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Abstract

Potential functions for photodissociation, excited state intramolecular torsion, and
excited statetwisting-intramolecular-charge-transferare discussed in terms of sensitivity
to solvent cage perturbation. A spectroscopic solvent cage theory based on a BornOppenheimer quantum mechanical framework is used for the justification of adducing
viscous flow barriers as perturbations to the intrinsicmolecular potentials. Experimental
correlation of new spectroscopicphenomena is presented for each of the three potentials
under perturbation.
INTRODUCTION

The principles of one-photon, single-molecule electronic excitation in terms of orbital configurations
and spin assignments have been long established (ref. 1). In these systems unique S, Sofluorescence
and/or TI + So low temperature phosphorescence have been observable. Following this came the era
of multi-molecule excitation phenomena (molecular excitons, excimers, exciplexes, donor-acceptor
complexes, as well as simultaneous transitions) and multiphoton excitation (biphotonic spectroscopy,
infrared laser photochemistry). The latest period of molecular spectroscopic research has involved
multi-channel excitation pathways involving gross molecular electronic and conformational changes.
Recent decades have uncovered molecular systems which exhibit dualfluorescences (refs. 2,3) and
even triplefluorescences (ref. 4) of various origins.
-+

The interpretation of the dual fluorescence of 4-N,N'-dimethylaminobenzonitrile as a twisted-intramolecular-charge-transfer ( T I 0 phenomenon by Zbigniew Grabowski and co-workers (refs. 5,6)
catalyzed the growth of interest in the subject. The TICT phenomenon has evolved into a major research
development in contemporary spectroscopy (refs. 7,8). The large electronic structural and geometrical
changes accompanying the multi-channel luminescence phenomena makes them ultra-sensitive to
solvent cage effects. In this paper we shall survey several principal potential functions which arise
and use those to exemplify the solvent cage control of the phenomena described.
THE SPECTROSCOPIC SOLVENT CAGE MODEL

The multi-channel excitation phenomena have brought to a focus numerous new researches in molecular
dynamics, in which molecular friction plays a dominant r6le (refs. 9, 10, 11). In addition, novel
spectroscopic phenomena at the steady-state limits can be observed. These will be described here.
The solvent cages which spectroscopists can probe extend greatly the range available to molecular
dynamicsstudies which can be concerned mainly with the liquid solvent cages. In fact, the spectroscopic
limits of interest are the liquid solvent cage at one extremum, and the rigidified solvent cage at the
other. Highly contrasting phenomena may then be observed, such as fluorescence activation, or
conversely, quenching. The rigid solvent cage can bearigid glass matrix, acrystal (Shpol'ski isomorphic
site), an adsorption surface, a zeolite or other inclusion complex such as a cyclo-dextrin or protein in-
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clusion site. Fluorescence probes in such cages compared with their spectroscopicbehavior in solution
offer a wide range of perturbation effects of great theoretical interest and having wide practical
applications.
In the spectroscopic solvent cage model for stationary state limits, we deal with potential surface
perturbations. Such a concept, in which molecular micro-viscosity is adduced as a perturbation term
to a molecular potential, requires a theoretical justification, since in dynamics terms it considers a
timedependent viscous flow as a static potential bamer addition to an equilibrium potential function.
Dellinger and Kasha (refs. 12,13) have presented an analysis which uses a Born-Oppenheimer resolution of the molecular motions af solute and solvent. An outline of the assumptions and consequences
of the Born-Oppenheimer spectroscopic theory of the solvent cage are epitomized in the following
expressions. A further exposition of the quantum mechanical basis of this model has been presented
recently (ref. 14).
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Equation (1) expresses the Born-Oppenheimer starting premise of kinetic inequalities for rates of
electron motion, molecular nuclear motion, solvent cage molecular nuclear motion (primed) and solute
molecule nuclear motion (unprimed) at a critical coordinate. The last is a function of an energy barrier
term and the corresponding molecular microviscosity.
Equation (2) adduces the separability of the total wavefunction as a product of independent wave
functions for electronic,solvent cage molecule nuclear vibration,and solute molecule nuclear vibration.
Equation (3) adduces the perturbation theory consequence of the above, adding a solvent cage perturbation to the equilibrium potential.
Equation (4) is the expression for the Gaussian viscous flow barrier adopted, where E is the energy to
surmount the barrier, and the exponential term gives the bamer shape.
Equation (5) is the special condition required to justify the kinetic inequality in the last two terms of
Equation (1). Only when the slope of the unperturbed potential is horizontal can it be assumed that
the rate of nuclear motion of solvent cage molecules and solute molecules are different.

