescent species are
present in the methylicyclohexane matrix at 77K. For both —h14 and -d]4
molecules the shortest wavelength band in emission dominates at excitation
wavelengths of 335, 330 and 260 nm, while this band is comparatively weak

if excitation is at 310 or 300 nm. At X
1

I 280 nm the intensity of the

28°700 cn” ! band (-hy,) and 28 790 cm! band (-d,,) is roughly that of the
other strong;emission bands. With excitation at the extreme absorption
edge, at AA = 335 nm, the emission so obtained should correspond to that

of the nearly pure red-absorbing component. On increasing the excitation
energy to 300 and 310 nm the intensity of the more red-shifted emission
component appears to pass through a maximum, decreasing again at shorter
excitation wavelengths. The fluorescence emission of 2,2"-binaphthgﬂ-h]4
and -d14 has been dissected into subspectra on the basis of the excitation—
wavelength effect. The apparent electronic origins of these two emissions

1ie about 540 - 510 cm"I apart. The assignment of various vibronic bands

to one or another subspectrum is made on the basis of the variation of
)
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relative-intensities with excitation wavelength, particularly with XA =
335 nm and 310 nm. These assignments are shown in Tables 5.14 and 5.15

The qualitative behaviour of both isotopic molecules is similar.
Surprisingly the -d]4 species shows no consistent lowering of the frequen-
cies relative to the -h]4 results, as would be expected if the vibrational
modes involved much C-H or C-D character. This may simply reflect the
low precision in thé measurement of the vibrational spacings at these ®.
_rather wide bandwidths. The separation between the origins of the two

subspectra is 540 cm'] !

for the -h,, molecule and 510 cm” “in fhe -dq,
case; these values arq‘identica} within the experimenta] error. The mean
figure of 525 cm'] would then represent the total énergy difference,

85, * AS], for the two fluorescent components ip the emission of 2,2'-
binaphfhy] in polycrystalline methylcyclohexane at 77K. These observ-
ations are much in keeping with the recent results of Riley and co-

190 ¢or 1,1'-binaphthyl in Shpol ‘skii matrices at 4.2K, as  {

workers
discussed in Section 5.1.4. For the 2;2'-binaphthy1 the sum of the
energy differences between the two propo§ed conformers in the ground and
excited states is the much smaller 525 cm_], in contrast to the Targe

1 o 190 =
proposed for the 1,1'-binaphthyl conformers.

difference of 4850 cm
Unlike f,]'-binaphthy], for 2,2'-binaphthyl the higher excitation energies
led to the longer wavelength subspectrum. This would indicate that the
2,2'-binaphthyl conformer strongly excited at 310 and 300 nm must undergo
some geometry change or relaxation subsequent to excitation, even at 77K,
Thelspectral behaviour of 2,2'-binaphthyl in polycrystailine

methylcyclohexane at 77K is considerably different from that observed

for fluid or glassy solutions of that molecule. This tends to indicate
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Table 5.14
Vibrational Subsystems in the Fluorescence Emission Spectrum of

2,2'-Binaphthyl-h]4 in Polycrystalline Methylcyclohexane at 77K

AA = 335 nm XA = 310 nm
v (cm']]'r av (cm-]) Relative* v (cm']?+ AV (cm']) Relative*
+10 cm +20 cm”! Intensity  +10" cm™ +20 cm! Intensity
28 700 0,0 Vs 28 160 0,0 W
28 430 0,270 m 27 740 0,420 m
27 900(a) 0,800 m 27 640 0,520 m
27 220 0,1480 m 27 510(b) 0,650 Vs
27 110(c) 0,1590 Vs 26-970 0,1190 w
26’BOO(d) 0,1360 Vs
426 300 0,1670 m
26 280 0,1880 m
26 100 0,2060 m
25 850 0,2310 m
25 710 0,2450 m
25 610 0,2550 m
25 420 0,2740 s
25 200 0,2960 s

¥ bracketted letters refer to bands monitored in excitation spectra and
indicated on fluorescence emission spectra, Fig.5.16

* A Y
v=very; w=weak; m=moderate; s=strong.

.
-



-

- . - 188 -

P

Table 5.15
Vibrational Subsystems ih the Fluorescence Emission Spectrum of

2,2'-Binaphthy]-d]4 in Polycrystalline Methylcyclohexane at 77K

AA = 335 nm — AA = 310 nm
v (cm']} Av (cm:]) Relative* v (cm']% (cm“}j Relative*
+10 cm” +20 cm 1 . Intensity  +10 cm" +20 cm” Intensity
28 790 0,0 Vs 28 280 0,0 m i
28 550 0,240 m 27 850 0,430 s
28 040 0,750}+ m 27 750 0,530 5,sh
27 990 0,800 m 27 640 ,640 Vs .
27 360 0,1430 5 27 480 ,800 .m
27 160 0,1630 $ 27 070 0,1210 m
26 940 0,1340 vs
26 900 0,1380 s,sh
26 640 ¢ 0,1640 W
26 560 0,1720 m
e 26 430 0,1850 m,sh
26 310 0,1970 m,sh
26 230 0,2050 5
S/ 26 080 0,2200 5
. e 25 630 0,2650 s
25 500 0,2780 5
- ) N
t ¢« -
poorly resclved.
* v=very; w=weak; m=moderate; s=strong; sh=shoulder. / N
¥y .
7
- B
-
| -,
oo ‘ \
? -
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that the geometries of the conformers in the methy]cyc]ohexane matrix are
largely dictated by the crystal]ihe environment, that is, the potential
in polycrystalline methylcyclohexane is partially, if not chiéf]y inter-
molecular in drigin;;\ln fluid solution it is be]iéved thét the potentia{
functions.bf the participating singlet states of 2,2'-binaphthyl will be
ﬁore nearly intramolecular in nature. Similar conclusions may be drawn

for the 1,1'-binaphthyl work of Riley (Section 5.1.4).

The actual geometries of the two 2,2'-binaphthyl conformers in the

——

o ——

polycrystalline matrix- are not known but the two subspectra clearly do
not show similar progressions, merely displaced with respect to one another.

1 shift, suggests that

This observation, in conjunction with the 525 cm
the dua{ emission is not a'trivial consequence of the possible presence
"Bf two crystailine modifications of mé%hy]cyclohexane at 77K. The dis-
similar vibrationﬁT\qrogressiahs for the two conformers points to two
fluoresignt species w%th different geometries. It is unlikely ihat both
confoqﬁérs could be planaf? as the planar s—cisﬁand s-trans forms of
2,2'-binaphthyl might be expected to exhibit ngarly identical vibrational
details in their fluorescidnce eqission spectra. The f]uorescénce origins
of the 2,2'-binaphthyl emission in the polycrystalline matrix may be
compan%d.with the emission origins of the model compounds naphthalene and
1,2,7,8-dibenzof1udrene‘(1,2,7,8—DBF). This latter compound was synthe-
sized as a ﬁnde] fer:;é~c0p1anar s-cis conformation of 2,2'-binaphthyl
wherein rotation about the C-2—-2' bond isfeiiminated by the restraining
methylene.bridgeLﬁ_ Vi ‘
. ®iven the r;EEdity of the molecular skeleton 1,2,7,8-DBF is
probab1y"BTEnar in poth its ground and first excited singlet states.
S
R et

-
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Figure 5.19

Structural Formuia and Numbering for 1,2,7,8-Dibenzofluorene

Room temperature and Tow temperature excitation and emission spectra,

Figures IV.1 and IV.2, in Appendix IV, show considerable vibrational

structure typical of rigid aromatic systems, in addition to a coipcidence
of the origins in absorption (excitation) and emission at 28 030 cm']
(356.8 nm). This latter feature in addition to the substantial mirror-
image symmetry about the 0-0 indicates that this model compound is p]anar
in both 5_ and S..
The fluorescence origin for naphthalene in a low temperature
Shpol'skii matrix lies at 31 746 cm-].g8 On the basis of these two mode1;
geometries it may be conjectured that the fluorescent conformers of 2,2};
binaphthyl in the polycrystalline matrix, with probablxtorigins of 28 700

em™ and 28 160 cm !

» have considerable 7-electronic interaction between
the constituent aromatic rings and are both closer to planar species
than to perpendicular ones. Neither species show distinct naphthalene-
like vibronic progressions.

The excitation spectra of the polycrystalline so]ufions of 2,2'-

binaphthyl obtained at various emission wavelengths nicely complement the

emission results. As mentioned earlier the presence of at least two,
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emitting species is revealed in these curves. The conclusion that the
emiss?on bands labelled "a" (358.4 nm, 27 900 cm']) and "c" (368.8 nm, -
27 110 cm'l) belong chiefly to the species absorbing at longer wavelength
is directly borne out in. Figure.5.18. This figure also confirms that the
bands "b" (363.6 nm, 27 510 cm”') and “d* (373.1 nm, 26 800 cm ' ), strong
in the kA = 310, 300 nm emission spectra, are more strongly excited at

- shorter wavelength.

The cumulative evidence would point to at least two fluorescent
conformers for 2,2'-binaphthyl in the polycrystalline matrix, the
geometries of which are more nearly planar than perpendicular. These
geometries are most likely imposed on tﬁe molecule by the lattice
restraints, rather than arising frbm a purely intramolecular potential.
Furthermore these conformers are spectroscopically distinguishable in the |
steady-state emission and excitation spectra, the sum of the differences

in the ground and excited state minima amounting to about 525 cm'].

5.3.1d Oxygen Quenching of the Steady-State Fluorescence of 2,2'-

Binaphthyl at Room Temperature

To further explore the question of possible conformers of 2,2'-
binaphthyl in fluid solution and in anticipation of the fluorescence
lifetime studies singlet quenching experiments using molecular oxygen
were. conducted on cyclohexane solutions of 2,2'-binaphthyl nominally at
295K. This technique has been applied successfully by several authors
tﬁ study the differential quenching of the emission spectra of the

conformers of 1,2'-diarylethy1enes.]1‘16

4

The fluorescence emission spectra of a dilute (1.2x107 M)

solution of 2,2'-binaphthy1—hM in cyclohexane, equilibrated under 1
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Figure 5.20
Fluorescence Emission of 1.2x10" M 2,2'-Binaphthyl in

Cyclohexane at 295K with A, = 320 nm

A
upper curve: degassed by 6 cycles of freeze-pump-thaw -

Tower curve: under 1 atmosphere of oxygen
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atmosphere of 02. were recorded as a function of the excitation wavelength.
In contrast to the deéassed solutions these oxygenated solutions showed
practiéal]y no excitation wavelength dependence. In all quenched solutions
the 348.6 nm band dominates the fluorescence spectrum. Figure 5.20 clearly
~illustrates the se]ective.quenching of the red shifted, and presumably
longer-lived component upon the addition of the singlet quencher. Both
solutions in Figure 5.20 were excited at the common wavelength, 320 nm,
but in the degassed solution the emission maximizes in the region 365 -
375 nm. Infroduction of oxygen apparently quenches the species emitting
in this region rather more strongly than the shorter wavelength component,
leaving the 348.6 nm band as the most intense feature of the oxygen
saturated solution. Excitation of the oxygenated solutions anywherefin
the range 335-260 nm produced spectra practically identical to those
shown for Ag = 320 nm in Figure 5.20. These alterations in spectral
properties are not the result of irreversible photochemical reaction of
02 wi th the 2,2'-binaphthyl solute, as any single sample could be repeat-
edly cycled from a degassed to oxygenated condition with no accompanying
irreversible changes in the emission characteristics, including fluore-
scence lifetime. Moreover, no contact charge-transfer absorption was
evident in the oxygenated solutions above 260 nm.94
This .steady-state quenching evidence suggests that at least two
fluorescent species, charactefized by different fluorescence lifetimes
and emission spectra are present in the room temperature cyclohexane
solution of+*2,2'-binaphthyl. That the longer-lived species, which
fluoresces somewhat to tﬁe red of the shorter-lived component, is nearly

totally quenched at one atmosphere of oxygen quencher is apparent from
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!
the lack of excitation wavelength effect on the fluorescence emission of

the oxygenated solutions. It is expected that the lower curve (oxygenated
solution} in Figure 5.20 will reflect the fluorescence emission of the
nearly purely short-lived component. This spectrum is similar to those
obtained in degassed solutions upon excitation at either wavelength
extreme at 330 nm or 270 and 260 nm. At intermediate excitation energies
in degassed solution the longer-lived component contributes subﬁtantia]Iy
to the total intensity, leading to an emission maximum at 368 nm, rather

than the 349 nm maximum seen at AA = 330 nm or in oxygenated solutions.

5.3.2 Fluorescence Quantum Yield Measurements

The relative fluorescence quantum yields of 2,2'-binaphthyl were
determined at 295K in cyclohexane and at 295K and 77K in 3 MP in the
usual manner. Both ambient and low temperature fluorescence quantum
yields showed a distinct variation with excitation wavelength, contrary
to expectation if Vavilov's law is obeyed for this system. In the
range AA = 320 - 270 nm the room temperature quantum yield in cyclohexane
was practiﬁal]y constant {at PR 0.61 + .02) but it declined sharply

outside this range of excitation energies to 0.39 at », = 330 nm and

A
0.46 at A, = 260 nm. The results for the -h]4 isotopic molecule are

A
tabulated in the two succeeding tables.

The quantum yield of the -J]Q isotope was determined by measure-
ment felative to the perprotio-species. Absorbances of the two solutions
in cyclohexane were ~ 0.5 (in 1 cm cells) and matched to within 1% at the
three excitation wavelengths, 320, 300 and 280 nm. In all cases the

areas under the fluorescence emission curves for both species were

identical to within 3%, indicating that the fluorescence quantum yield
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Z\ Table 5.16
8; Relative Fluorescence Quantum Yields of
2,2'-Binaphthyl in Cyclohexane as a Function

of Excitation W¥length at 295k°

)‘A (nm) ¢f AA (nm) ¢f
330 0.39 290 0.60
320 0.64 280 0.59
310 0.58 270 0.60
300 0.63 260 0.46

2 measured in triplicate at each Ap.

Table 5.17
Relative Fluorescence Quantum Yields of
2,2'-Bihaphthy1 in 3-Methylpentane at 295K and 77K

as a Function of Excitation Have]engtha

A, (nm) ¢ (295K) ¢ (77K)
320 ' 0.58 . D.64
300 0.57 0.34
280 0.66 0.85

a

measured in triplicate at each AA and temperature.
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of 2,2'-binaphthy]-d]4 was in no way different from the guantum yie1d of
the -h14 species. A number of other authors have also found ¢f to be
invariant upon deuteration for a large selection of aromatic hydro-
33,34
carbons. ']
g;rlman34 gives e of 2,2'-binaphthyl in cycichexane at room
temperature as 0.41 with 265.0 nm excitation in fair agreement with the

146

present measurement. Lentz and coworkers arrived at a somewhat

higher figure, 0.55, in cyclohexane at 25°C, (A, = 254 nm), measured

A
relative to quinine sulfate solution. On the whole the quantum yields
determined by this latter group appear to be systematically slightly
larger than those measured by other workers for a variety of other

naphthalene derivatives so this discrepancy in actual values of ¢¢ is

not viewed as serious.

