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Scheme 1 Flow diagram of energy transfer types and molecular energetics
Examples of energy transfer are light energy (hv) into electronic excitation
energy (X) ; electronic excitation energy (X) inte chemical energy (4AH);
electronic excitation energy (X) into heat (Q); electroric excitation énergy
transfer,

In this Treview, we shall be considered
We mean the overall events that may be identified as
RN R

where D represents a donor molecule, A represents an
presents electronic excitation, Conceptually, we
excitation may be unambiguously i i
is unambiguously associated with A, As chemists we

with electronic energy transfer processes,1

by which
occurring as shown

(1)

acceptor molecule and the asterisk pe-
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The transfer of energy from DX to 4 may occur r'adiatively via the following sequence
p* . ——> D+ th emission (2)
reabsorption (3)
In this case, the donor serves ag a "molecular lamp" o
environment. If a photon, th, happens to be absorbed by A, then a net transfer of the type

Dx\) a* wWill have been effected. .. The radiative mechanism of energy transfer hag been
termed "trivigl" because of the sinipl_icity of the physical Processes involved.Z‘ However,.the

The rates of radiationlesg processes between electronic States may be treated in the Tramework
of a general quantum mechanical formulation, For reaction 1, the resuit is:

kpp = Rate(D*:A — pia¥) . P<B(D®)y(A) [Hy(D)y (a%)5 2 (1)

where ¢ is 5 Measure of the number of possible isoenergetic transitions which are possible fop |

the energy transfer, v(D*®)y(A) and V(D) y(A%X) ‘represent the wave functions for the initial state

and final state respectively and H represents the electrostatic interactions respongible fopr
fer.

ep(D’“)w<A)JHC1w(D>¢<A">> + <w<D*)w<A>]HElw(D)¢(A">> (5)
Coulombic term Exchange term

The Coulombie term may be interpreted a5 having the Physical meaning of an interaction between
the "transition charge densitieg" of D*A and pax, This interactlcn, in turn, ig generally
approximated by a dipole-dipole term. The latter M3y be viewed ag interactions which are dye
to electronic motions on DX which stimlate electronic motions on A, and eventuate in the
formation of ax, These interactiong are analogous in form to those between a light wave ang

The Coulombic and electronic exchange interactiong M3y be visualized in terms of molecular or~
bitals on the donor and acceptor. Let ¢D*’ 95 ¢D and ¢Ax be the pertinent HQ op LU orbitals

of the donopr and acceptor,
For the Coulombic Interaction ( Figure 1) electron 1 located in $px Interacts with electron 2

located in ¢, via Hc = ez/R, i.e., mutual electron—electrbn repulsion. Thig interaction causes
electron 1 to jump to ¢D smultaneously as electron ? jumps to ‘pAX‘ Notice that the electrons,

after ener ransfer, remain on the same molecyle on which they were originally located,
The visualization of the electron exchange interaction ig shown in the lower half of figure 1.
In this case, overlap of ¢p% and 9% and of ¢4 and ¢p (and to 4 lesser extent with %x) occurs.

Again mutual electron-electron interaction given by HE = e2/R oceurs, Thig interaction causes
electron 1 (originally located in ¢%) to jump to $a% and electron » (originally located in ¢D)

to jump to ¢n- Notice that the electrons, after gnergy transfer, have exchanged molecylar
partners.

In Summary , from the theoretical Standpoint, there are two majopr interactiong which occur pe-
tween electronic systems:




i
{
I
{
i

Energy transfer processes 409

MOLECULAR ENERGETICS AND MECHANICS

the environment,
The efficiency, rate and selectivity of electronie energy transfer ig influenced by the folio-

wing factors:

lative diffusional motions;
(3) The occurence Or non-occurence of energy migration, which is independent
of molecular diffusional motion.

ENERGETIC CON SIDERATIONS

The most general factors which influences the rate of an energy transfer Process are the
reaction energetics. Since energy conservation applies to eq. 1, any endothermic energy trang-
fer requires an activation energy, E; , at least equal to the endothermicity of the reaction.

We imagine that since electronic en T8y transfer involves electronic transitions (which take
~——="PMC transitions

Consider the following model of an electronically excited molecule Do in a thermal bath capable
of rapidly removing excess vibrational energy of any state. If the excited state formed by
absorption of g photon has a higher vibrational €nergy than the Surrounding medium (which is
the solvent in 4 solution), thermal relaxation will occur, and the €nergy of the state will
fall to lower vibration levels until thermal equilibrium is established, which usually takes

about 10-12sec. The electronically excited molecule D¥ now Stays in its lowest vibrational
level until it becomes deactivated by either emission op Some nonradiative process.