SOLVENT CAGE PERTURBATION OF THE DISSOCIATIVE POTENTIAL

The spectroscopic solvent cage model has its simplest application to the Morse potential and the dissociativepotential. An example will be presented here of the spectroscopicconsequences of the solvent
cage perturbation theory because of its illustrative nature, although the phenomenon to be described
is not in the category of intramolecular multi-channel excitation modes. As Dellinger and Kasha (ref.
12) suggested, the effect on the Morse potential of solvent cage perturbations adduced by Equations
(5) and (6) is a reduction in vibrational anharmonicity in the molecular vibrational mode represented
by the Morse potential. This effect has been demonstrated for a special case by Mohammadi and Henry
(ref. 15).
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For a dissociativepotential casewe choose the H-bonded complex of some diaza-aromatics,complexed
to perfluoro-tertiary-butanol. These molecules offer the necessary special features: (a) the 9,lOdiazaphenanthrene and 4-methylcinnolinehave lowest So --. S1(n,n*) absorption andfluorescence (a rarity)
of easily observable quantum yield; (b) the alcohol chosen for hydrogen-bonding to the aza- nitrogen
atom in each diaza-aromaticwas chosen for greatest possible H-bonding energy, offering a very stable
H-bond. The principle of the experiment is illustratedby the schematicpotentials of Fig. 1. The ground
state potential (solid curve) represents H-bond
stabilization relative to the free molecule. The
electronegativity of the N-atom in the diazaaromatic results in an excess negative charge
density on the N-atom, whereas in the perfluorotertiary-butyl alcohol the H-atom is strongly
electropositive: a strong H-bond results. Upon
n-orbital electron excitation, the N-atom becomes
N’”,owing to the delocalization of the electronic
charge upon n 4 n* excitation. Consequently,
strong repulsion in the first excited state of the
E
complex is expected, and the potential function for
the complex becomes repulsive (the covalent, and
other, contributions to the H-bond likewise
becoming negligible).

t

The experiment is carried out as follows. The
spectra of 9,lO-diazaphenanthreneand 4-methylcinnoline are determined in dry 3-methylpentane
at 298K Table I tabulates the results of the
three-part experiment (full results to be published
elsewhere, ref. 16).

0
-

Fig. 1. Schematicpotentials for H-bonding to an
N-atomlone-Pair orbita1in groundstate and
first singlet excited state Sl(n,n*).

TABLE 1. Absorption and Fluorescence Spectra (S, c.So),,@ 4 z*) of dim-aromatics and their H-bonded complex with
perfluomtertiary butanol as a function of solvent cage perturbation in 3-methylpentane fluid solution (298K) and 3-methylpentane
rigid glass matrix (77K).
Absorption

T

h.,

h-,

Spectrum

Fluorescence
h-,
h,

Spectrum

(a) 9,10-Dimphenanthrene
(b) H-bonded complex
(c) H-bonded complex

2983
298K
77K

390 nm

---

450 nm
420

structured
diffuse

440 nm
440
400

480 nm
480
440

structured
structured
diffuse

(d) 4-Methylcinnoline
(e) H-bonded complex
( f ) H-bonded complex

298R
298K
77K^

---

385

440
400

structured
di&e

430
430

475
475
425

structured
structured
diffuse

375

(a,d) show sharply defined vibrational structure for the pure diaza-aromatic in dilute solution
at 298K
(b,e) show that typically blue-shifed So -P SI(n,n* ) absorption (now diffuse) is observed, but
for the H-bonded complexes (Structures I, 11) the structured fluorescence emission of
the uncomplexed molecule is observed. Thus, in Fig. 1the dissociative potential is fully operative in the excited state in liquid 3-methylpentanesolution at 298K for n +n*
excitation. The fluorescing molecule is no longer complexed.
(c,f) show that at 77K when the H-bonded complex is excited in 3-methylpentane rigid glass
matrix, the photodissociation is now blocked, and a diffuse blue-shifted fluorescence
[S,(n,n* ) S
for the complex is now observed. Thus, in the excited state in the
rigid glass matrix the viscous-flow perturbation barrier becomes impenetrable, and
fluorescence emission now occurs for the cage-stablized complex.
-+