5.3.3 Fluorescence Decay Measurements

The most striking feature of all the fluorescence decay measure-
ments on 2,2‘-b1‘naphth_y'l-h]4 and -dM was that under no conditions could
the intensity versus time data be adequately described by a monoexponen-

tial decay law of the form "
I(t} = aexp(-t/1). (5.2)

The fluorescence decay of the 2,2'-binaphthyls at 77K or 295K in'the
various solvents could, in all cases, be well fitted to a biexponential

decay function
I(t) = aexp(-t/rT) + éexp(-t/rz) (5.3)

where the lifetimes Y and T remained invariant for a given solvent,
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Table 5.18
Fluorescence Decay of 10'4M 2,2'-Binaphthyl in Cyclohexane at 295K
Fit to Biexponential Decay Model: Comparison of Nitrogen and

Deuterium Filled Excitation Sources.2

T,
Source (;ll _LnE) - L

Excitation

D, _ 21.06 .103.8 1.32 1.61

:(}‘A = 300 nm) 20.06 102.6 1.37 1.25 ~
21.34 105.6 1.37 1.52

N, : 21.84 103.0 1.37 1.36

(ry = 297.7 nm) 22.94 107.1 1.4 1.29

means _ 21.45+1.06 104.441.9 1.37+.03

a

A ¢ KV399, KV408 filters in series.
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temperature and solute concentration whereas the preexponential factors
‘(or better, their ratio a/8) varied with both Ay oand Ao, . M\\,/
The fluorescence decay was examined in greatest detail in c}c]o-
hexane at 293K but experiments were also conducted in 3 MP, isopentane
and ethanol at 295K and 77K. 1In all cases the excitation wavelength
was selected by means of a monochromator whereas the emission wavelengths
were selected variously by colour filters, sharp-cut filters, interference
filters or by a second monochromator. Both D2 and N2 excitation sources
were used except where the use of the second monochromator mitigated
against the use of the 100-fold weaker deuterium source. Essentially
identical resultw were obtained using either exciggtion source, as shown
by Table 5.18. > .
fhe preceding table shows the close agreement obtained with either
gas filling. The reduced chi-squared paramé®er for the biexponential fit
was somewhat larger than desirable but typical of those obtained using
the Schott KV Series shérp-cut fifters. This is probably the result of
some very long lived residual emission of the filters themselves, albeit
at a rather low level. This problem has been reported for these partic-
ular filters by otheJéworkers in the fie]d;Z]5 this effect persists in
the results given in Table 5.18 too, giving rather large values of xzv
even for the biexponential fit. Incompiete blocking of the scattered
exciting light by the Schott filters is considered the less likely
culprit since the published transmission curves indicate a very efficient
scattered light rejection (tEansmission down to ~ TO_S‘by 20 nm below cut .

wavelength) for these filters. Inclusion of a scattered light component

would also tend to systematically shorten both characteristic Tifetimes
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‘with a lesser effect on the reduced chi-squared value.’

Takl= 5.19 shows the results of deconvoluting some of the room
temperature 2,2'-binaphthyl decay data both as a2 mono- and a biexponential
'decay, with the reducéd chi-squared being applied as the criterion for
the goodness—of—fit.53 It is apparent that the fluorescence decay of
2,2'-binaphthy1-h14 is not well described by a single exponentially
decaying fluorescent component, with the reduced chi-squared routinely
exceeding 50. Furthermore the lifetime deduced from the monoexponential
fit varies greatly with the choice of excitation wavelength, coﬁfrary to
expectation for a single emittiﬁg state or species. This variation of
7 {mono) as a function of AA (at fixed emission conditions) is smooth but
not monotonic, passing through a maximum at 300 - 310 nm excitation.

A dramatic improvement in the goodness-of-fit was obtained upon
fitting «a biexponential model to the experimenta] decay data, xzv dropping
to about < 2 in all cases. sz values significantly above 1 for the bi-'
exponential fit likely result from those sources discussed earlier. Most
importantly, the decay at all excitation wavelengths can be characterized
by two invariant lifetime arguements, t, = 22.09 + 1.07 ns and T = 103.6
+ 1.7 ns, whose relative contributions, as measured by the ratio of pre-
exponential factors, a/B, are the only variables.

The high degree of reproducibility of Ty, T, and «/B at a particular
AA strongly suggests that the appearance of a second component in the
fluorescence decay is not merely the result of some transient instrumental
artifact such as Sadiofrequency noise or samp]é contamination sincg_the
replicate experiments were performed on different samples at widely

separated times.



- 200 -

Table 5.19

Comparison of Mono- and Biexponential Fitting of Decay Dataa for

10™%M 2,2'-Binaphthyl in Cyclohexane at 295K

Biexponential Fit

b Monoexponential Fit
A
A T1 T2 T 2
(nm) (ns) (ns) a/8 Xy (ns) X

335.0  24.02 106.2 7.94  1.48  41.93 7462
332.5  23.97 105.9 7.00 1.57  42.80 75. 46
330.0 23.12 101.2 5.84  1.58  44.60 113.3
23.66 103.8 6.03 -1.53  44.4] 77.64

327.5  23.81 104.7 4.62 1.22 51.78 77.65
325.0  23.05 105.9 3.11 1.35  61.71 80.79
22.32 101.0 3.00  1.36  59.83 75. 71
320.0  22.55 103.3 '2.00 1.17  70.58 63.92

: 22.29 105.2 1.98  1.26  72.36 65. 91
310.0  22.01 105.4 1.30  1.37  81.12 69.96
. 20.81 101.8 1.27  1.39  79.2] 69.84
d>3oo.o 21.06 103.8 1.32  1.61 80. 31 69.10
. 20.06 102.6 1.37 1.25  78.70 49.30
21.34 105.6 1.37  1.52 - 80.56 74.72

290.0  21.72 104.9 1,60 1.29  76.90 57.47
280.0  21.27 101.6 2.48 2.16  65.07 113.3
21.72 103.7 2.58 . 1.78  65.6] 117.2

270.0  21.65 101.0 2.68  1.48  $3.12 78.69
21.49 102.9 2.72 1.85  63.56 81.73

260.0  21.62 101.6 2.08 1.57  69.23 67.2]
21.36 102.9 2.10 1.8  69.77 102.5
250.0  21.65 103.4 1.85  1.76  72.83 93.74
21.57 103.9 1.96 1.76  72.31 64.75
103.6+1.7 65.68+12.76

means 22.09+1.07

d
e
b

02 filled lamp.

= Schott KV399, Kv408 filters in

series.
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These results then imply the presence of at least two emitting
states or species in the 2,2'-binaphthyl so]ution,\gﬁb; characterized by
its own singlet lifetime and having overlapping fluorescence spectra.
The ratio a/g gives.a rough estimate of the contribution of each to the

16

intensity as a function of time after excitation. A better estimate

may be obtained by integration of Equation 5.3 over time

t t
[ TH{t)dt = [ T{eexp(-t/7;} * Bexp(-t/1,) }dt (5.4)
t0 t0

. e IR

so that &7y and Btz are, respectively, the contributions of the short-
lived (1) and long-lived (2) species to the total fluorescence intensity.
Figure 5.21*s derived from the data of Table 5.19, using the mean life '
times of T 22.09 ns and T, = 103:6 ns, and shows the gmooth variation
of ut1/812 with excitation wavelength at the~fixed emission conditions.
This figure indicates that the long lived species 2 dominates ;the emission
at excitation wavelengths below 330 nm while above 330 nm thekcontribut{bn
of species 1 inréases rapidly, imp]yinq that while the absorption spectra
of 1 and 2 overlap strongly they are_ﬁbt entirely coincident with species
1 absorbing somewhat more strongly at the red end than species 2. Excit-
ation at the Iohg wavelength edge of the electronic absorption band of
2,2'-binaphthyl may then be expected to selectively excite the shorter
Tived species 1, while excitation in the region 300 - 310 nm, where

is a minimum may be expected to favour the longer lived species 2.

u'r}/urﬂz

These observations are in agreement with the corresponding steady-state

-

room temperature emission properties of 2,2'-binaphthyl, in particular A
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290 310 330
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250 270,

‘ Figure 5.21

—_— e

- Relative Contribut#®f of Species 1 and Species 2
to Total Decay Intensity as a Function of
L - Excitation Wavelength; derived from Table 5.19

#
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~

the wavelength dependence of the emission and the 1dent1f1cat1on, by
oxygen quenching, of the short 1ived component as that one pr1mar11y
excited at A, = 330 nm and at x, = 20 - 270 nm.

It should be emphasized that Figure 5.21 gives only the relative
contributions of the two lifetime components; this would represent the
ratio of absolute contributions to the total decay intensity only if the
steady-state fluorescence intensities of -the two species were idenfica]
at the wavelength or wavelengths (for filtered emisoion) of emission. -
In Penera] there is no reason to suppose that the intensity of the two
emfosiono willbe equal at each and every emission wavelength since the

| emission spectra of species 1 and™2 will not necessarily be coincident
nor will the two species Wave the same fluorescence quantum yields.

From the wavelength dependence of the emission spectra and the
observation of two lifetime components in the fiuorescence decay of 2,2'-
binaphthyl even in fluid solution at room temperature‘it aopears probable
that 2,2'-binaphthyl may exiot as discrete conformers in the electronic
ground state at 295K. Since the absorption process is much faster (v 10-155)

than any possible interconversion in th@‘ground\gtate these conformers,
N

two or possibly more, will be prepared in their distinct Franck-Condon
stq;?h immediately ?gxer excitation. Unlike, for example, the case of

i‘; 1,1'-binaphthyl in fluid sd]‘?tion, "f"c/agpears that cbv%rsio*n or--inter-

conversion of the excited conformers cannot be occurring much faster than

L ‘
T - L

he other photOphys1ca1 processes, especially radiative return to the\,/

round states, since the decay is characterfzed by two lifetimes even in

flu1d solution. Under conditions of api 1nterconvers1on in the excited
Nl

state the two species would decay with a common 1ifetime given by

s

oo

/
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‘Equation 2.59

T.= 2/(k] + kz).

The kinetic schemeg have been more fu11} outlined in Section.2.8.

Failure to obtain a monoexponential detay for 2,2'-binaphthyl at
roém temperature is strong evidence that the rate of interconversion or
conversion of the excited conformers is comparable to, or s]ower than
the radiative depletion of the excited states.

Birks and coworkers]]

have given a full kinetic analysis of the
fluorescence of such Syétems, applied specifically to the conformeric
emission in solutions of trans-2—styry1naphthglene (1-phenyl-2-naphthy-
ethylene). The fluorescence decay as a function of time at fixed

excitation and emission wavelengths was given by Equation 2.79

kit -k,t

() Dpaag] = DRI DdGe |+ 00, 0F 0 dke 2

and the fractions of the two conformers in the excited state were given

by Equations 2.71 and 2.72.
FD,d = oalh
1-7A EMAE
DT - £2 110
2AY T e X T
Equation 2.82, which gave a relationship between the experimental quantity,

{u/s}[AA;AF], the ratio of pre-exponential factors, and the molecular para-

(tneférs fi[lA]!/fi[AF] and ki can be'rearranged to give

£ IR ] e[, ]C F.[2 ]
S 1 Y L R B BN (S S R
U FDAIF, 0T 7 6,1, T, * FI ] : (5-3)
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Hence the ratio GT]!BTZ may be physically interpreted as the relative ’,//r’\\

absorbances of the two species at wavelength A modified by their fluore-

A

scence emission, Fi,_at wavelength X While the individual values of

£
€5 Ci and Fi are obviously desirable, they may not be elucidated from
the information of Table 5.19 since the fluorescence emission is not
strictly monochromatic, but is merely filtered, so that the fluorescence
decay was monitored simultaneously at all wavelengths above the filter
cut-off, approximately 400 nm (KV 408 filter). Under these conditions

\\ neither Fi[AF] nor fi[xA] can be easily charécterized. | . .

="~ Consequently, it was seen that the only definitive decay experiment

would be one wherein both excitation and emission could be .fairly strictly
monochromated. Introduction of -the second\(emission) monochromator
dictated the use, perforce, of the nitrogen exéitatio sourée, with a
concomitant reduction in the availablc—e;citation wavelengths. Nonetheless
the fluorescence decay experiments are not, in themselves, sufficient to
solve for the individual parameters of the propoged species 1 and 2 since
both the relative abso;bances of the two species E][J\A]C]/EZ[AA]C2 and
the relative fluorescence intensities, F][AF]/FZ[AF] remain unknown. The
net emission properties of the mixture will be determine& ﬁy the contrib-
utions of the individual components via the fractions f][AA] ;nd fZ[AA].

The net or experimentally observable fluorescence quantum yield’

was given by Equation 2.73, namely
belrpl = filapdep o + Flhgles

where the individual quantum yields ¢f 1 and o¢ o are defined in the

Pt

P
usua{ mapter,

4’/ ,
\/
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K

£,1
be y = 2 (5.6)
fil kf,] * kics,] * kic,1

ki

£,2

T ¢ = > (5.7)

£.2 kg o ki o YKo

Similarly the usual steady-state fluorescence spectrum produced

by continuous excitation at AA was shown as Equation 2.68, nahely
T = £ 1,100 + £,00,1F,00)

where F1(AF) and‘Fz(AF) afe :ﬁs fluorescence spectra of species 1 and 2
respectively. The individual fluorescepce spectra are written as
independent of excitation wavelength, in accord with Vavilov's law.

Since species 1 énd 2 have overlapping absorption and emission
spectra it is l1ikely that there exists at least one or more isoemissive
wavelengths, AF', at which the intensities.of species 1 and 2 are equal,
i.e., F][XF'] = FZ[AF'].‘ Experimentally the isoemissive wavelengths of
the 2,2':binaphthy1 emiésion in cyé]ohexane can be determined by examin-
ation of the normalized fluorescence spectra obt;ined at different
excitation wavelengths. The need for normalization stems from the wave-
-length dependence of ¢f(AA) and hence the need to express all the fluore-
scence spectra in terms of a common relative fluorescence quantum
intensity. In-practice this is accomplished by setting the ratio of the
integrated f]uorescence(;pectra1 area to the fluorescence quantum yield,
Qgih obtained at-a common excitation wavelength, equal to a constant.
Figure 5.22 shows the fesu]ts of normalizing the fluoféscence emission

for solytions of 2,2‘—b1’naphth_y1-h14 in cyclohexane (295K} for kA =

330 to 3ld;at 10 nm intervals, to the expression
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[f[zA]dAF/Ef[xA] = 1.00 : (5.8)

over all

M

i.e., the drea under the curve divided by the quantum yield at the same
AA is set equal to unity. This normalization ptocédure indicates that
the entire short'waveléngth edge of Ehe fluorescence emission is ane
isoemissive region, within the rather large experimental uncertainty
imposed by the quantum yie]d‘heasurements. Similar normalizaticns over
the other excitation wavelengths 300 - 260 nm lead to the same conclu;ion
but have been omitted from Figure 5.22 for clarity. In this region,
330 - 350 nm, the normalization is actually fairly insensitive to
changes in JF[XA]; even assuming 3} to be cﬁpstant for all excitation
wavelengthg\lead to the same conclusion regarding the isoemissive wave-
lengths. For trans—?—styrylnaphthalene in n-hexane {295K) Birks]]
found a number of isoemissive wavelengths bqﬁh on the edges of vibronic
emission bands, where dF/dAF is large, and in the flatter regions of the
fluorescence spectrum, where dF/dAF is small, Isoemissive wavelengths

the latter sort are preferable since the decay expefiments would then
be relatively insensitive to small errors in Ap or bandwjdth effects but,
unfortunately, the only isocemissive region for 2,2'-binaphthyl was found
to be on the edge of thé emission band where dF/dAF was large.