If another molecule A with a low-lying state is in the neighborhood of the first one, excita~
tion transfer may take place. If the energy difference for g deactivation process in DX cop-

In Figure 2, emission of light from the v = o level of D* 1o various vibrational levels of D
results in the emission Spectrum indicated at the bottom left of the drawing. Absorption of
light from the v = o level of A to various vibrjational levels of D% resylts in the absorption
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the radiative transitions p* —D and A—s ¥, In terms of 5 qualitative orbita] scheme
(Fig. 1), the D*-> D transitiong generally involves g Jjump of an electren from an antibon~

ding orbital, b, to a Previously half-occupied bonding or non-bonding orbital ¢ and the
A-—ypX transition involves excitation from a filled bonding or non-bonding orbital ¢) to a

Previously unfilled antibonding orbita]l ¢Ax.

energy of dipole-dipole Hy o A |
interactiong =

o]

The rate of energy 't'pansfer’ kET by dimle—dimle interaction ig related directly to the ener-

& of the dipole-dipole interaction. Thus, we have:
kpp (dipole-dipole) 4 1;26& (9
DA
Zl’ors‘cer2 pointed out that if Hp and u Adre identified ag the transition dipoles for the
p* —+D and A—s p* radiative transitions, then:

k]()) a ug (10)
and €, a2 (112)
A% Ha ,
Substitution of €gs. 10 and 11 into €q. 9 yields
0
kp €
ke (dipole-dipole) o % (12)
Roa

and A —p* transitions in order to satisfy the Law of Conservation of Energy. In effect,
this means that )ggl, will be directly related to J the spectral overlap intecral, Thus, eq.12
b i ion

0
. €
Kpp (dipole~dipole) o kg\A J (13)

o

Inspection of €q 13 reveals the molecular properties which will be of major importance in de-
“termining the rate of energy transfer by a dipole-dipole interaction:
‘ (1) kg the rate constant for emission from D* to D (kg is the rate constant for the

limiting situation that a1l p* molecules emit); *
(2)eA the extinction coefficient for absorption from A— A" (we sHanl identify ¢

with A max since for our Purposes only g qualitative appreciation of the effect of
€ on kET is desired).
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ONg range types, the mogt important of which is
the distance dependence of the efficiency of energy transfer. The efficiency of energy trans-

fer is given by:
*grlAl (16)

kpplAT + Ky

where kET is the rate constant for energy transfer and kD is the rate constant for decay of
the donor. If kD is a constant and independent of the concentration of acceptor, we see that
the efficiency of €nergy transfer depends on the relative magnitudes of kET[A] and kD The
predicted distance dependence of kET and hence ¢op is quite different for the Coulombic and
exchange mechanisms.,  For the former a relatively slow fall off into kE'I‘ is predicted compared

bpp =
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mlecules are undergoing collisions capable of inducing chemical J'nteractions;
(2) p* and A are Separated by distances of the order of twice the sum of RD + RA,

i.e., but molecules are incapable of undergoing Strong chemical interactions, but
the overlap of their electronic wavefunctions ig Still finite,

(3) p* and A are separated by distances of the order of Several times the sum
of RQ + RA, i.e., the overlap of electron clouds of the mlecules ig negligible.
For qualitati i
in the form kET = k. exp-R where k, is the maximum rate constant fop energy transfer which
oceurs when D™ and A are in the State of a "classical™ collision (R. + RA + RD ) and R is
the separation between the peripheries of and A when they are fi er dpart ‘éhan the sum
of their classical radii, i.e., R = RDA - (RA + RD). The maximum value of ko is expected of

the order of 1013 SeC . Figure 5 shows a plot of log k versus R. The value of kET falls
- - [+
from 1013 sec™? when D* ang A collide (R = 0) to ~ 10% sec™? when R equals 104, Although

these calculations are not intended to pe dccurate,they indicate the sharp fall of k.ET by the

exchange mechanisms as D¥ and A are sepapated by more than one or two classical collisional
diameters, Bcperﬁrentally, 64 fall off of kETmlos exp~2R was found for the carbazole

(donor triplet) to naphthalene (acceptor triplet) systen, When the acceptor is solvent,7 ko
has been found to be of the order of 1012 1

k(seG’)
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Fig. 6 Schematic of molecular diffusion, energy migration and collision
encounters