1644

M. KASHA, A. SYTNIK AND B. DELLINGER

An analogous result for a covalently-bonded photodissociation (perfluoroalkyl iodide) was reported
by Brus and Bondybey (ref. 17), who demonstrated the conversion of a gas phase photodissociation
to a structured fluorescencein rare gas and N2solid matrix media, using an adhoc partial cage potential.
THE TORSIONAL POTENTIAL

The torsional potential for internal twisting in moleculesis well-known from the work of Mulliken and
Roothaan (ref. 18) for the case of ethylene C=C bond torsion. The idea and theory carry over to the
stilbene molecule (1,2-diphenylethylene), except that an upper-state (SJ perturbation introduces a
small intrinsicbarrier near the S1excited statemaximum of the torsional potential calculated by Orlandi
and Siebrand (ref. 19). Figure 2 represents schematically the potential curves for t-stilbene in its first
x +x* excited state S,
Cross-sections of the
potential hypersurface are chosen for a C=C
stretching vibration, and the C=C torsional
vibration. The stretching potential is depicted as
a harmonic parabolic potential, as even a Morse
or real potential would show little solvent cage
perturbation near the zero-point level. The torsional potential has, except for the small intrinsic
barrier a, essentially a quasi-stable minimum at 8
= 0". Thus, most molecules will very rapidly
depopulate the "saddle-point" at 8 = o",and much
attention has been paid to molecular dynamics
'0
studies of this rapid conformational change (Cf.
ref. 9). Avery small quantum yieldof fluorescence
from the zero-point levels of state S1is observable.
E
This is crucial to our present report.

.

f

It was recognized long ago by Beale and Roe (ref.
20) that the first W absorption band of t-stilbene
is dramatically altered upon comparing a liquid
solution spectrum at 298K with the 77K rigid
solvent matrix spectrum. One of the present
authors adduced the solvent cage potential perturbation argument presented there, supported
Fig. 2. Schematicpotential curves for a harmonic
stretching mode and a torsional mode in the S,ex- later by the Born-Oppenheimerbasis (refs. 12,13).
cited state of a polyatomic molecule (t-stilbene). We shall develop this argument in a new direction
here. As Fin. 2 adduces, the torsional potential is
subject to solvent cage perturbations because the conditions specified by Equations 5,3,and 4 exist.
Thus, in Fig. 2, we depict the small intrinsicbarrier of Orlandi and Siebrand (defining Qoof Equations.
4 and 5) to which we add progressivesolvent cageperturbation barriers b, and c, .....;until in the rigid
matrix we reach the infinite barrier d against free torsion. Now the torsional mode becomes a very
high-frequency, virtually inaccessible mode. The spectra we investigated offer us a chance to test the
solvent-cage perturbation idea. The first series involves the So+ S, (n,x* ) absorption spectra of
t-stilbene at 298K in a series of solvents of increasing viscosity. According to Fig. 2, the fluorescence
emission should originate from the zero-point level of the S1 state, and the Franck-Condonintegrations
involve the corresponding eigenfunction integrated over the products of the v,I' vibrational eigenfunctions for the So state. Since the ground state has deep minima, the fluorescence spectral contours
should be invariant with solvent viscosity. We find this to be the case, from t-stilbene in isopentane
at 298K, to mineral oils, to glycerine, to methylmethacrylaterigid polymer films. The Franck-Condon
envelope reveals a closely parallel intensity structure for the four observable vibronic bands of the
fluorescence,and the band half-width (FWHM in currentjargon) is relatively constant. Thus, virtually
no observable solvent-cage perturbation on the fluorescence band is observed.
The absorption spectra in contrast prove to be very sensitive to solvent cage perturbations. The reasons
can be clearly anticipated from a study of Fig. 2. Obviously, the absorption to the stretchingpotential
normal modes will be fairly immune to solvent cage perturbations. The Franck-Condon integration
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over the torsional mode eigenfunctions will sensitively reflect which (anti-)torsional barrier is in effect,
a, b, c, or d. Each one will present its own set of torsional eigenfunctions for the Franck-Condon
integration. The Franck-Condon integration for absorptions from the zero-point levels of the So state
could then be over the stretching-vibrational eigenfunctions of S,,the torsional eigenfunctions, and
the corresponding cross-terms (occurring even in the absence of anharmonicity (ref. 21).

...