Choosing the isoemissive wavelengths as AF' = 340 nm cne has that

FI[AF'] = Fz[AF'] reducing fquation 5.5 to

i, - Al [x,] ~  (5.9)
at 1, = = A . - .
1752 fz[r‘_[A YL |

Remembering the relation



- 209 - s ~

f'l D‘A] + fz[lA] =1

. at each AA one may rearrange to get edpressions for the fractions of

excited conformers at each choice of XA’ namely

v(2,)
e a
1

. and fz(AA) = m': 1 - f-[()\A). | . (5.]])

Hence, determination of the ratio uT]/BTZ = Y(AA) with AF' = 340 nm
permits evaluation of the fractions of the two species present in the
excited state as a function of the excitation wavelength.

3

Table 5.20 presents the decay parameters obtained for 107~ - 107M

solutions of 2,2'—b1’naphthy1—_h14 in cyclohexane nominally at 295K, monit-
oring the flJorescence at 340 nm and varying the excitation wavelength.
The need to employ the more intense nitrogen excitation source restricted
the usable excitation wavelengths to the region 281 - 337 nm. As noted
previously the decay data could best be described by a biexponential
mode) with constant lifetime parameters and variable pre-exponential
factors. The fit to the biexponential model was better for the monoc-
chromated emission of Table 5.20 than for the filtered qmission experi-
ments of Table 5.19, as shown by all the xzv < 1.15. This is most
likely the result of the better stray light rejection of the monochromator
and the e]jmination of potential Tow-Tevel filter fluorescence from the
Schott KV series cut-off filters.

Some values obtained at 10'3M solute concentration are included
for completeness, although the lifetimes clearly indicate some concen-

tration quenching of the fluorescefice at these levels, the short component
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Tabl€ 5.20 _
Fluorescence Decay Parameters for 2,2'—81’naphthy]-h']4 in
chlohexéne at 295K; Ap = 340 amd 0
d . Biexponential Fit Monoexponential Fit
A
A ’ 2 2
13 2. u/g X 1 X
(nm) (ns) (n$) v (ns) v
337.1 24.99 133.8 72.48 1.02 27.29 9.14
25.10 127.9 77.50 1.05
333.9 24.69 104.8 42.25 1.05
~7330.9 24.84 97.08 48.72 1.12 .
!,f’ 21.19 98.60 30.60 1.15 24.98 19.29
328.5 25.22 106. 4 42.55 ' 0.94 28.18 11.19
25.14 110.6 47.63 1.03 - c
21.04 96.68 23.90 - 1.06 25.95 27.38;
-21.09 92.23 23.30 1.07 26.22 ™ 24.18
326.8 24.98 107.0 29. 89 0.96
25.08 - 110.7 38.24 1.08 3
315.9 24.76 103.6 //‘13 77 0.96
313.6 24.95 103.9~  11.94 1.02 35.54 43.83
25.34 111.8 14.4] 0.96
311.7 24.39 99.11 10.44 1.00 \\\“““~\\\j;f////"“”
297.7 24.94 104.7 12.01 1.03 35.53 47,
25.01 104.6 12.63 1.05 .
296.2 200°8) 103.9 12.90 1.07
295.3 24.81 103.6 12.64 1.06
281.9 24.39 99.40 17.92 1.08
281.4 24.13 105.9 16. 36 1.15
24,27 104.3 14.71 1.05
Means 1074 - 1073
' T, = 24.83+ .33 ns T, = 2101 + .08 ns
T, = 104.8 + 4.0 ns® T, =95.84 % 3.27 ns

d

e

% emission bandpass = 8 nm N2 filled source
b concentration 10 except where noted

excluding values at Ap = 337.1 nm
3 .
M

¢ concentration 10°
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[}

decreasing 15% and the'TOng one about 8.5%. This concentration quehching
must be ascribed to a self-quenching mechanism whereby the excited
singlets are quenched by ground state solute molecules since the alter-
native mechanism, concentration quenching by self-absorption {followed
by subsequent re-emission) must produce longer, not sharter, ]ifetines.94’2]6
On the basis of self-quenching alone it might beksxbected that
the longer component, PE should be quenched more strongly than the
shorter 1ived oné, Ti’ if one assumes that the rate constants for self-
quenching of the two species or conformers are equal.
These rate constants are frequently taken to be simply the

11,217 although it is

purely diffusional rate constants and hence . equal
known that the self-quenching rate constants typically vary over a

greater range than the corresponding rate constants for oxygen quenching,

some differigg by a factor of three in hydrocarbon :scn]\«rents.m8 This
differeqce i self-quenching rates may also be related to thé geometry \J<-~v
of the species involved, 1t generally being argued that chromophores

capable of assuming a p]a;ar configuration are more suceptible to self-
quenching, while nonplanar solutes are practically inmune to this

28,219,220
ct.

effe Horrocks has shown the twisted 1,1'-binaphthyl to be

immune to concentration quenching over the range of about 2x10'3M to

.4M in various 501;ents, while solutions of 2,2'-binéphthy1 showed a

sharply diminished fluorescence intensity with increased con e_ptration.28

I't is not surpris{ng then that different confomerifgiéggei-bEEEphthy1

would exhibit somewhat different rate constants for se]f-quenchind? ~
At concentrations < 10_4M at room temperature 2,2'-binaphthy]l

solutions showed no further increase in the fluorescence lifetimes. To

.4
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avoid the complication of concentration quenching further discussion and
calculation will be based only on those decay parameters obtained at

4

concentrations of < 107 'M, so that the meap values of ?& = 24.83 ns

and ?2 = 104.8 ns in Table 5.20 will be accepted‘as the true molecular

lifetime parameters. i

Typical fluorescence decay curves are shown in Figures 5.23a and
5.23b, in conjunction with plots of the percent residuals and autocor%e]—
atiop functions of the weighted residuals, illustrating the improved
fit of the biexponential model to the cobserved decay curves. Additional
plots of the results used to obtain Tabfe 5.20 are catalogued in’
Appendix III. As lA is moved progressively toward the long wavelength
absorption edge the observed decay comes to resemble more closely that

f’bf component 1 alone, as evidenced by the increased ratjo a/B, the

approach of 1 (monoekponentia]) to 9 and the improvement in the reduced
chi-squared measure of the monoexponential/fitézzhith excitation at the
extreme absorption edge at 337.1 nm the ]P%ger-lived component is
present to such a minor extent that its fife i can no longer be
accurately extracted from the experimental data, the values of T of
133.8 and 127.9 ns being much too long. Some of these difficulties and
limitations'of-data reduction and detection levels are discussed at
greater length in Appendix II.

From thé data furnished in Table 5.20 one may then calculate
Y[AAJ (= fa/B][XA]x(T1/12)), f][AA], fz[AA] and the relative absorp-
tivities of the two species, c][kA]C]/E and CZ[AA]CZ/E, tabulated below.

e(AA) is simply the conventional absorption spectrum of both

w

species, at known total concentration. The calculated relative molar

R



Figures'5.23 a and b

/f ._ Mono- and Biexponential Fitting of the

Fluorescence Decay Curve for 10" 2,2'-Binaphthyl

'“"’ﬁ\\\ in Cyclohexane at 295K

AA = 297.7 nq; AF = 340 nm
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: Figure 5.24
¥ 4

: ¢
%%}fﬂ?ated Retative Molar Absorptivitges

of Two Proposed &onformerézéf 2,2'-Binaphthyl

4,/ﬁkin Cyclohexane a£5235K
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-

absorptivities of species 1 and 2 are plotted in Figure 5.24 where the
smoéth curves drawn through the two calculated data sets were determined
by quartic interpolation between pairs of experimental points. The
limitations of the band spectrum ot the nitrogen source causes the
paucity of experimental data in the three regions 326.8 - 315.9 nm,
311.7 - 297.7 nm and 295.3 - 281.9 nm so the curves drawn for these
interpolations must be regarded as highly speculative.

The results obtained in the double monochromator experiments are
in good agreement with those of the filtered emission experiments\zf“’/
indicated b} a comparison of the normalized ut]/BTZ values for each.
-Figure 5.25 shows the values of Y[AA] from Table 5.21'ren0rma]ized'to
coincide with the curve from Figure 5.2) at the minimum at AA = 311.7 qm.
After normalization it is apparent that the values of utl/ﬂfz deduced

from the two types of experiment are in good agreement. This normaliz- -

ation factor éhould correspbnd to .

400 nm]
400 nmj

) qDalC D
2'1ap1e 5.19 _ “2l*adCy " Folig
(o0 /B rapre 5.21 . 51 Pal0 FDe'

| ZICPRLPRPIET

>
>

(arl/gt

(5.12)

F][AF
FZ[AF

>
>

The magnitude of this factor would suggest that the bulk of
the-emission of species 2 lies to the red of the emission from species
1. In principle it should be ﬁossib]e to calculate the individual

fluorescence spectra of the two species, F](AF) and FZ(AF) from the .-
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Figure 5.25

Combarison of Ratios ary/Bt, for Filtered and _
- M - —’\
Monochromated Emission Decay of 2,2'-Binaphthyl Fluorescence:
- - filtered; + - monochromated;

monochromated values normalized to scale of Figure 5.21.
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relations . ) {’ _ .
CFOPDIGD T - FOD D] |
e FODIRD ] - F |
FOa)Dx JfF, [0 ] - F(x 1. [x ]
- F 1 / 1
Falre) = * fﬂ*i] - fﬁx - (5.14)

where A is some value of excitation wavelength where contribution of
species 1 is large, Ay is some value of excitation wavelength where

Eontributfon of species 2 is large, and F(AF)[Ax

» ] represents the
or 'y

fluorescence spectrum excited at » or Ay and normalized to unit
relative quantum intensities in each case.

The excitation wavelengths of choice were Ax = 330 nm and Ay =
310 nm since the fluorescence quantum yields and fluorescence spectra
are known at these wavelengths whife the fractions f] and f, are known.
at the nearby wavelengths 330.9 nm and 311.7 nm. These computed fluore-
scence spectra of species 1 and 2 are illustrated in Fighre 5.26 with
the ratio of relative intensities being about 1:3 as noted. The spectra
seem to c0nfirm the earlier specuiation that the long lived component
2 has its maximum to the red of the species 1 maximum, at 377.5 nm
(26 918 cm™ ') versus 347.5 nm (28 777 cm ).

That species 1 is indeed the short lived component is nicely
confirmed by examination of Figure 5.27 which shows thg correlation
between the fluorescence spectrum, FI(AF), of species 1 as calculated
from Equation 5.13 and the total -fluorescence specérum 0f.2,2'-
binaphthyl in room temperature cyclohexane solution, oxygen saturated
at one atmosphere of oxygen pressure. That species 2 is not comp]ete]yhv-

quenched may be evinced by the intensity of the ~ 370 nm peak and the
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t 1 " 1 ) I 1 | n 1
340 360 380 400 420
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Figure ?.26

2,2'-binaphthyl in cyclohexane, 295K

Upper: Fl(AF) as calculated from equation 5.13
Lower: Fp(ip) as calculated from equation 5.14

440
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Figure 5.27
Fluorescence of 2,2'-binaphthyl in cyclohexane, 295K:
Species 1 fluorescence by calculation and quenching
Upper eurve: fluorescence spect{"um of species 1 derived from Equation 5.13
Lowar eurve: f]uoréscence in bresence of 1 atm. 02 from Figure 5.20
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shoulder at about 390 nm in thé quenched emission as compared to the

calculated FI(AF).
The individual fluorescence quantum yields for the two species

can be calculated from equations analogous to those used to calculate

the fluorescence spectra, namely

0 - ¢f[AX]fZ[A_L] - ¢f[)\x]f2[‘\x] (5 ]5)
f,] fz[*y\] - fz[xx] :
. - oe2 J6 10T - oD 6110, ] | (5.16)
f,2 flfix] - f{[ky]
)
where Ax and Ay were chosen as before.
Substitution of the appropr#hte’?glues ines ¢f = 0.31 and
Pe o = 1.25. Since ¢f obviously cannot exceed unity i uantum yield

for species 2 is fn error by at least 25%. This is not unexpected since
the terms E%f}k] AEH E}[Ay] are each subject to 10 - 15% experimental
error even without considering the addition upcertainty introduced in

f1 ;nd f2. If ¢f,2 is tentatively assumed to be near unity (+ 25%) then
¢f,1 can be calculated in an average sense rather than from Equation
5.15. The areas under the calculated curves FI(AF) and‘FZ(AF) will give
the ratio of ¢f‘]/¢f’2 and hence ¢f,1 if ¢f’2 is taken.ésrgnity. After -
correcting for the intensity:difference in Figure 5.26 ¢f,§ is found to

be ~ 0.25. If e is calculated from Equation 2.73

-

Pelrpgd = ¢p (F1DT +op f00,]

with ¢f 2 =.1.0 then larger values of ¢f 1 in the range .4 - .5, are
obtained. The cumulative experimental error is obviously a serious

obstacle to accurately assessing the individual quantum yields for the .

L4
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two components and at best one could only state that S o 1+ .25

while ¢ ~ .25 - .50.

f,1
One may incidentally obtain a very rough confirmation of the
normalization constant of Equation 5.12, with F][AF > 400 nm]/Fz[AF > 400 nm]
= 0.12 by taking the areas under the calculated fluorescence curves
F1(AF) and FZ(AF) above 400 nm. This ratio proved to be (1x194)/(3x531) =
0.12. The high degree of agreement is, no doubt, somewhat fortuitous
since the choice of exactly 400 nm is somewhat arbitrarily taken as the
step-function cut-off of the KV408 filter. Also, the accuracy of F](AF)
and FZ(AF) is ultimately determined,by the accuracy of the q&tneﬁﬁ
yields 5}[AA]. Nonetheless, the agreement between the two values does
to some measure bolster one's confidence in the information derived
from the lifetime experiments and serves as a rough check on the se]f-\.
consistency of the analysis.