The relationship between r and ¢ is given by the expression:
r = \2D7 : 24)

where r ig the average distance the molecule hag diffused, T is the time period and D ig the
diffusion coefficient. 1n figure 7, €q. 24 is plotted for D= 1070 cmz/sec = 1011A2/sec, a
value typical for g molecule diffusing in a fluid organie Solvent and for p = 19710, 2

cm®/sec =
106A2/sec a value typical of g very viscous, nearly rigid solvent, Suppose we take 1ns as
typical of the lifetime of a mlecule in itg singlet state., Ip the fluid solvent the molecule
will diffuse roughly 158 during its lifetime. 1In the more viscous environment, the same mole-

- [+]
Cule will only diffuse aboutr 10”1 A. In so far ag the viscous environment is mope typical of
pPolymer Systems, we conclude that only small displacements of molecules in Space will. occur
during the lifetime of singlet stateg. On the othep hand, a triplet molecule whose lifetime

- (o]
is 10 3sec miy, during its lifetime, diffuse Up to 15,000 A in the fluid solvent op up to
5 :
50 A in the viscous solvent,

We call the movement of M through space molecular diffusdon and associate with it a diffusion
coefficient D, e call the movement op OPping” of electronic excitation from M molecule to
M molecule energy mi ation and associate with it a migration coefficient a, 1f both mecha-

r=\200 ¥ pr , (25) |

where t is a time period of interest, In general, r wilg be equal to the lifetime of an elec-
tronically excited molecule ME,

tervals along the backbone of a polymer molecule, such a situation my be crudely compared to
that of a crystal. Energy migration, in pure crystals possessing a high degree of order among
chromophores, is a very important Process for the movement of excitation from an original exci-
tation site. 1n organic crystals small quantities of guest molecules op defécts ‘act as enerw
&y traps. In most instances the guest molecules may be viewed as "point" op dimensionless
energy traps embedded in & three-dimensional matrix of the host molecules. Qualitatively ener-
&y absorbed by the host is delocalized throughout the matrix and is ultimately observed as emig-
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)
ka = ka+ kET[A] (26)

- 0, _
Po/# = 1+ dpplAlIx = 1+ K xla] (27
where ¢, and ¢ are quantum yields for emission from D* in the absence or presence of A, res-
-pectively, and % is the lifetime of D* in the absence of A (kgx =1/ er).
If an experimental plot of ¢ O/ ¢ versus [A] yield a straight line of intercept equal to 1.0,

then the Stern-Volmer Rate Law is fit and the slope of the line is identified quantitatively
as kEI.TDx. Since Tp% may be measured, in general, by an independent observation, the magni-

tude of kEl‘ may be evaluated explicitly. .

(2) In the Perpin formulation, the notion of rate constant fopr energy transfer is replaced
by an efficiency cross section or "active volume" about the excited donor molecule, It ig
assumed that a volume exists about each donor such that if a molecule of A is within the

D and if neither molecular diffusion nor energy migration is possible, then the Perrin model
predicts the following efficiency relationship between the quantum yields of unquenched (¢°)
and quenched (¢) donor emission as a function of concentration of acceptor:

0°/¢ = expNV[A] . (28)
or 1n¢°%/¢ = NV[A] . (29)

vwhere N is Avogadro's number and V is the volume of the "active sphere" of energy transfer

about D*. If a plot of ln¢o/ ¢ versus [A]yields a straight line, the Perrin Rate Law is fit
and the slope of the line is identified Quantitatively with NV, and hence V may be evaluated.
It is convenient to characterize systems that follow the Perrin Efficiency Law in terms of
the radius (R) of V, since R is then directly comparable to familiap molecular dimensions.

A useful relationship between R and the concentration of acceptor is:

R (in &) ¥ 77a] ~1/3 (30)

where [A] i3 in moles/1. A plot of R versus [A] -1/3 is shown in Figure 8.
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For example, we may define a "epiticain Separation of RDA such that the pate of energy trans-

fer exactly equals the rate of decay of D* in the absence of A. Let this distance by RSA.
Eq. 33 may now be rewritten ag .
0 6

ey = | =22 (3u)
e - | 2

Recall from €q.29 that RDA v 7 x [A] —1/3, 8O that if the concentration of [A] fop which
kE‘T = KD is known, the valye of R = RSA may be evaluated.