As expected, we find the first absorption band of t-stilbene to be extremely solvent-sensitive, with
changes in general over-all band-shape, changes in Franck-Condon intensity of progressive
0" - Of, 0" - 1' ,0" - 2' apparent vibronic bands. Especially prominent is the contraction in band width
in the most viscous solvent in the series, isopentane, glycerine, methylmethacrylate solid polymer, all
at 298K. The results are the more striking, when it is seen that the corresponding fluorescence band
for the same conditions is invariant, with the same changes. For example, the absorption half-width
(FWHM) of the solvent series are 6300, 6000, 4300 cm-'; whereas the corresponding fluorescence
half-widths are essentially constant (3900,3800,3700 cm-I). Parallel to the Franck-Condon anomaly
observed for the absorption spectroscopy is a dramaticfluorescence activation with increasing viscosity:
from an almost negligible quantum yield of fluorescence in fluid solutions, the quantum yield
approaches unity in the rigid polymer film, a rigid glass matrix, and in the molecular crystal (ref. 22).
Additional studies on 77K rigid glass spectroscopy also will be published (ref. 23).
THE TWISTING-INTRAMOLECULAR-CHARGE-TRANSFER POTENTIAL

The TICT phenomenon as described by Grabowski et a1 (ref. 6) takes as (a) a conformation of coplanar
moieties for S, (n,n* ) + So fluorescence and (b) as the origin of the S,'(CT) +So second fluorescence
aperpendicular conformation of charge transfer moieties (Fig. 3) We have proposed (ref. 4) as a quanX

X

I

I
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S; ICT),ln

TWISTING CT

s, h,*),I"

Fig. 3. Configurations of twisting moieties in TIC" excitation.
tum mechanical starting point the N,N'-dimethylamino-group twisting potentials calculated by Godfrey
and Murrell (ref. 24). Our discussion (ref. 4) introduces a non-adiabatic region where the torsionally
descending S, (CT) intersects with the rising S, (n,x* ) potential, as shown in Fig. 4. According to
Murrell et a1 (ref. 24), 40"is the torsional angle for their case of phenylamino-group twisting intersection
S,(n,n*)-S,(CT). Thus, after So +
S,(rc,rc*) excitation, the molecule goes
adiabatically along the potential and
becomes at 40" an S,'(CT) dipolar
E
A
F(r,r*)
F'(CT)
charge-transfer species (Fig. 3), a
suddenpolarization in the language of
Salem (ref. 25). Thereupon, it relaxes
to the torsional potential minimum.
The new fluorescence S,'(CT) -,
I
I
0
-40'
r/2
So(FC) is to higher vibronic states of
0 (TWIST)
the ground state, and thus there can
Fig. 4. Schematic twisting-intramolecular-charge-transfer
generally be no -converse absorption
potentials for sudden polarization from S1 + S; (CT).
band. The dual fluorescence of tor-

-
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sionally capable molecules with donor-acceptor moieties, can thus be observed if the dielectric
environment is favorable (usually a polar rather than a hydrocarbon solvent).
The solvent cage perturbation effects described in the previous section for the torsional potential (Fig.
2) can be expected to apply to the twisting-intra-molecular-charge-transfer( T I 0 potential as well.
The general principle is that a large amplitude intramolecular motion must be involved in order for
the criteria of Equations 3,4, and 5 to be effective. A molecule which can exemplify the sensitivity
of TICT potential to solvent cage perturbation is the case of N-methylbenzanilide. The N-methylbenzanilide exhibits a strong TICTfluorescence, S,'(CT) So(FC) with-,?I at 510 nm in hydrocarbon
solution at 298K (ref. 26). At 77K in a hydrocarbon fluorescence is quenched, as the rigid glass cage
blocks the large amplitude motion required to reach the sudden polarization S , ' ( C T ) curve. So only
W fluorescence for the S,(n,x* ) state at 8 = 0" is seen. This is in contrast to thefluorescence activution
observed for the case of t-stilbene, in which the rigid glass solvent cage restricts twisting, thus increasing
the efficiency of S,(n,x*) -D So fluorescence. Of course, in the TICT case, the twisted configuration
at 8 = 90" must be reached for the S,'(Cl") + So(FC)second fluorescence (Fi)to be observed. Thus,
a solvent cage restriction on internal torsion in this case quenches the TZCT-statefluorescence. This
can be used as a diagnostic tool to separate the second fluorescence (Fz) observed for the proton-transfer
potential case, which is not affected by solvent cage restriction and is readily observed in rigid glass
solutions at 77K (ref. 27). These distinctions become especially important in unravelling the
mu1ti-channel mechanism cases, especially when triple fluorescence can be observed (ref. 4).
--+
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