The fluorescence decay of the perdeuterated 2,2'-binaphthyl
proved nearly identical to that of the -hI4 isotopic species, as seen
from Tables 5.22 and 5.20 . 1, for the -d

4 and -h,, molecules is

1 1 14
identical while the longer component seems genuinely shorter for the.
perdeutero-compound, albeit by only 6%. Both the ratios a/8 and arl/Bti’
are unchanged by deuteration too, a not unreasonable outﬁgme, since this
latter ratio in particular should reflect the relative populations of the
two conf§rmers, a feature that should be essentially inyariant with the
isotope. As previously noted the fluorescence quantum yields were
unaltered on going from the —h]4 to —d14 specieq; siqce_the purely

J
radiative lifetime of the singlet stafe is usually taken to be independent

of }sotope effect32 the experimental fluorescence lifetimes should also
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Table 5.22

~

Fluorescence Decay Parameters for 10'4

M 2,2'—Binaphthy]-d14

in Cyclohexane at 295K. A. = 340 nm°

F
5 Biexponential Fit Monoexponential Fit .
A
(ng) T 12 a/B qu T xzv
- c
—~ (G/B—h]4)
337.1 25.32 143.7 79.64 1.24 27.70 13.87
(74.99)
328.5 24.87 99.85 44,22 ¥ 1.21 27.61 8.66
(45.09}
315.9 23.4Td 97.02 13.28 1.43 32.24 42.91
24.35 89.01 - 12.77 1.21 33.67 - 43.03
‘ (13.77)
313.6 24.39 | 99.34 12.98 1.29 33.50 36.45
(13.18) ,
297.7  24.12 96.41 11.05 1.21 34.78 . 41.79
2.32 — . .
(12.32) .
295.3 24.07 96.00 11.22 1.24 33.85 40. 32
(12.64)

f} = 24.36 + .61 ns T, = 97.94 + 1.66 ns®

emission band pass i/ﬁfnm

»

N2 filled source

mean'u/B for 'hld isotope under these conditions

emission selected by Schoeffel QPM-30 monochromator

excluding AA = 337.1 nm trial

—_—
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be unaffected by deuteration, as is approximately the case.
The,decay parameters of a more dilute solution in cyclohexane
(Ix107 M) are very similar to those determined at 10 4M concentration
of the 2,2'-binaphthy]-d]4. These are shown in Table 5.23, as a function
of the emission wavelength, with the excitation wavelength fixed at ’ B
315.9 nm. The emission wa;ﬁge1ected by means of a quartz prism mono-
chromator (Schoeffé] QPM-30) or interference filters, with excellent
agreement between the two methods. With constant excitation energy it

will be noted that the contr1but1on//; the second emission component, 2

N\

decrease in the ratio of preexponential factors o/B. y

increases with increasing emission wavelength as ev1denced by the
—
'To ensure that no significant D-H exchange had occurred with time -
in the dilute hydrocarbon soiutions a bulk solution of the 2,2'-
binaphthy1—d14 was taken to dryness in vacuum and submitted to mass
spectral analysis. From this analysis it was apparent that no amount of
incorporated deuterium had been exchanged with the solvent.
The fluorescence decay spectrescopy of 2,2'-binaphthy1-h]4 was
also studied in the three glass-forming solvents, 3MP, isopentane and 1
absolute ethanol at noom temperature and at 77K. As in cycToheﬁane,
2,2'-binaphthyl in these tane solvents exhibited a biexponential fluore-

scence decay under all conditions. The statistics for the goodness-of-

fit, though not ethicit]y shown in the accompanying tables, were M

entirely analogous to thgse found for the cyc]ohexane so]utions When
fitting to a single exponential component was attempted, the ca]cU{\\ef//,,_
lifetime varied widely while the reduced chi- -squared measure was' above

10 in all cases. Both T and x* v diminished as the excitation wavelength
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- Table 5.23 «

Lifetimes and Ratios of Preexponential Factors for F]uoﬁgkcence Decay

5

of 107°M .2',2'-Binaphthyl-d]4 in Cyclohexane at 295K as a

Function of Emission Wavelength: AA = 315.9 nm

a . - .

A R W o/8 - Tlfﬁf} T2 o/8

{(nm) (ns) (ns) (ns}  —(ns)
., 430 - 20.91 99.16 1.75 23.68. 102.8 3.54
420 21.40 99.56 7 1.85 23.19 99.55 3??4
: ™~ '
310 T 22.40 101.2 1.91 23.55 99.17 4,66
b Sy

410 21.95 10f§8 1.93 355 23.72 99,31 . 6.55
404.7b 22.26 100.9 . 2.15 350 23.84 . 98.93 8. 31
400 2].62 100.0 2.08 345 23.81 ;96.29 10.8
330 22.84 l100.9 2.27 340 23.35 99.01 12.8
380 22,97 100.5  2.73 335 2413 103.) 1.4

ans ?} = 22.85 + .99 ns T, = 100.]13?ﬂ.7 ns

SV
2 Schoeffel QPM-30 monochromator, except wher% noted.
. &__} :
P Baird Agxéic interference filters.
- ' ©
~—. R : K\\
m\\\\g_z
o -
(-
//”'_““‘\\\ -
[ 4
o
N - \
/ .

: V____%‘“" Y /j
S—
7
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Table 5.24
Fluorescence Decay Parameters for 2,2'—Binaphthy1—h1-4
in 3-Methylpentane at 295K and 77Ka
]
T = 295K T =7IK
b o

Ay A -
(nm)  {nm) T T, a/B T 1, a/B

(ns) (ns) (ns) {ns)
315.9 370.0 29.21 103.6 2.9 22.59 104.8 1.65

28.52 105.6 2.90 2.95+.08 22.73 104.7 1.85 1.88+.17

N 29.¢2 107.8 3.04 23.04 105.8 2.05 T
22.84 106.1 1.96

315.9 340.0 29.57 107.8 12.18 ., 23.10 104.0 11.19

29.83 102.7 11.77 '1-98L.23
Mean Lifetimes 295K 77K

T, = 29.29+.49 ns; ‘i] = 22.86+.21 ns; .
1, = 105.5+2.31 ns T, = 105.1+.87 ns
2 = e -
/ N
concentration g_IO-SM.
b N2 filled source.
r.

¢ Jobin-Yvon H-10 monochromator.

. AT

i)
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“ Table 5.25
’ Fluorescence Decéy Parameters fbr,2,2'JBinaphthy1-h]4
in Ethanol at 295K and 77k&
!
b ¢ T = 295K T = 77K
*a o : .
—y (nm) {(nm) o T a/B T T, a/B
. (ns)  (ns) (ns)  (ns)
337.1 340.0° 22.97 91.80 50.46
315.9  340.0 22.34, 64.54  8.00 . 22.36  85.50 4.39
23.3F 69.56  6.44 [-2¢x1-10 |
313.6. 340.0 23.14 69.08  5.52 22.42 82.06 4.88
317.7 340.0 22.49 65.96  4.18 7 2228 80.86 5.13
297.7 -340.0 22.90 67.06  4.50 22.98  84.97 4.26
296.2 340.0 23.10 67.50  5.15 22.34 81.71 4.87
- +
Mean Lifetimes 295K 77X
, ' T, = 22.65+.59 ns; ( T, = 22.48+.29 ns;
xﬁ‘ T, = 65.96+2.29 ns® —— T, = 83.02+2.08 ns

a\Eoncentra‘tion = 1x10" M
b N2 filled source

€ J-Y_H-10 monochromator

d includes 9 other trials not shown

€ excluding AA = 337.1 nm trial
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;_‘\\ | Table rs_. 26 , i f’ .
Fluorescglfice Decay Parameters for 2,2 —Binaphthyl—hm
S
rﬁ -~ in “Isopentane at 295K and 77K
. M T = 295K C T = 77K
>/ *',_—c —
\%3 (nm)“‘ Y 1, afB T‘] T, a/fB
((’fﬂ ‘— " (ns) (ns) (ns)  (ns)
337.1 410 32.98 101.8 12.68 36.97 106.4 28.5]
315.9 410 '33.86 110.3  6.89
313.6 410 28.47 104.9 1.14 34.90 108.7 11.45
29.59- 108.5 1.34 1-24%10 35736 qg2.8 g9.70 10-58%1.28
Mean Lifetimes 295K4 77K-
Ty = 29.19+.9 ns; T, = 34.4732.01 ns;
T, = 106.0+4.0 ns T, = 107.0%3.3 ns
a . . -5 : C . .
concentration < 10 "M interference filter
N, filled source ' d includes 4 other trials not shown

e g
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progressed toward the red end of the absorption envelope. Employing a

biexponential decay model greatly improved the agreement between the.

observed'and calculated curves with all xzv 2prameters dropping below

1.2 and the autocorrelation functions exhibiting a random distribution

of the residuals. As with the cyc]ohexahe result, the observed fluores-

cence Hecay'could be decomposed into two exponentially decaying components
of invariant Tifetime but differing in their relative contributions to
the total decay, as seen by the variable a/B values.

From these tables and the earlier results in cyclohexane solution
it is apparent that both t]_and 1, are fairly constant in all the hydro-

carbon solvents at room tempé?atqgs\zft that 12 is definitely shorter in

ethano1: While the correction of th ,nadiative']ifeiimes for the

refractive index of the medium {/"
o
° =k /nl = % .
kf = kf/n = 7 (5.17)
n

cannot strictly be app1iea in the absence of quantum yield data for the
t@o species in all solvents one may make an approximate correction fori~~
the indeg effect at room temperature if ¢] and ¢2 are assumed to be
independént of solvent. 'This is probably a reasonaﬁle §upposition for
the three hydrocarbon solvents, but may be far from true for the polar
alcoholic solvent. Nonetheless if ¢, is taken as constant then the
broduct In2 shoula be constant (= ¢/k;) if k; is independent of so]vent.gq’]63
That this is not so for ethanol solutions is evident in Table 5.27.

The absorpfion spectrum of 2,2'-binaphthyl at room temperature

was unaffected by solvent while the steady-state fluorescence and

‘fluorescence decay_at this temperature were seen to be considerably
b . . s
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Table 5.27 _ \_—

Refractive Index Correction Applied to Observed Lifetimes | =

for 2,2'-Binaphthyl at 295K ;

i

D 125 Y Z 1

Solvent Nog TN tzn | §

' {ns) (ns) b !

Cyclohexane 1.4266 50.53 213

3 M 1.3765 . 55.50 200 '
Isopentane 1.3537 53.50 194
Ethanol . 1.3611 41.96 122

. ;
— S
!
- 4
? \ :
’ f
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different in alcoholic and hydrocarbon solvents. This difference between
absorption and emission Spectra may be rationalized as follows: the
absorption spectra will not reveal relaxation or sﬁecific solvation
processes pccufring §ubsequen£ to absorption, since it only probés the
unrelaxed Franck-Condon upper state; similarly, fluorescence will not
réveal details of the solvent relaxation or interactions after de-excitation
into the Franck-Condon ground state; If the polarity of the excited
e?ectronic state'is greater than that of the ground state then solvent )
polarity will be expected to have a greater influence on the fluorescence
than the absorption properties. The tonverse will be true if the ground
-state is more polar than the first excited singlet electronic state. The
small. red shift in the room temperature fluorescence in ethanol, ~ 190 cmf]
iﬁ?-#hgrees with this picture, the energy of the solvent equi]i%rated excited
— & -
statgs being ]ower;in the polar solvent.
Several trials with perdeuterated solute (5x]0'5M) in ethanol at
room temperaturg/;ie]ded reéSTfE‘simi1ar to these for the -h 4 1sotope
in that solvent, so-the effect of deuteration was not pursued fur?her.
The quenching effect of molecular oxygen on the decay kinetics
of 2,2'-binaphthy1‘iﬂxso1ution was examined, ﬁn addition to the steady-
state effects mentiOneS\ear]ier. Fluorescence 1lifetime measurements on
‘a solution quenched with 1 atmosphere of oxygen indicgted-a nearly mono-
éxponentfal,décay of the fluorescence, with a lifetime of ~ 2.1 ns. Very
slight improvement of the fit was cobtained on fitting a biexponential
model to the data with T#&= 2.0 ns and T, = 2.2 ns; this probably

repreéents nearly the limit of the capabilities of the reiterative

convolution method to distinguish two short lifetimes so nearly identical.

2

\\\/
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Separate expressions of the form of Equation 2.86b may be wriften for
the rates of depletion of the fluorescent states of species 1 and 2 in

the presence of oxygen quencher

k (5.18) -

kg1 = ket Kneo1 ¥ kg, 1002

and

kg2 = K2 * Knr.2 * K, 2[0] . ‘ ~(5.19)

~

where knr,i = kisc,i + kic,i‘ Reca§t1ng in terms of the experimental

fluorescence lifetinmes

1
= ;;—+ kq'][aé] . (5.20)
and

<1 '
, - + kQ,Z[OZ] . (5.21)

)

where the TQ,i are the lifetimes observed in the presence of oxygen.
" To obtain values for kQ,i[OZJ the singlet 1ifetimes of air S
‘saturated solutions of 2,2'-binaphthyl in cyclohexane (10'4M) were N\
measured. Use of air in lieu of pure OXygen reduced the quenching rate
to levels where the lifetime components were more readily sébarab]ef$

The mean values of TQ ) and TQ 2 found with six measurements at various

Q.1

combinations of A, and A, were 1, , = 10.02 + .50 ns and ?6.2 = ///
16.91 + .46 ns, with xzu < 1.2 for all trials. Taking the unguenched

1i fetimes ?A = 24.83 ns and ?é = 104.8 ns and substituting into Equations

5.20 and 5.21 gives ' _—_—

‘ 7 -1
kg,1[0,] = (5.95 + .55)x10" s

and '
.20)x107 57

| +

kQ,Z[OZJ = (4.96



o

» |

- 233 -

-

where the error limits corresé:zé‘to the standard deviations of the

experiment lifetimes.

14,8221 value of ky is only
wk

’ As noted in many studies
approximately constant for different aromatic solutes in a common solute

so a slight difference betﬁgen the two quenchingfratei}is not surprising.

- With the concentration of oxygen in aih equilibrated cyclohexane at 25°C

J
3M112

as 2.1x10° one gets the bimolecular quenching constants for the ——"

two species

2.8x10" ¢emore 157!

- 10 . -1
kQ,Z = 2.4x10°" &-mole -5 . —
T~
These figures are within a factor of three of those predicted by simple

ka1

. . . . . . . 94
diffusion-controlled quenching obeying the Stokes-Einstdin refation”

s

, . . +

which gives

o BRI
diff =~ XQ ~ 2000 n

1

k

9.6x10° £-mole -5 (5.22)

125 115°

at T = 298K and n{cyclohexane) 1.02 centipoise. Ware has shown
that the 2-4 timgs faster tfue quenching rates likely arise from an
underestimatiop_of the diffusion coefficient for the small oxygen molecuie
in the Stokes-Einstein equation from whicﬁ the re1$tion above is derived.
As an extra check on the consistency of this analysis the life-
times expected at 1 atmosphere of oxygen pressure may be calculated as

2

= 2.3 ns and .2 2.5 ns, with [02] ~ 1.5x10°°M at 1 atmosphere

‘0,1
oxygen pressure, in reasonable agreement with experimental values of
2.0 and 2.2 ns respectively. In fact these calculated values may be

somewhat high since kQ is known to increase slightly with increased

N -

/
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\

quencher concentration.94

Of course, at sufficiently high oxygen
concentrations the quenching terms kQ,i[OZJ will dominate the rdte
expressions and the observedflifetimes TQ,l and TQ,Z will become
coincident and experimentally indistinguishable, a situation very nearly
reached at 1 atmosphere of applied oxygen pressure.

Overall the oxygen quenching of the fluorescence decay reinforces
the be1{ef that the appearance of a biexponential decay for the 2,2'-
binaphthyl emission in fluid solution is not the result of any instrumental
of"experihental artifact external to the sample itself, since such arti-
facts wpuld be unaffécted by oxygenafion of the samp]e.. The high purity
of the solvent and the solute (by HPLCj indicate that the two emissfon

components can, most reasonably, be attributed to conformers of 2,2'-

binaphthyl, derived by rotation about the interannular bond.