may be compared +o ‘cheor'y.10 The resulting theoretical expression is g complicated expression
whose detailed analytical form is not of interest +o Us except for its fopm:

> agreement between the Measured decay function ang the theoretica) expression is
e
found. Because of the agreement a value RO = I4A ig found. Thig value is considerably grea-

ter than the molecular "radiyg" of the donor. Thus, an electron exchange mechanign which is
effective over distances Somewhat greater than molecule diameters,
The following important assumptions made in this theory are:

I A : -

(2)  The rate constant for energy transfer ig independent of molecular orientation,
(3) Energy transfer occurs via a direct DX interaotion, i.e., energy migration doeg not

The distance dependence of triplet—triplet SNergy tranfer between organic molecules has been
established fop g humber of different donor—acceptor Pairs. Ag predicted, the donor phospho-~

]
greater than 10A, emphasize the ability of molecular wavefunctions to extend from the nuclei
and result in energy transfer ovepr distances greater than the "collisional" radii of molecules.
When the donor-acceptop paire are rigidly fixed in Space and energy transfer occurs by an elec-
tron exchange mechanism, the valye of k'ET again depends on distance. A theoretica] expression

A number of formulationg are available fop quantitative evaluation of energy trangfer parame-
ters. When molecular diffusion op energy migration results allow the assumption of statisti-
cal mixing, the Stern-Volmep formulation may be employed to derive an dverage rate constant

for the energy transfer process and this value of kET may be used to compare different donor-

the lifetime of Dx, the Perrin fomulation, the Forster formulation Or the Dexter formulation
may be applied. 1n these caseg instead of a rate constant, the pertinent Parameter is the

"critical™ Separation R]())A which is used +to compare different donor--acceptor Systems. Before
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which are significantly in excess of 1010 M1 sec”? are inconsistent with a single step

[o]
éxchange mechanism as ape R]())A values in excess of 15a.

ENERGY TRANSFER PROCESSES IN POLYMERS

certain types of €nergy transfer processes. If we assume that molecular diffusion is not
significant during the excited State lifetime, and ignore intermolecular energy transfer, we

(3)  Energy transfer ocaurs from D* +o M as in eq. 32, but A is now part of the polymer chain
(end group or copolymerized group), i.e.,

processes analogous to egs. 41,42 and 43 ensue.
With the above classifications in mind let us now consider some experimental examples of
energy transfer processes in polymers,

SINCLET~SINGLET ENERGY TRANSFER IN POLYMERS

By singlet—singlet energy transfer in POlymers we mean that an electronically excited donor
in its singlet state produces an electronically excited acceptor in its singlet state (eq. uy),

This process may occur in one step via a dipole~dipole interaction

-

(favored by a large value for k]; and eZ]ax) or via an exchange interaction (favored by a small
value of kg and EZE.X)‘ In addition, an indirect mechanism involving energy migration through
polymer segments may operate. The energy migration may occur viag dipole—dipole Or exchange
interactions.

Some examples of singlet-singlet energy transfer in which the polymer serves as an inert ma-
trix are given in Table 1.
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Notice that in solid solid (for which energy migration was unlikely) values of RgA " 13-152

are found. Also note chat "rate constant" for énergy transfer at this separation is very
2 -~
small (kEI, < 10" sec 1)

Triplet-Triplet Energy Transfer in Polymers
0

Polymer Donor Acceptor Rpa kET Ref.
Poly (vinylbenzo- PVB Naphthalene 36 10° 1
phenone) (PVB)

Solid solution Benzophencne Naphthalene 13 10° 2a
Solid solution Carbazole Naphthalene 15 10” 1 2b
Poly(phenylvinyi- PVVY Naphthalene 26 - 3
ketone) (PPV)

Poly(methylvinyl- PMV Naphthalene 11 - Yy
ketone) (PMV)

Poly(vinylnaphtha- PWN 1,3-Pentadiene w15 10° 5
lene) (PYN)

Styrene-Vinylbenzo- SVB Naphthalene 300 - 6
phenone Copolymer

(SvB)

(1) C. David, w. Demarteau and G. Geuskens, Eur.Polymer J.5 6, 537 (1970)
(2) (a) A.N. Terenin and V.L. Ermolaev, Trans. Farada Soc., 52, 1042 (1956);
M. Inokuti and F. Hirayama, J.Chem.Phys., 43, 1978 (1965);
(b) G.B. Stambini and W.C. Galley, ibid., 63, 367 (1975)
C. David, w. Demarteau and G. Geuskens, Eur.Pol r J., 6, 1405 (1970)
(4) C. David, N. Putman, M. Lempereur and G. Geuskens ibid. 8, u0g (1972)
(5) C. David, M. Lempereur and G. Geuskens, ibid., 8, 417 (1972)

