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example, radiative rates seem reasonably predictable, inter-
system crossing rates may vary substantially and are more
difficult to predict.26 High rates for competing decay processes
will cause inefficient cycloaddition.

Partitioning in radiationless decay to So, and any subsequent
partitioning on the Sg surface, will also be important deter-
minants of cycloaddition quantum yield. These are also outside
the scope of the present treatment, and their study will be re-
warding.

A referee has suggested that the barrier may be higher for
cycloaddends in which the lowest singlet is of the Ly, type rel-
ative to the L, type. This is reasonable, since the D state arises
from interaction of L, states. In fact high reactivity from
molecules with L, lowest singlets will usually follow from eq
4. Since !L,-3L, splittings are generally large, a low AE .. is
a very likely consequence of an L, lowest singlet. Of the L,
examples in Tables I and II (cf. alkenes, stilbene, anthracene,
and tetracene), high reactivity is predicted and also observed.
A critical experiment to test the point that 'L, states are in-
trinsically more reactive than 'L, states is therefore difficult
to devise.

We are continuing to test eq 4 by searching for new photo-
cycloadditions which are predicted to be successful, and we are
simultaneously considering modifications to incorporate
charge-transfer effects and excited complex formation.
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Influence of Starting Conformations on Intramolecular
Exciplex Formation in
w-Phenyl-a-N,N-dimethylaminoalkanes
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Abstract: The intramolecular complex formation of w-phenyl-a-N,N-dimethylaminoalkanes in isopentane was investigated
using stationary and nonstationary techniques. Analysis of the decay curves indicates that ground-state starting conformations
influence the rate of complex formation. In deviation of the classical kinetic scheme for inter- and intramolecular exciplex and
excimer formation, the emission of the locally excited state contains a slow-decaying component whose lifetime is longer than
that of the exciplex. This slow-decaying emission is attributed to molecules in which the C-N bond has a conformation unfa-

vorable for exciplex formation.

Introduction

Up to now it has been assumed that intramolecular exciplex
and excimer formation2-4 follows the same kinetic scheme as

0002-7863/80/1502-4007$01.00/0

the intermolecular processes.> The adopted scheme could be
presented as shown in Scheme I. The ratio of the quantum
yields for emission from the exciplex, ¢g, and from the locally
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excited state, ¢ g, is within the framework of this scheme given
by
oLE ki \ka + kg

At sufficiently high temperatures where k4 is larger than kg,
the process is thermodynamically controlled and this expression
simplifies to

$E/dLE = % ks (2)

At these limiting conditions the slope of In (¢e/¢m) vs. 1/ T
equals —AH/R, the enthalpy of exciplex formation. At low
temperatures where k4 << kg the process is kinetically con-
trolled and eq | simplifies to
_ksks

oE/PLE P (3)
Within this scheme the slope of In (¢g/¢Lg) vs. 1/T equals the
difference between the activation energies for k3 and kg. Itis
often found that E3 > Eg and the ratio ¢g/¢_E increases with
increasing temperature in this “low-temperature” region.
When a temperature-dependent component of kg, with an
activation energy Eg > E3, becomes predominant, the ratio
¢E/¢LE can decrease with increasing temperature. The time
evolution of the emission of the exciplex /() and the locally
excited state / g(¢) are given by3a#b-d.5

I6(1) ~ [LE(0)] M"-"_";l lexp(=Aet) = exp(~Aan)} (4)
IE®) ~ (LEO)] 2 10 = 1)

X exp(=Azt) + (Y = A exp(=Ain)}  (5)

where {LE(0)] is the initial concentration of the locally excited
state. Furthermore, letting

A=Y
R =

Y-\
X=k7+ k3
Y=ksg+ ky

A2 =% {(X+Y) 7 [(X = Y)2 + dksks)'/2)
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In the “low-temperature” region
)\1 ~ kg ~Y
)\2 ~ k3 ~ X
In the high-temperature region
- kika + kikg
ks + ky
A~ki+ kg