5.3.4 Analysis_and Discussion of the Photophysics of 2,2'-Binaphthyl

With estimates of the fluorescence lifetimes and quantum yields
for the two species or conformers in room temperature cyclohexane
solution now available one may calculate the radiative and nonradiative
rate constants for the depletion of the singlet states”invo1ved. Using

the very approximate values of 0.35 for ¢f ] and I.O'fo; 9f o gives

= 1.4x10° s, & Sk, . 4K 7 g

nr,1 ic,] = 2.6x10

< = 9.5x10

ke 1

and knr,2 B kic,2 *

f,2
~ 0. The purely radiéfive Tifetime or rate

isc,]|

kisc,2

. . . X . , . .32
constant is usually considered to be independent of isotopic substitution,

32,222,223

as is the rate constant for intersystem crossing from S. to Tn‘

1
In contrast, the rate constant for internal conversion is expected to

show a significant depemdence on isotope. As$ Robinson and'Frosch33’34

pointed out the radiationless transition probabilities are governed by

6 5—1
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the Franck-Condon overlap factor between the vibrational wavefunction \gf
the ue5§r state and the isoenergetic vibrational wavefunction of the \\\\_,/’
lower state. If the electronic energy gap between the states is large

the energetic C-H (ca. 3000 cm-]) and C-D (ca. 2250 cm_I) stretching

modes principally determine the magnitude of this Franck-Condon factor.41’42~

1

The S, - S0 gap of ~ 29 400 cm ' for 2,2'-binaphtﬁy] would correspond to

1
about ten quanta of a C-H stretching vibration but about thirteen quanta
of C-D vibration. Since the Franck-Condon factor decreases rapidly with
increasing vibrational quantum number 42 this factor will be much
smaller for the deuterated molecule, with the radiationless transition
probability being correspondingly reduced. |

\x557516ce both the fluorescence lifetimes and quantum yields of 2,2'-
binaphfﬁy] were found to be unaffected by isotopic substitution the rate
con;tanfs for internal conversion, S0 + Si, of the two conformers must

both be’ nearly zero already, that is k%c <<_(kf + k. ) for the two species

isc
of 2,2'-binaphthyl in room temperature solution. This observation is in
keeﬁing with the situation prevailing far many aromatic hydrofarbons,
namely kic v 0.94 This was also found to be the case for 1-phenyl-
naphthalene, whereas the rate of internal conversion in the related

~biaryl, 2-phenylnaphthalene, was found to be small but non-zero with

~ (1.7 _4_-_1.0)x106 s']. For this latter molecule kf for the dominant

6 s”])

kic
conformer or species was found to be intrinsica}]y small (3x10
so the normally slow internal éonversion can then become competitive
with radiative depiletion of S5y |
Incidenta]iy, deuteration was found to profoundly affect the
rate of intersystem crossing from the triplet state in 2,2'-binaphthy]

o~

)
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evidenced by the increase in the phosphorescence lifetime from 277 + .1s to
to 9.2 + 1.1s upon deuteration, as measured by flash methods'in_alkane. ’
g]asses at 77K. The low temperature phosphorescence of 2,2'-binaphthy]
appears at about 487 nm (possible 0-0) with the maximum at 496 nm,
indicative of a T] - S0 gap of ~ 2.05x104 cm_]. This observedsincrease

in the phosphorescence lifetime can be-ascribed to the reducéd fate of

S0 - T] radiationless processes for the —d]4 specie;, similar to that

outlined for the radiationless So - S] process. The radiative rate

constant kp has usually been assumed to be fréE\Oi\iﬁotope effect.zz4
although recent evidence has been found for a small radiative deuterium

effect upon the triplet states of aromatic mo]ecu]es.33’225

The fluorescence properties of 2,2'-binaphthyT in f]ﬁid, glassy \
and po]ycrystali%ne media clearly point to the presence of at least two
emitting conformers or species. As discussed at greater length in Section
5.3.1c the geometries of the emissive states in the polycrystalline

matrices are more ]ikely those imposed by solvent matrix constraints

rather than geometries solely determinea by any intrinsic intramolecular

‘ potential. By comparison with the observed fluorescence origins in the

model .compounds naphthalene and 1,2,7,8-dibenzofluorene it appears that

both f]uorescent species seen in the Shpol'skii emission spectra of 2,2'-
binaphthyl are probably moFé\nearly coplanar in their excited state. At
the very 1east the emissive species are probab]y not very twisted about
the interannular bond. Given the ~ 525-cm_] separation in probable
fluorescence origins for the two subspectra‘in t uasilinear spectrum
of Z,é'—binaphthyl in polycrystalline methylcyclohexane and the very

different fluorescence (and, apparently, absorption) envelopes of the'%r_&

¢ | ~
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two subspe&tra it is clear that the geometries of the two conformers are
sufficient]y different to permit their spectroscopic differentiation.

. The situation in fluid solution at room temperature may be
examined in light of the kinetic schemes discussed iﬁ Section 2.8. If
one considers there to be two ground state conformers for 2,2'-binaphthyl
(Schem§ [ of Section 2.8) then it follows that interconversion of the
two cénformers in the excited state cannot be extremely rapid, since
rapid interconversion would result in a monoexponential fluorescence
decay and no excitation wavelength dependence of the'emissiOn.spectrum.
The kinetic scheme proposed by Birks1] to describe the photophysics of
the s-cis and s-trans conformers of trané:?-styry1naphthq]ene in fluid
solution envisaged no interconversion of these conformers in their
excited states. An alternative approach was adopted by Donzel and co-
worker583 in their study of the conformeric equilibria of several
tryptophany] diketopiberazines. These workers considered that rates of
interconversion in the excited sggie to be a significant perturbation
of the ground state equilibrium in fluid solution. Donzel assumed that
the molar absorptivities of the two species {folded and open conform-
ations of the tryptophanyl residue) were identical. From the Strickley-

Berg relationship]7] these authors then equated the radiative rate constants

While this

of the two conformers, namely 1fDE] =5 then kf,] = kf,2‘
may be a reasonable approximation for the weakly interacting chromophores
of the tryptophanyl diketopiperazines it is not likely to be valid for

the biaryls wherein the n-electronic interaction of 'the aryl constituents

will be large and will vary quite markedly with conformation. The

probable lack of a Strickler-Berg relationship for the specific case of

e

2
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2,2'-binaphthyl will be dealt with at greater length short]}! _

In view of the known fast torsional relaxation of 1,1'-binaphthyl
in room temperature fluid solution it is very probable that Birk's
supposition that gicited state interconversion of conformers is negligible
is not strictly true for the conformers of 2,2'-binaphthyl. The true
state of affairs for 2,2'-binaphthyl likely lies between the two extxemes
-of no interconversion in the excited state or extremely rapid inter-
conversion in the excited state, i.e., some geometry changes of the 2,2'-
binaphthyl conformers must be possible subsequent.to excitatioﬂ.

Although the method of Birks et all] has been used to calculate
the relative molar absorptivities of the two conformers of 2,2'-binaphthyl
in cyclohexane solution as a function of the excitation wavelength

(Table 5.21) as

the separate value of the relative concentrations of the two components
cannot be extracted without further informatiqn about c][lA]/ez[AA].
Birks dealt with the problem of evaluating 51[AA]/52[AA] by assuming that
a Strickler-Berg type re]ationéhip could be used, relating the molar

absorptivity of the transi?ﬁon giving rise to the emission and the

radiative rate constant for ernission.”]’]72

If the geometry change upon
excitation is not large then EO_O(S0 + ST) is proportional to kf. From
this Birks evaluated relative absorptivities of the origin band of each

conformer as

€1(0-0)/€,(0-0) ~ kg /ke . | (5.24)
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Such an appreoach fails in the case of \3,2'-b1naphthy1 con(gfmers

since the origins of emission and absorptién of the two conformers do
-not occur at a common wavelength, the absorption origin of species 1

lying to the red of the origin in absorption of specigs 2. The Stritkler-<

Berg relationship is also predicted on the assumption that no large

geometry change occurs upon excitation. This is not the case for at
least one of the conformers of 2,2'-binaphthyl. In a room temperature

_/solution iﬁ cyclohexane species 1 Witﬁ'T““f\Ef 83 ns, absorbs more
~— " ] ] . ]

|

strongly at longer wavelength than does species 2; this is apparent from
a number of observations, including the. wavelength dependence of the

steady state emission and the pre-exponential factors in the fluorescence

-

decay experiments. This conformer 1 appears to suffer little geometry

change on excitation as its_emissiolr]ies immediately to the red of its

absorption. The emission of 1 has a maximum at about 348.6 nm (28 690 em®!

)

. , /
and is probably that obtained with A, = 330 nm in the degassed samples

A
(Figure 5.9 ), upon oxygen quenching of the fluorescence {Figure 5.20)

~

or calculated as F](AF) in Figure 5.26. . ///_ﬂh\;

- N
Species or conformer 2, with 1, = 104.8 ns, appears to have 'its_
relative absorption maximum near 300 - 310 nm.~This mdy be deduced from
the steady state fluorescence ¢mission. ﬁrom Figure 5.18 it is seen that
]

/
the height of the 367.6 nm band“reaghesla maximum at A, = 300 and 310 nm.

A
Confirmation is obtained ;from the ratio of fluorescence intensities,
)

-~

aT]/BIZ, obtained by the f1UQ{escence décay experiments, with this ratio
passing through a minimum (Qgﬂc maximum contribution from 2) at Ay =

300 - 310 nm as evinced in Figures~5.21 and 5.25. Analysis of these.

S

vaiues ‘led tz\fiiﬂjilﬁulatEd relative molar absorptivities, Figure 5.24,
\ ! . —

v

¥
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“\gwhich.clear1y shows the maximum is species 2 absorption near 300 - 310 nm.

\‘* The emfssion of 2 appears to be red-shifted with respect to both

»

" spécies 1 emission and the species 2 absdrption. As noted in the steady

state‘émission spectrum the intensity at ~ 368 nm is chiefly attributable -
to the conformer 2 absorptiqg at about 300 to 310 nm, while the fluore-

scence intensit is peak was selectively guenched by the introduction

ent in Figure 5.20. Decay experiments perfqrmed
at a fi avelength but variable emission wavelengths for
room temperature soluElgné show the relative contributjon of species 2
\to increase at“ﬁongef emission wavelengths, as gauggd by the decrease
(\in the ratio of pre-exponentials to 1ong%r wave]quéh. ‘

Tiniand has suggested an S0 minimum for ZTE‘Fbina;hthy1 in fluid
solution at an interplanar angle of 10° or less=~although he has not
examined torsional angles above 5%3:152 Gamba and coworkers]75 have
proposed a model S0 potential for 2,2'-binaphthyl F?at is symmetric

heights of ~ 770

/

at 0° and 183°. Unli he potential

about & = 90° with minima at 35% and 145° iﬂd barr

‘o at 90° and ~ 1600 cm”!

éurfaces for 1- and 2-phenyinaphthalene the‘pﬁfg;;ia1 for 2,2'-binaphthyl
will not, in principle, be truly symmetric about the perpendicular config-
uration, 6 = 90°, although one may qua]iE§tive1y expect the potential
functions for S0 and S] to be less asymmétric than those of %he 1,1'- .
and 1,2'-binaphthyls. R N A
Figure 5.28 is propoEEd as qualitatively accounting for a nunber-
of the obserVed features_gf the steady state and decay spectroscopy of
2,2'-binaphthyj in nonpolar solvents at 295K apﬁ 77K. A double minimum

.
P

is depicted in both\éﬁa‘gvﬁund énd first excifed singlet states at
i~
\

~_ o $
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. Proposed Potential Ene¥gy Diagram for the

Ground and First E«éﬂted Singlet States of

the 2.2'-Q1napq§;;;—Conforné:s
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N o —_— |
points A, B, A' and B'. The actual angular location of these points is
open to question but on the basis of Gamba's ca]cu1ations]75 and by
analogy with the other biaryls it is likely that conformer or species 2
has a broad minimum at point A with a dihedral angle of about 30°.
Conformer 1 has a more twisted deometry, possibly within 30° of the
perpqujtu]ar conformation. For purposes of ilfﬁstration this has been
set to 120°, the minimum of point B dnvFigure 5.28. This local minimum
B is believed to be at somewhdt higher energy than that of species 2 at
A. At first glance this appears contrary to the result calculated from
the room tempaf{ture decay experiments, namely that E][lAJC]/cz[AA]Czis
greater than unity. If the molar absorptivities of species 1 and 2 were
equal at-e]l‘vglyes of Ap then the gfound state population of conformer
1 must be larger than the ground sté;; population of 2, that is C] > CZ'
However, the low temperature emiss?;n spectra in alkane glasses seem to
belie -this possibility, as these spéctra show a definite‘incréase in the
1ntensitj of the red component of thé emission and enhanced structure in

that region. This implies that the relative pppulation of the more

+ . o ..
coplanar speé?eg 2 increases upon reducing the temperature and that th1§

conformer is the thermbdynamicaf]y more stable form. One may reconcile,

this bbservation with /Tiﬁijlb {x,JC, > 1 if the actualgabsorptivity
§1A12A2 b

~or molar extinction coefficient of conformer 1 ig“gﬁea ir than that—of

-

: Q
conformer 2. This is pot-an unreasonable suppositj

»

n since one might

expect a higher the shorter lived

species.94 ; : ;

Wiorptivity to be associated

oy

- When, cooled 22'77K in the relatively fiuid isopentane glass qt;,

. small fractian of 2, lbinaphthyl moJecules appe : to have nearly

LY - ' “

.
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coplanar configurations as evinced by thp appearance of a weak band at

356.8 nm in the excitation spectrum {Figure 5.13 and Table 5.12). This

1,2,7, B-DBF It was also noticed that the fluorescence of 77K solutlons
of 2,2'-binaphthyl in isopentane cou]d be excited at much longer
excitation wavelengths, up to 345 nm, than could the same so]ut1ons at
room temperature. ) | | -

The barrier height between c0nfofners } and 2 in the ground
state must be small, so that a significant broportion of the 2,2'-
binaphthyl molecules will have rathe; twisted geometries at 295K.
Relatively low energy excitation of molecules at point B.in Figure 5.28
will lead to fluorescence from a conformation such agqﬁ‘;\ As the excit-
ation energy is increased direct excitation from A becomes possible, -
leading to tﬁé long lived and red shifted émission from A'. This may

account ngfthe unusual wavelength dependence seen for 2,2'-binaphthy]

in fluid®solution, with the peak at 349 nm dominating the emission upon’ sl
-
excitation at A, > 330 nm, while the emission component at -368" nm

A

QiigTEE/mdié pronounced at Ay v 300 - 310 nm.