—_—

(6) C. David, V. Naegelen, W. Piret and G. Geuskens’, ibid., 131, 569 (1975)

TRIPLET-SINGLET ENERGY TRANSFER

D"(Tl) +A(S) —— d(s) + A*(si) (46)

Triplet to singlet energy transfer may oceur via the Coulombic mechanism if the donor triplet
is very long-lived and if the acceptor Possesses a large value of eZ’ax. These conditions are
somewhat antithetical to experimental study by photoexcitation techniques. Since the require-
ment of a large Egzax ard finite spectral overlap (J, eq.6), contribute to make direct excita-

tion of the donor technically difficult. Chemiexcitation of an electronically excited donor
allows this difficulty to be overcome, because the electronic excitation of the donor occcurs
selectively and the value of ¢ is irrelevant to the chemiexcitation step.

fer from triplet acetone to singlet dibromoanthracene in a polystyrene matrix. The process is
[o]
long range in nature (RBA"'ZSA) and may involve g Coulombic mechanism and/or triplet energy

USES OF ENERGY TRANSFER PROCESSES FOR POLYMER STABILIZATION

The methods for stabilization of polymers against pPhotodegradation may be classified in terms
of:

(1) Screening or coating of the polymer to prevent light from directly reacting the absorbing
chromophores contained in the polymer; i

produced reactive intermediates) before the latter can cause polymer degradation.
Let us consiger stabilization method 3. Suppose a polymer absorbs a photon which excites one
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The emission of films of poly (vinylnaphthylene) at 77%K or at room temperature consists
exclusively of broad excimer emission. The near absence of "normal" naphthalene monomer

fluorescence and phosphorescence at 77% is no’cewor*‘t:hy.25 The lifetime of the excimer emig-

sion was found to be ~ 1073 sec, thereby indicating a rate limiting step involving triplets
rather than singlets, Evidently, naphthalene singlet excitation, produced by triplet-triplet
annihilation, migrates from naphthalene to naphthalene along the chain until the singlet exci-
tation is trapped by a pair of chromophores that have the correct mitual spatial orientation
for excimer formation. Thus, monomer fluorescence (r £ "~ 100 ns) cannot compete with excimer

formation. It is extremely unlikely that excimer formation ocours significantly at the site
- of absorption by exciting photon, since this would require each naphthalene group to have at
least one first neighbor satisfying the orientation requirements for excimenr formation.

The emission Spectrum of solutions of polystyrene at room temperature indicates that singlet
excimer formation is near*lg 100 % efficient, i.e. » only excimer fluorescence and no monomer
fluorescence is observed.2b Thig result indicates rapid intramclecular mi ation of singlet
energy to sites favorable to excimer formation, and that these sites act as "traps"™ for
singlet excitation. At the famperature of its glags formation (110°K) and below. excimer for-
mation is not observed for dilute solutions of polystyrene.” A neat film of polystyrene, how-
ever, displays excimer fluorescence at room temperature and at very low temperatures: The
fraction monomer fluorescence increases and the temperature is lowered. Evidently, in the

styrene is indicated, however, by the observation of delayed naphthalene fluorescence in pt?ly—
vjnylnaphthalene—polystyrene copolymers, even when the pl}enyl group absorb most of the exci-
ting radiation. The delayed nature of the fluorescence is thought to be the result of
triplet-triplet annihilation processes. Since only the naphthyl groups emit, although the
phenyl groups are excited, the observations may be mterpreted as the result of tm.pletjtmp—
let migration along the polystyrene chai followed by triplet transfer to a naphthy{t unit.
Further triplet migration along the naphthyl segment occurs until two triplets collide and
generate a naphthalene singlet which then fluoresces, . L

In summary, eximer formation has provided a means of 1dent1f3_/1ng the occurrance of energy
transfer along site chains (Figure 9) and across polymer chalns.‘ In addition, molecu_’!.ar mo-
tion and mobility in solid polymers may be investigated by studying the extent of excimer
formation as a function of temperature.,

) S,
SANG'D —
[
hv

Fig. 9 Schematic description of excimer formation by energy migration be-
tween nearest neighbors along a polymer backbone and by intramolecular in-
teractions between non-nearest neighbors.
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