Upon™Tooling to 77K the preferred or average conformation wiii : -
be the more coplanar cne, although some fraction of twisted conformers 3
is probably sﬁil] present, ‘since the ground state torsional barrier is
unlikely to bé very high. The increased solvent viscosity at 77K will
modify the true torsional barriers, while Figure 5.28 only attempts to
depict the intramolecular potential in a qualitative manner. At L«

higher excitation wpergies the blue lying emission component (~ 343 nm)

A

- arising from species 1 increases in relative intensity.4n the emission

. S =
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spectra in isopentane and 5MP at 77K, indicating ;::Lresence of
production of a twisted configu[ation.eben at liquid nitrogen temperatures.
While the lifetime T, was relatively unaffected by temperature, .
’ T seé;ed to vary with temperature or viscosity. The observatioﬁtthat
T, is praética]]y invariant with temperature incidentally confirms that
the value of ¢f,2 could be near unity. If ¢f’2 was, as ca]cul&ted, near
unity then one would expect a decrease in the observed 1, of ~ 15% on
going from 3MP solution-at ambient temperatures to 77K in that same
solvent, that decrease being determined by the increased refractive
index, all other factors being equal. The ob;erved T, does not decline
by this amount but remains essentially constant,-indicating that the
fluorescence quantum yield for species 2 is slightly less than unity.
In 1ight of the very similar lifetimes of species 2 at 77K and 295K it
is likely that the excited state geometgﬂ%ﬁ.are not greagly different
at ;hese temperatures.
| Thg,shgrtEF\Qecay component was identical in isopentane and 3-’:
methylpentane at room temperature, wi$h ?} = 29.19 ns in the/fprmer
and ?I = 29.29 ns in the 1atFer sglvent. This pair of sq{fgnﬁ? have
similar refractive indices at this temperature while in the more
dispersive solvent, cyclohexane, ?&~was found to be séhewhat shorter
1r'iLZg.83 ns), as expected. The low temperature behaviour of ?1 was found
to he different ?ﬁ'isopentane and 3-methy1penfane; ?] decreased to 22.86
ins in._the more-rigid (n = 2.2)(]0]2 poise) 3MP glass while inc?g;;;;g to
34.47 nsiin %he réﬁafive]y fFluid (n 18 poise) isopentane glass at 77K. -
This longer'fluore5cence lifetime of species ].upon cooling in isopentdﬁe

‘ < -
points to a decrease ﬁn the n!ﬁiation]ess rate constants at 77K; the

. .
J .
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lack of g-deuterium effect on the experimental values of 11 or 1, in

' -~

isopentape (or other solvent, for that matter) indicates that inter-
system crossing is the principal mechanism for nonradiative dqphetion
of the excited singlet states. The increasgrin 9 in isopentane on
cooling must stem from the™decrease in kisc' The fluorescent states
for species 1 in isopentane at 295K and 77K are likely very similar,
‘the Tow viscosity permitting considerable torsional relaxation at
ei ther tenpefqture. i “ ¥

The decrease in 5 observed in 3MP is larger ;han expected on
the basis of the rgfractive index é?fect alone. If the emissive sfatsi
at 295K and 77K in 3MP were the same the largest decrease in Yy expected
on the basis of an n-2 refractive index correction along would Hgghxmt
10%, going to about 25 ns instead of the 22.86 ns observed. It isn
probable then that the geometry of the shorter'lived emissive state in
the rigid 3MP is ngewhat different from that giving rise to the 34.47
ns component is isopentane at 77K. In ﬁhE'more viscous solvent this
excited state conformation would resemble more closely that of the
i:ﬁEiaL ground state cdﬁfiguration whereas the equilibrium excited state
geometry of species 1 lies at some interplanar angle different from that

—_—

of the ground state of confo?her 1. {Fbr this réEEEE/;;int B' is nat

drgwn verti;ally above the point Biéh the lower potential energy curve.
It cannot be determined .wiith certainty whether the absolute

to thels-cis or s-trans side. The
P N

curves in Figurg 5. %9 may, in fact, be reflegted about the & = 90° line
approx1mat€1} The\ﬁgi:TEEFE?’Ebnf1 urat10n of ~ 30° from the coplanar

S- c1s,c0nflgurat1on w\h/;hosen on the basis of the trend estab11shed for

. \ ) ‘_/

minimum of S (i.e., species 2) lie

S
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2
1,1'-binaphthyl, where the grouﬂd and excited state absolute minima were
found to both lie on the cis side. ohe torsional barrier A' X B' in

the excited state is drawn to be lower than the corresponding torsional®
barrier A £ B in the ground state. The bond order of the nominally
;ingfe interannular bond is normally cqnsidered to increase uﬁon excit-

ation, with a commensurate shortening of this con ing carbon-carbon
24,27,194 Hullikenzzs

~

bond. first predicted this increased bond order

for the. C2 C3 quasi—;ing]e bond upon excitation of 1,3-butadiene, while

a simi¥ar effect has been pt?Qjcted for the more perfinent systems, 1-
pheny]néphtha]ene,]53 2- phenylnaphtha'lene27 153 and I.l'-binaphthy1.24’]94
Despite this shortening of‘the interannular bond upoﬁ excitation the non-
bonded steric repulsions in both 2-pheny1naphfha1ene and I,])-binaphthy]
were not believed to be much different in the grgund and first excited
singlet states-since the adjacent C-C ring bonds were found to lengthen

upon e)tt:1tat.10n\'15_3 19{

The net effect is to increase the n-conjugation
‘ A .
energy in S], with no increase in the- menbonded H-H steric repulsion.

This results in a lesser dependence of the total energy upon the twist

to the ground state.24\\Hb\\ | ‘L”:n\ \\\

-The fluorescence lifetime alere does’ not s@em to be an adequate
Sl

“basis for’éssigning a struc}ure to the two conformers Sfxz. '-biﬁaphthy].

is binaphthyl-analeog 1,2,7,8-DBF has a f1uor?§5ence 1ife-
N e
me (25 09 ns 1A~3MP at 295K) more close]y resemBTﬁgg,zhat‘ei the
4
/ /
more Qy%sted conforﬁef‘] (T] = 29.29 ns) than the more nearly p]anar

ﬁonfcrmer 2 (T “= 105.5 ns) under the same sa]vent and temperature

a \ b<00nd1t1 ons. ’ N T —
&

Ve

-

3

-

e _k‘a \(L T . ) \/)



CHAPTER SIX
SUMMARY

The f]uorescence'spectroscopj and photOphySics of the phenyl-
naphthalenes and binaphthyls have been examined for evidence of excited
conformeric states of these molecules in solution.

The fluorescence properties of 1-phenylnaphthalene proved quite

unexceptional and ingicated the presence of a single-predOminant

conformation of this molecule with @ relatively large dihedral andle, ,“

between the axgratic rings. This large interannular angle has been

inferred froﬁ the small shift (730 cm']) of the electronic origin of the
I-phenylnaphthalene fluorescence from that:of naphthalene, and from

the naphthalene-like vibrational modes seen in the low temperature M

emission. This correlation does not ?Ktend gijﬁL fluorescence (ife—|
times with T¢ = 12.7 ns for 1-phenylnaphthalene and Tf = 110.ns for -

. naphtha1ene

Hharton, Nauman, Hughes and Hol]oway 525 26, 27 earliar work on

the steady-state spectroscopy of 2-phenyinaphthalene had pointed to the

existence of s1€g%e\bond rofﬁi?%na] conformers for that molecule.

-

This has been f1nped by the fluorescence decay measurements on
T \____-\_\_

diTute f1 fﬂ‘and glassy s 1?ns and by the excitation wavelengtth\‘u
dependen&é_a?\the’?iuores ﬁEg from oxygenated fluid solutions oj/Q—

phenylnaphthalene, whereas the correafonding degassed §b]utions showed

-2 - 7

- .

_-'\ \'
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no such effect. Both at 295K and 77K the fluorescgfice of 2-phenyl-

néphtha]ene could be analyzed in terms of a vep§ minor short-1lived

fr’bi 1 ns) blue-emitting component and a longef-lived (114 - 135 ns)
Tower edérg?.cohponent, apparently representing Jifferent molecular

- configurations.

~

— -
A moderately detailed fluorescence spectrum was obtained from

. . |
L 2-phenylnaphthalene in a polycrystalline methylcyclohexane matrix atr

\\\j?z}. Under these conditions no excitation wavelength effect was noted

while the emission showed a distinct red-shift compared to that found-

in glassy media at 7K, the highest energy band lying at 29 340 cm'~i in

1

the former and 30 720 cm = in the lTatter medium. This is 1ikely the

result of the intermolecular restggint of the po]ycrysta]line‘matrix on
the conformatioq.of the 2-phenylnaphthalene guest molecule, leading to
a single and ggnerally more coplanar configuration.

At room temperature the photophysiés and fluorescence spectro-

scopy of the 1,1'¥binaphthyl were found to agree with the results of

2

previous studiesa;q’]g]’zoo’zo7 The lack of any excitation wavelength

dependence, the monoexponential singlet decay and the large Stokes
-

shift between fluorescence -and absorptioﬁ of I,L'-binaphthyl in fluid

-, * - . ! x
solution points to emission from the equ11Jp£lgm'conformat1on of the S]

B e

\ surface only. On cooling to 77K the principal fluorescent state chéﬁged,

N

‘) becoming more naphthalene-like and blue shifting considerably. Under "

—

these circumstances it is probable that this S1 conformation more closely
‘_h\\\resembles the S0 equilibrium geometry and has a dihedgglxﬁng1e approaching

7’ : s
90°. Results of the singlet decay measurement of 1{1'-binaphthyl in
. - ~ }
rigid media were at variance with those found bj{Posﬂ\et a],zoG dlBj‘ /

/

-

A

T
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'expoaentia] fluorescence decay being observed at 77K with no long-lived
emission akin to that reported by Post. The source of this discrepancy

is not ¢lear but the materials used in this prS;entqwork were rigorously -

purified and apparently free of any spurious fluoresce

involvtng loco] and absolute minima in the first excited si gtet state
' )
is proposed to account for this biexponentiiLLgecay behayfé&{.

While this author found no guasilinear emission from:ﬁ.1'—
binaphthyl in polycrysta]line‘solvents at 77%, Rilejﬁzgy-necent1y
reported quasitinear flugrescence from 1,1'-binaphthylkin an n-pentanc
matrix at 4.2K. Since similar concentrations and solvents were previously
examined by this author it is possible that the heat treatment or cooling
rate o{fﬁhi‘solution may be particularly criticatafor—thjs solute-solvent
pair or that some torsional modes aré’?ﬁ???tient]y active at 77K (versus
4.2K) to cayse a loss of vibrational detail in the quorescence spectrum.

-In add1t10n Riley found this to be a dual quasilinear f]uorescence with
two electronic origins separated by fully 4 850 cm ];ihe attributes this
dual emission to t#o different molecular conformations of 1,1'-binaphthyl
in the polycrystaliine matrix. ;. _ T

The spectroscopy of the 1,2'-isomer is very similar to that of
1,1'-binaphthyl but with both absorption and fluorescence shifted - to
Ionger waveiength, suggesting a more coplanar arrangement of the naph-
thalene rings. 7 » /{

Th1§ would be in keep1ng with the eprcted smaller steric
repu1s10n between the two groups in the 1,2'-compound than 1thhe 1,1'-
binaphthyl. A sing]e\f]uorescent state is present‘in fluid solution but

“cthE"fleorescence decay becomes distinctly biexponential at 77K,‘1ike that

at L]

/ . .
of 1,1"-binaphthyl. Again, this is most readily accomodated by a scheme
: - o : i & %
- _\\
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entailing a double minimum on the 51 potential energy surface. The
fluorescence lifetime and quantum yield have been measured for the first

time and the correspanding radiative and nonradiative rate constants g

N

calculated. "1\~’////\\ : S

The fluorescence of 2,2'-binaphthyl is further red shifted from
that.of 1,1°- and 1,2"'-binaphthy! indicating on average a more coplanar

conformati of that mo]eéule, as expected qué]itative]y on the basis

L

of the reduced steric interactions. At least two fluorescent conformers
of 2,2'-binaphthyl coexist in fluid solution, as evinced by the A
pronounced excitation wavelength dependence of the fluorescence emission

spectrum and qlantum yield and by the biexponential fluorescence decéy,‘

with characteristic lifetimes of about 25 and 105 ns 1# cyc]ohekane;
The singlet life ime measurements proved a very powerfu].metﬁod for
discriminating te ally between two species with very similar and
overlapping spectral disgtributions. Both the fiuorescence 1ifetime
measurements and differgntial oxygen quenching of the steady-state

ernission show the longen-lived componeﬁt to be somewhat red sgifted with
respect to the shorter-lived conformer. While the absorption spectra of

these two conformers over\ap strongly the shorter-lived speciés may be
selectively excited at the extreme absorption edge. The spectrum so

obtained agrees well with that seen in oxygenated samples at all wave- .
lengths, although Ehé shorter-lived species has the higher molar ‘
concentrafibn in f]uid‘solution. .Indeed, the Tow temperature‘e;beriments
would suggest that the red-lying, long-lived spec{es 2 is the predominant,‘

equi]ibriﬂT cpnform%igon of the molecule. Both conformationsfare likely
/
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rather coplanar, possibly with one being cis-inclined and the other trans-
inclined with respect to the con?iguration with both aryl rings mutually
perpendicular. ‘ |
2,2'-binaphthyl did give quasilinear spectra in polycrystalline
methylcyciohexane, although the bandwidths were relatively broad. Thése
too were found to be strongly dependent on the eXcitatipn wavelength
- employed. From.the variations in.relative intensities of the quasilines
v and from the fluorescence excitation spectra these Shpol'skii spectré
could becénalyzed as two fluorescence subspectra, with electronic origins\
separated by ~ 525 cm']. When compared with gpe model planar compound
'1,2,7:8—dibenzofluorene it is apparent that the two fluovescent conformers
in the polycrystalline-MaXrix are c¢lose to, but not completely coplanar.
These two conformers are prdbéb]y,diﬂ?erent from those seeﬁ.in quid_or_
glassy media, be{ﬁg Iarge]; determined by the intermolecular or random -
solvent effects.

N Behaviour of the perdeuterated 2,2'-binaphthy1 paraliels that of
the Jh]4 molecule. Both rate constan‘ts"knr and kf proved independent of L
deuterium sLbstitution. The déuterated species did éhow a somewhat ’
different relative intensity distribution in the quasf]inear spectrum.

This work suggests that the occurrence of relatively stable, «
spectroscopically diétinguishab]e molecular conformers differing in
their orientation with respect to a single bond may beﬁa_more widespread
phenomenon than is\tommbnly recognized. This should be particularly
true where that bond is of somewhat increased bond order, as with those

| conjugated between nomin?11y double bonds. While the steady-state

(M_fluorescence can provide much useful information, the measurement and

) vy -~
3 . ~

N ;s <
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analysis of the fluorescence decay spectrum pro5ides a powerfdl method
of probing systems with strongly overlapping absorption and-emission
spectra. Use of the selective oxygen quenching of the longer-lived :
component proved a useful method of enhancing otherwise subtie spectro-

scopic differences.



APPENDIX I

Room Temperature Absorption Spectra of 1- and 2- Phenylnaphthalene;

i,1'-, 1,2'- and 2,2'-Binaphthy! and 1,2,7,8-Dibenzofluorene

These.spectra, Figures [.1 through I.6 , were measured at
room temperature in cyclohexane solution with pure cyclohexane as the
reference. Molar absorptivifies were determined by accurate weighing
of the solute followed by dissolution and appropriate dilutions. The
units of molar ébsorptivity are litre-mole  -cm™'.  The long wave-
length region of each spectrum is shown in greater detail in the upper
right quadrant of each spectral trace. The assignment of transitions
is generally taken from Jaffe and Or'chinm3 but that of 2,2'-binaphthyl
is re-interpreted in light of the 1,2,7,8-dibenzofluorene absorption
spectrum. To coincide with Jaffe and Orchin's hiscqssion the Platt
c]assfficatiouzz7 of electronic states of aromatic hydrocarbons is
. used. 'Tﬁe greund states S0 are denoted ]A in all cases so the transitions

are frequently designated by the upper state label alone.
L]

]—Pheny]naphthalené:

~ 1-phenyl substitution red shifts and slightly enhances the
‘transversely polarized Hh band with respect to the parent molecule
naphthalene (at 286 nm in naphthélene). The weak, long-axis polarized
transition ]Lb is at roughly 310 nm but is practically buried under
the adja;ent, stronger ]La band {loge = 3.95} centered at 288 nm.
The'strong band (loge ~ 4.8) at 227 nm probably corresponds to the

1

longitudinally polarized B, band which occurs at 221 nm in naphthdlene.

b

- 253 -



RN .

P

Figure I.1 - 1.6 . -

1:, 1-Pherytnaphthalene.’

) 2: 2-Phenyinaphthalene .
£ . -
%
3: 1,1'-Binaphthyl
4: 1,2'-Binaphthyi .
| 4

5. 2,2'-Binaphthyl

.6: 1,2,7,8-Dibenzofluorene

Abs&?ﬁtion Spect{ﬁ in Cxélohéxane Solution at Room Temperature®

- 6
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2-Phenylnaphthalene:
Substitﬁtion in thé 2-position is expected-td intensify and
red-shift the long-axis polarjzed ]Lb band relative to naphthalere,
although this is difficult to assess, owing to the poor resolution of
this regipn: The 1La transition at 286\nm‘is unaffected by introduction

of the phenyl substituent ingihp 2-position on the naphthalene nucleus.

That conjugation.in the longitudinal direction will affect transitions

g

polarized in that direction is apparent from the behaviour of the "By

, s,
transitiof which undergoes a large bathochromic,shift from 221 nm in

naphthalene to 250 nm in 2-phenylnaphthalene. the band at 212 nm in
the 2-phenylnaphthalene absorption spectrum 35 most 1ikely the

i

Cb - ]A transition which is” formally forbidden in the centrosymmetric

naphthalgne but allowed in derivati{si of reduced symmetry.

” L

1.1'-Binaphthy1:

The absorption spectrum of this compound bears more than a
passing similarity to that of 1-pheny]ﬁaph;ha1ene; Both long wave-
1eﬁgth bands, the ]Lb atl318 nm and the 1La at 297 nm have undergone
some red-shift relative to the corresponding band§ in naphthalene,
the shift being larger for the transversely polarized ]La transition,
as anticipated for 1-substitution. ,Thé other longitudinally polarized
transition, the ]Bb at 222 nm is practically unaffected (221 nm in
naphthalene). These observations indicate that the m-electron inter-
action between the rings in 1,1'-binaphthyl is very small and that the

iy

coupling is chiefly through the interannular bond; affecting the short-

axis polarized transitions only.
o .

S

Tl
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1,2'-Binaphthyl:

The absorption spectrum of this compound shows characteristics
of both a 1- and 2- substituted naphthalene The gross features show
a closer resembldnce to those of 1-phenylinaphthalene and’1,1'-

-
binaphthyl, the ]Lb and ]La bands being nearly coalesced whiie the ]Bb

transition appears d}stinctly at 218 nm. The 1

L, is submerged by the
stronger adjacent 1La band but this absorption seems somewhat red-

shifted with respéct to naphthalene. .

~

2,2'-Binaphthy]:

This speétrum is similar to that of 2-pheny1naphthaiene, but.
with the extended conjugation reg-shifting the long axis polarized -
]Lb and 1Bb transitions somewhat. Jaffe _and Orchin believéd the']Lb
and ]La bands to be at 335 and 305 nm respectively,213 indicating a

large effect on transitions of both polarizations. However, in view

of the greatly enhanced resolution obtained in the absorption spectrum
of the rigid 2,2'-binaphthyl analog 1,2,7,8-dibenzenofiuorene {(infra
vide) their assignments of the ]La.transition's origin should be
revised. The weak shoulder 335 nm is likely the electronic origin of
the Tow lying ]Lb tranéition, the peak at ~ 305 nm béiﬁg a vibrational
c?agd of this same electrdn{c transition. The poorly resolved band at
282 nm in 2,2'-binaphthyl] is the more probable candidate for the electronic
origin of the 1La transition, with an adjacent ill-resolved vibrationél
band at 272 nm, ~ 1300 ém'1 away. This indicates that the transverely
polarized ]La transition is préctica]]y unaffected by the extended

. longitudinal conjugation.

Further strong bands appeaf in the 2,2'-binaphthyl absorption at
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255 nm (]Bb) and 212 nm (]Cb); these are similar to those bands seen

for 2-phenylnaphthalene but quite red-shifted from thosg of naphthalene.

~1,2,7,8-Diberzofluorene:
The absorption spectrum of this rigid analog of 2,2'-binaphthyl
bears a striking similarity to that of the unrestrained 2,2'-binaphthyl.

The increase extent of the wm-electron system in this p]anar‘COmpound
j— ' )
red-shifts the ]Lb absorption considerably, to 358 nm. yore vibrational

structufe is evident in this rigid 2,2'-binaphthyl than in its flexible
parent, a behaviour noted by Jaffe ang 0rchin2]3 in comparing the
.absorption spectra of the phenylnaphthalenes and their rigid analogs,

the benzofluorenes. This_vibratjona] detail in the f.2,7.8—dibenzbf1uorene
absorption spectrum seems to indicate that the previou§1y mentioned

-re-interpretation of the 2,2'-binaphthy} absorption spectrum is in order.

The four bands of 1,2,7,8-DBF in the reéion-300 - 360 nm, appear to be

T« YA, The

b
sharp band at 288 nm is then the origin of the 1La transition (282 nm

vibrational bands of the Single electronic transition

in 2,2'-binaphthyl, 286 nm in naphthalene and 2-phenyinaphthalene) with

vibrational spacings between successive bands of about 1100 - 1300 cm'l.

The peaks at 279, 269, 260 and 251 nm are the vibrational components of

this ]La - 1A transition whose electronic origin is at 288 nm. The

very intense absorption at 265 nm is probably the ]Bb origin (255 nm in

2,2'-binaphthyl, 250 nm in 2-phenylnaphthalene and 221 nm in naphthalene)
with weaker vibrational components at 256 and 246 nm, again a spacing

1

of ~ 1200 em™'. The high energy absorption at 214 nm is assigned to

the transition lgb « ]A {212 nm in 2,2'-binaphthyl and 2-phenylnaphthalene).
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Summary of the Absorpt{on Properties.

The absorption spectra -clearly fall into two categories, t:;se
resembling naphthafizf fairly strongly and those showing substaqtﬁal
deviation from the phthalene absorption. The first graup contains
l-phenyinaphthalene, I.]'—binaphthy]i and 1,2'-binaphthyl. For these
molecules the w-interaction between the aryl moiety is smajl, with
transitions of both polarizations beihg little affected. No ]Cb - ]A
transition is apparent in their absorption spectra, indicating that
_ the perturbing influence of the aryl substituent is insufficient to
relax the electronic selection rules of the centrosymmetric naphthalene
substanti,aﬂy.227

The second group is comprised of those molecules exhibiting a
large n-electronic interaction of the aryl moieties, namely 2-phenyl-
naphthalene, 2,2'-binaphthyl and 1,2,7,8-dibenzoflucrene. Being less
sterically hindered, the ground states of these molecules are more
nearly planar with a concomitant increase in the w-electronic delocal-
ization over both ring systems. The long-axis polarized transitions
generally show large bathochromic shifts and with the reduction of
molecular symmgiry the transition ]Cb - ]A becomes a]iowed and so
appears with moderate intensity in the absorption spectra of all three

compounds.
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APPENDIX II

Testing of the Deconvoigjjon Procedures

The decoﬁvolution routines MRQRDT and TWOEXP were tested on
simulated and real data sets to assess the abjlity of these programs
and the experimehta] method in determining or retrieving the fluorescence
decay parameters. Of particular interest were trials designed to find
the levels at yhich a true second component in the fluorescence decay ()
could be detected g;

d quantified. At sufficiently low levels it is

expected that the genuine biexponential decay would no longer be

distinguishable from the monoexponential decay of the major component.//7f~//ﬂ/

Deconvolution of Synthetic Data Sets

]
The efficacy of data handling method for the time-correlated

single photon counting technique of fluorescence lifetime determination

has been evaluated by a number of authors using various simulations

58,59,69,72,77,84,228 N

of the convoluted decay data.
Since the fluorescence decay of 2,2'-binaphthyl in fluid

solution appears to be biexponential it was decided to model the fluore-

scence decay of this particular system. The temporal dependence of

the model excitation- {lamp) function is chposen to be of the form

E(t) = Atle 05t ' (11.1)

»

where t is the time in channel numbers; for the typical time base of *
the real 2,2'-bin;pthy1 decaylexperiments, 0.6550 ns, yhich.approximates
that of the Na-filled f]ashlamb. %he normalization factor A is chosen

to give 104 counts at the maximum of the lamp function. This smooth,
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analytic lamp function is then convoluted with an impulse fluorescence
>
decay function of the form
—t/*r.l ' -t/'r2
I{t) = ae + ge . (11.2)
. ) /
To simulate the 2,2'-binaphthy] decay 1, and 1, are chosen to be 25.0
and 100.0 ns respectively while a and 8 can be varigd to give the ~
different relative contributions of the two decay components to the

total decay intensity. The convolution integral
t
G(t) = f E{t')I(t-t')dt’ . ’ (11.3)
0 ‘

is 1ntegrate& numerically using the trapezoidal rule. The resuiting,
curve is smog&?, since no noise has been added and the expressions for
E(t) and I(;) are exact. - This smooth, convolved cﬁrve is norpaIized
to 104 counts at the maximum againl This maximum number of counts is
chosen since it represents a value normally realizable at reasonable
collection times for the real decay experiments. This maximum is
sometimes used to specify the signal-to-noise ratio in photon counting

58,77

experiments. For y. counts in channel i the S/N ratio will be

yi/4§; hence, for 'IO4 counts maximum the S/N will be.\OO; 100-fold
longer collection times (106 counts maximum) resuit in only a 10-fold
improvement in S/N. Such long collection times pose many experimental
difficuities.

The statistical counting noise for the single photon counting
method will'be Poisson distributed about a mean of 7 in channel i. "For

Y3 reasonably large (even y; = 10 is adequate) this Poisson distribution

is closely approximated by the Gadgssian distribuqioz. To the smooth
~
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convoluted curve is then added Gaussian distributed randoh noise.
This Gaussian noise is gene;ated by means of the IMSL subroutine GGNML
by the call statement "Call GGNHL(DSEED,NR,R)" where NR = the‘number
of channels (512), R is a vector of dimension NR and DSEED is a doubje
precision number (int;gral) selected by the user. The vector R
contains output random deviates of the normal distribution having a

L]
mean of zero and variance of one. Hence for channel i having Y5 counts

in the noiseless function G{t), the generated noisy value will be

. yi(no%sy) = yi(smooth) + [yi(srnooth)]li X r, . (I1.4)
: .

where r; is the ith random deviate generated by GGNML and contained in
the vector R. The va}ue of DSEED is changed on every run since a given
DSEED will generate the same vector of random deviates each time:

Starting.with T = 25.0 ns and 1, = 100.0 ns synthetic decay
curves were gene;éted with the ratio of preexponentials, a/8, ranging
from 100:1 to 1:100. Some of the results of deconvolution of these
data sets ‘age shown in Table II.1.

A more meaningfd! measure of the relative contributions oﬁ the

short and 1ong—1§yed comfonents than aqui13e1f is the quantity

(éf}}??érz), which represents the relative contributions of the two to

the total decay, since - '
t== t=e -.t/"[.i -t/‘r2 L
f I(t)dt = f {ae + e dt = aTy + B1o- (11.5)
t=0 t=0 {

' N\
Thus «/g of 100:1 actually corresponds to relative intensities of 25{1
for short:long components. From Table II.1 it is seen that the presence

of the long-lived-component can be clearly detected even at an intensity

- /
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of only 4% that of the major, short—]ibég, component, as witnessed by

the sharp decrease in xzv and imprdved randomness of the residuals

on going from [a monoexponential to a biexponential fit. The actual

value extracted 5 is highly inaccurate however, being fully 28%
low. At the other extreme, very low intensity of the short-lived
component, the behaviour is similar, with the presence of the minor
constituent reliably detectable down to «/8 = 0.05 {1:80 relative

——tAsities). The minor component is, again, underestimated. The

4

trial with o/f = 0,05 is of particular interest since xzv only is

insufficient basis for deciding between the mono- and biexponentiél
% fit with sz, being.l.OZ and 1.16 respectively, both being statistically
' acceptable. However, the autocorrelation function of the weighted
. residuals for the monoexponential fit clearly indicates some non-
randomness the d1fferences at short times and betrays the ex1stence of
the addit{ona] short'component. At very 1ow amounts of the short-lived
fluorophore, o/8 = 0.0i or relative intensities of 1:400, thiS-SECOnd
component can not be reliably detected. Sample deconvo]ution§ of this
"true" biexponential decay as a monoexponential produce roughly equal
numbers of good and bad fits; Two examples are given in Table II.1
one’EFial yielding xzu = 1.72 with very non-random residuals while a
second, independént trial qave xzu = 0.95 with no autocorretlation of
the residug]s, i.e., the second decay component would pass undetected.
From these observations it would appear thaf if the decay components
have 1ifet1més of 25 and 100 ns the minor decay component can be detected

at Tevels of roughly 2% of the total intensity. On this time-base

» :
the lifetime of the long-lived component can be accurately determined
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(< 5% error) only if it contributed about 15% or moré to the total
intensity whereas the short Iife;ime can be calculated to be;ter than Si .
accuracy if this fluorophore contributed more than ~ 3% of the total
inpgnsity. This greater sensitivity toward the shorter component 13
probably the result of the particular time-base chosén, 0.655 ns/ .
channel. A formula relaging the fluorescence lifetime to the optimal

channel width has been given recently by Hall and Sé]inger87
T0 = TXO(M) ' ' : (11.6)

where To is the optimal channel width (ns/cﬁanne]), 1t is the fluore-
scence lifetime and xo(m) is a minimizing parameter and is a function

of the number of channels used. With x0(512) = 0.033187 T0 for a 100 ns
fluorescence lifetime will be 3.31 ns/channel while for a 25 n; fluore-
scence lifetime the.optimal channel width is 0.828 ns/channel, closer

to the 0.655 ns/channel width used for these simulations. No single
timebase will be ideal for both components of a biexponential deééy.

The reiterative deconvolution of these decay curves by the’
routines MRQRDT and TWOEXP is most satisfactory, with rejiable detection
and recovery of the decay parameters down to very lJow intensities of
the minor component. The expected values of the parameters Ty To and
a/B were recovefed with reasonable accuracy and the reduced chi-squared
statistic for the biexponential fit was near unity in all cases, as
demanded for Poisson distributed counting noise. It should be noted
in passing that xzv may occasionally be slightly less than one for

the noisy curves. Trials in which smooth synthetic decay curves were

generated by convolution (i.e., no Gaussian noise added) gave reduced
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chi-squared values near zero (xzd < 10'3) upon deconvolution. This .
result could be anticipated, since the sum of squares of thé\Fé§iJhals

for such in¥tial and fitted curves should be zero, within the rounding
‘ :

" errors of ‘the calculations. Thus xzv will be ~ 0 for such fitted

curves.
A cursofy examination of the effect of scattered light on the
results of the deconvolution was undertaken. Smooth synthetic decay

curves were normalized to.]O4 counts at the maximum.and to which were

added varying amounts of the lamp excitation function with the normal - _

ization factor in Equation II.1 being adjusted to give the appropriate
fraction of scattered light. Scattered light amounting to 5% (500
counts at maximum} or 15% (1500 counts at maximum) was added to the
smooth synthetic curve, which was then re-ﬁonna]ized to 104 counts

at the peak. Gaussian,qistributed random noise waﬁ'ihen added. Even
15% scattered light was found to have virtually no effect on the 100 ns
component. On a time-base of 0.6550 ns/channel and with no short
component (a/8 = Q) the recovefed lifetime was 39.85 ns with xzu = 1.03
and random residuals, despite the inclusion of 15% scattered light.
fgiazkég‘ns componént on the same time scale the effect of scattered
light was more pronounced. With B/a = 0 (no long component) the
extracted lifetime with 5% scattered light was only siightly low,
24.81 ns, and the reduced chi-squared of 1.26 was quite good but the
autocorre]atfon function of the weighted residuals clearly showed the
presence of a non-random variation at short times. At equal pre-
exponential factors {a/8 = 1) ihe scattered light at a 5% level will

pass virtually undetected. The extracted parameters, a/B (final) =

-
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0.99, 7, = 25.06 ns and 22 = 99.31.ns are very accurate, while the

goodness-of-fit criteria, x2

y (= 1.02) and the autocorrelation function,
give M hint of the presende of the 5% scattered light. Evidpnt]y
scattgred excitation light is only detectable and only a problem where
short fluorescence lifetimes are concerned. Scattered light levels

of 5% of the decay maximum are very much higher than those encountered

in real experiments if any amount of care has been exercised. = -
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Deconvolution of Biexponential Fluorescence Decay Curves Generated by .
| "y

the Addition of Real, Monoexponential Deéqxg

In addition to using purély synthetic decay curves to model the
biexponential decay of 2,2'-binaphthyl it .is also desirable to simulate i
such two component decays with real decay data. The biexponential decay
curve is produced by the addition of two, seperate monéexponentigT
curves, recorded under identical experimental conditions in separate
groups of;ihe multichannel analyzer (MCA). The compounds ‘chosen wg}e'
naphthaiene and 1-cyanonaphthalene {1-naphthonitrile) since these are
known to have monoexponéntia] fluorescence decay kinetics229 and 11f'-
times similar to the long and short components, respectively of the
2,2'-binaphthyl decay at 295K. These two solutes could be excited and
monitored at common wavelengths (AA = 297.7 nm; AP 335.0 nm) similar

to those encountered in the 2,2'-binaphthyl decay studies.

3M nahhtha]ene in'cyclohexane-and

Solutions of 3.84x10"
4.0x10"4M l-naphthonitrile in n-hexane were prepared in Rotaflo-sealed
fluorescence cells and degassed by repeated freeze-pump—tﬁaw cycles at
a pressure of < 107% torr. Literature values of the fluorescence
lifetimes of these solute/solvent pairs are available, with t = 110 ns

for naphthalene in cyclohexane (see Table 3.1 ) while values of 1.83229

and 1.98 n5230 have been reported for 1-naphthonitrile in n-hexane at
ambient temperatures.

With excitation at 297.7 nm (N2 lamp)} and the fluorescence decay
monitored at 335 nm the fluorescence decay of naphthalene was recorded Qb_
in one group of 512 channels in the MCA untm 104 counts had been K
acq@ired at the maximum of the decay curve. This sample was replaced by

the 1-naphthonitrile solution and the fluorescence decay curve of this
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_soluie was acquired in another memory group in the MCA‘until ]04 counts

had been obtained at the decay peak. The lamp temporal profile was
collected in two halves into a third group of 512 channels, one half
being collected before the recording of the naphthalene dedly with the
second -half collected after compTetion of the T-naphthonitrile
acquisition period. The lamp profile was measured at the excitation
wavelength, 297.7 nm.

By adding appropriate fractions of these two‘individua11y
monoexponential decays a composite biexponential decay with variable
ratios of the preexponential factors could be constructed in the remaining
memory group of the MCA. This composite curve could then be deconvoluted
in the normal manner and the values oétained for o/ g, T and }2
compared with the "true" starting values. As an example, one might
multiply the actual 1-NN (1-naphthonitrile) curve by 'O]t then add
this to the full (104 maximum) naphfhalene decay curve; the multiplier
re-normalizes the entire curve, so, in this case, the maximuﬁ of the
.le(i-NN) curve would have only 100 counts.

The results of two separate trials are shown in Tables II.2
and I1I1.3. A number of features are apparent in these two tables. Even
with the purely monoexponential curves for the l-naphthonitrile and
naphthalene decay, the collectiop of 104 counts at the maximum will
2

ive very good values of y
A"

sometimes be insufficient to It is noted

that these values are a littld higher (ca. 1.3 - 1.5) than is desirable,
~although biexponential fitting oX these curves revealed no systematic
second component for either solute solutes were purified by

reverse phase HPLC). For the composite curves the presence of the second
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decay was detectable at all the values of o/8 examined, from about 130
to :013. This corresponds to relative intensities, ar1/612, of from 21
to 2.1x1073. Both lifetimes can be extracted with an accuracy of better
than 2% ovef the range of relative intensities of 22:1 to about 1:i8.
In agreement with the ;onc]usions for the synthetic data trials it would
appear that a fairly accurate fluorescence 1fietime can be determined
for a minor cqmponent contributing gnly ~ 5% to the total decay intensity.
Notvsurprisingly, the ratio of preexponential factors is more difficult
to estimate accurately. An accuracy of about + 10% is possible for
relattve intensities in the ratio of 4.1:1 to about 1:9, with the -
accuracy improving as the relative intensities become more nearly equal.
At very large or very small o/8, the ratios obtained on deconveolution
may be grossly in error. .

The values of the reduced chi-squared shown in Tables II.2 and
I1.3 show a distinct “experimental” artifact. The abnormally small
va}ues of xzv << 1.0 obtained for some of the biexponential fits are
the product of the method used to generate the composite curves. Both’
Curves initially contained ]04 acgfual de y events at their respective

maxima. Hence the true signal-fo-noise/specified by this maximum is

104/i04 or 100:1. Scaling do urves by simple re-normalization

of the entire curve does not change the actual Poisson distributed
counting noise associated with this scaled curve. By way of example,
consider the addition of two curves so the total in channel i of the

composite curve is expressed as

y(i) = ny X y](i) tn, X yz(i) (11.7)
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jyhere n]‘and n, are the fractions of each recgrded curve used in
constructing the biexponential decay curve, y(i) (0 < Nys0y < 1)

y]{i) and yz(i) are the actual counts in channel i as ¥ecorded experi-
.nenta11y for the fluorescence decey of solute 1 and solut - Recalling

that the reduced chi-squared is dé{ined by Equation 2.30 as

X'y 5=
and that for Poisson distributed count;:;\hqjse

o(i)? = y(i)

REN is apparent that the variance estimated for ch?h}e1 i of the composite
curve’?n the deconvolution routine will be y(i). The rue variance of
the curve, S2 is smaller than this however, being determined by the
variances of the curves y](1) and y2(1) prior to normalization (see

also Equation 2. 28) Briefly stated, thé true counting errlr in the
compos1te b1exponent1a1 decay curves is smaller than the_Counting error

‘ estimated from the net curve, because of the downward Scaling of one

of the constituent curves. Hence S2 is substantta%f} less than

36(1)2 (Poisson) and so XZQ << 1. In réf?ﬁgﬁggi a more sound approach
to reproducing the statistical counting noise of the true biexponential
curve would be to first collect a known number of decay events for one
solute, then, switching samples, record a known number of decay events
for fhe sécond solute directly onto the decay histogram of the first
solute, i.e., collect known fractional intensities of each into the
same memory group of the MCA. For composite decay curves constructed
in this manner the statistical couﬁ?ing error will be directly related

4

to the y(i) of the composite, summed curve.
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Deconvolution of the Biexponential Fluorescence Decay of a Real, Binary

Solution ~

Thé fluorescence decay kinetics of a cyclohexane so]dtion
containing two cheTica]]y distinct fluorophores, 9,10-diphenylanthracene
(9,10-DPA)} and 1,2-benzanthracene (1,2-BA) wgz/::B@jed at room temperature.
Solutes were purified by reverse phase HPLC and thelfinal concentrations

were 3.6x10°°M for 9,10-DPA and 8.5x107°

M for the 1,2-BA. Al1l solutions
were thoroughly degassed by thé freeze-pump-thaw technique. The fluore-
scence lifetimes of these two solutes are well characterized in cyclo-
hexane at 295K, values of 7.9,]63 7.6231 and 7.58232 being reported for
9,10-DPA and 44.1]37 and 42]35 ns for 1,2-BA. These are in good
agreement with the average values found by deconvolution of the bi-
exponential decay curve of the mixed fluorophores, 7.72 + .27 ns for
9,10-DPA and 43.8 + 1.97 ns for 1,2-BA. The results of deconvoluting
ag a biexponentiaﬁ fluorescence decay are shown 1in Téble 11.4. The
emission wavelength is selected by a Schott KV380 cut-off filter while
-the excitation is varied within the net absorption envelope of the

two species.

Table 11.4 also gives the relative absorbances of 9,10-OPA and

1,2-BA in solution; this ratio of absorbances will also be the ratio
of the fractions of the two solutes in their respective excited states.

From the relation previously given as Equation 2.82

folr JF. [Ac]k
1A 1M F M

Y[rroae) = {a/B}[Agarg) =
A*TFS AT FL, IR, I T,

one can calculate the relative fluorescence intensities Fl[AF]/Fz[AF]
since fl[AA]/fz[AA], T To and {u/s}[AA.AF] are known by experiment.

\
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Wi th ?]/¥é_= 7.72/43.8 and normalizing at A, = 350.0 nm where the

absorbances are nearly equal one gets

F(9,10-0PA) [A = KV380]
F(T,2-DA)D>; = KV380]

= 3.46.

Appiication of this normalized value to the other excitation wavelenthp
allows calculation of the ratio of preexponential factors, or equival-
ently, the ratio of absorbances; these are compared with the experimental
values in Tgble II.4. The agreemené between these observed and calculated
ratios is reasonably good at large a/g but very poor wh;re thg contrib-
ution of the 9,]b-Dﬁf decay becomes small. While the Schott KV380 filter
passes practically aib of the 1,2-BA fluorescence, it blocks a signifi-
cant portion of the 9,10-DPA emission. . The catculated ;atiofof fluorgfrf:_
scence intensities passed by the KV380 filter, 3,46, is a reasonable
figure since the expected value if both total emissions were monitored
would be just the ratio of the fluorescence quantum yields ¢f(9,lO-DPA)/
0£(1,2-BA) = 5.3 (64(9,10-0PA) = 1.0%% and ¢ (1,2-88) = 0.19).7%7 Ssince
the KV380 Blocks some of the 9,10-DPA emission while transmitting the
entire 1,2-BA fluorescence, the actual ratio is found to be somewhat

less than 5.3.

This suggests an interesting, if circuitous method for determining
the re]ative fluorescence quantum yield for a pair of fluorophores with-
out.resorting to conventional steady-state fluorescence measurements.

[f the ratio of absorbances of the two compqnents-is knﬁwn.at some
excitation wavelength and the total fluorescence emission of both species
is monitored, then the ratio of fluorescence quantum yields is available

from a fluorescence decay measurement of the binary mixture.
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APPENDIX III

Fluorescence.Decay Curves of 2,2'-Binaphthyl
\.

The results (;f fitting the ﬂuo'rescence decay profiles for

10°°

M solutions o;ﬂ_Z,,E'.-biriaphthy]-hM in cycliohexane at 295K to .
mono- and biexponential decay/}/a/ws are p‘1otted in the figures overleaf.

These are discussed 1'r1 Section 5.3.3. i

- 276 -



N

-2 -

Figures IIl.la,b
™ IIl.2a,b
© II1.3a,b
IIl.4a,b
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Mono- and Biexponential Fitting of the
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Flugrescence Decay Curves -for 10° 'M

- 2,2'—Binaphthy1-h]4 in Cyclohexane at 295K
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APPENDIX IV

Fluorescence Spectroscopy and Photophysics of

1
1,2,7,8-Dibenzofluorene

As mentioned in Section 5.3.1c the hydrocarbdn 1,2,7,8-dibenzo—
fluorene (],2,7,8—DBF) was prepared as a model for the coplanar s-cis
conformation of 2,2'-binaphthyl. Figqre IV.1 shows the excitation and
emission spectra for this material in fluid solution at room temperature,
while Figure IV.2 illustrates the appearance of these spectra in'alkgne i
glasses at 77K. Apart from improved reso]Uthﬁ of vibrational details
the excitation and emission spectra were essentially unaffected by
cooling. Polycrystalline m&?rices of n-pentane, cyclohexane and methyl-
cyclohexane gave no better resolution at 77K than that of the glass-
forming solvents. The apparent 0-0 bands in excitation and emission
coincide at 28 030 e (356.8 nm) at both 295K and 77K. 1,2,7,8-DBF
exhibits a considerable mirror-image symmetry about this band in fluid
and rigid solution. These foregoing observations are indicative of a
planar or near-planarlgeometry in the ground and lowest excited singlet

&ktates. The Jowest energy peak in the room temperature abkorption

spectrum of 1,?,7,8¥DBF {Appendix I} was also coincident with this

28\330 ! Tine.

The steady-state emission and excitation spectra of 1,2,7,8-0DBF
were'independent of the excitation and emission wavelengths respectively
{at 295K and 77K) while the fluoréscence decay of this model compound
was found to be monoexponential under a wide variety ;f experiﬁenta]

conditions (solvent, Aps AF and temperature). The measdred singlet
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5M 1,2,7,8-DBF in cyclohexane or methylcyclohexane at

lifetime of 107
295K was 22.4 + .2 ns, iﬁcreégifg slightly in 3MP to 25.1 + .1 ns at
this same temperature and concentration. Relative quantum yields of
fluorescence at room temperature were essentially identical in 3MP and
chIohexane with ¢f = 0.76 + 15%. Unfortunately no literature values

of T dnd ¢f are available for comparison. The radiative lifetimes and

rate constants calculated from these data are tabulated below.

‘i
Table IV.1
Radiative Lifetimes and Radiative and Nonradiative Rate Constants

for First Excited Singlet State of 1,2,7,8-Dibenzofluorene at 295K

- - _ o _ Z
Solvent T, T T/ ke ——}/ro ke = E{/n kng
(ns) (s )\ (s™") (s~1)
. \
" Cyclohexane 30 3.4x107 1.7x107 1.1x107
3MP "33 3.0x107 1.6x107 1.0x107

-4
After application of an n'z refractive index correction it is

apparent that tpg\radiative rate constant is independent of solvent, at
least for this pair of hydrocarbons.

Upon cooling to 77K the fluorescence decay remained monoexponential
but decreased to 18.5 ns in methylcyclohexane glass and 19.8 ns in 3MP
glass. This decrease in observed lifetime is attributable to the
increased refraétive‘indices of those solvents at low temperature, while

the quantum yield remains ESREfEﬁfi This implies that for 1,2,7,8-DBF .

both kf and knr are also independent of temperature.
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