X~ kj

Y~ky
Deviations from this scheme were observed with carbazole-
(CH,),-terephthalic methyl ester,® where static quenching
of the carbazole fluorescence occurred which did not lead to
exciplex emission. For 3-(9-anthryl)-1-(p-dimethylamino-
phenyl)propane Mataga’ observed that the exponential decay
of the anthracene emission occurred with a lifetime of 5.5 ns.
This lifetime is shorter than the exciplex decay (140 ns) but
much longer than the growing in of the exciplex (~40 ps)®2 as
monitored by the absorption of the anthracene radical anion
and is very close to the lifetime of methylanthracene. Eisenthal
suggested®? that the anthracene emission was due to a con-
formation which failed to give exciplex and not to the return
from the exciplex. This behavior was not observed for the same
compound in another study.®® For 2-(1-naphthyl)-1-dieth-
ylaminoethane® in acetonitrile the decay time of the naph-
thalene emission (57.5 ns) did not correspond to the exciplex
decay time (30 ns) and was much longer than the exciplex
growing in time (3 ns). No explanation for this finding was
given. Morawetz'? assumes the presence of several confor-
mations in the intramolecular excimer formation of compounds
of the type ArCH2XCH,Ar where Ar is phenyl, 1-naphthyl,
or 4-biphenyl and X is -CH,-, -O-, -N*(CH3),-, or
-NCOCH;-. It is stated that k3, the rate constant for excited
state complex formation, is equal to the product ak,, where
« is the fraction of monomer in a conformation from which a
single hindered rotation can lead to excimer formation and k,
is the rate constant for the rotation from the trans-gauche
—(+) to the gauche +°(gauche ¥) conformation of the ex-
cimer, Owing to the small variation of « within the tempera-
ture range studied this has no consequences on the plot of In
(¢E/dLE) vs. 1/ T. This statement is based on the assumption
that the interconversion among the different conformations
is faster than the formation of the excimer from the trans-
gauche —(+) conformation. According to this line of thought,
increasing the chain length would decrease « rather than k,.
Zachariasse has observed devaitions from the kinetic expres-
sion for intermolecular excimer fraction in some «,w-diar-
ylalkanes.!!

In the study of intramolecular photocyclization of 4-phe-
nyl-1-N,N-dimethylaminobutane (P4NM) and 3-phenyl-1-
N,N-dimethylaminopropane (P3NM) Gilbert et al.}2 observed
in the fluorescence spectra of these compounds a structureless

Ay

CH
/ 1
(CHg),r—N\
CH,
1
n =2, P2NM
n=3,P3NM
n =4, PANM

band bathochromic to that of toluene. In a previous paper!3
the influence of the solvent polarity and temperature on the
emission of PANM and PANM indicated that this emission was
due to a highly polar exciplex. At room temperature the exci-
plex formation was found to be thermodynamically con-
trolled.
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Figure 1. Absorption spectra of P2NM, P4NM, toluene, and triethylamine:

----- ,2 X% 10" 3 toluene + 2 X 103 triethylamine; .........., 2 X 1073 tol-
uene; ~e—+~ , 2 X 1072 triethylamine; ,2 X 1073 PANM;
— — — —,2X 1073 P2NM.
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Figure 2. Emission spectra of toluene and P2NM. All spectra are nor-

malized at the maximum: toluene at 23 °C;- - - - - ,P2NM
at —=130°C;........ , P2NM at 23 °C.

In this study the kinetic analysis of intramolecular exciplex
formation will be attempted in the temperature region where
the exciplex formation is kinetically controlled and the validity
of the framework mentioned in Scheme I will be tested.

Results and Discussion

Spectra. The absorption spectra of PANM and P3NM are
comparable to those of an equimolar mixture of toluene and
triethylamine with the exception of small differences in the
vibronic structure. The absorption spectrum of P2NM is less
structured and has a less intense 0-0 transition (Figure 1). The
fluorescence spectra at 77 K are comparable with that of tol-
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Figure 3. Emission spectra of P3NM and toluene. All spectra are nor-
malized at the maximum: toluene at 23 °C; - - - - - ,P3NM
at—130°C;......... ,P3NMat 23 °C.
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Figure 4. Influence of the temperature on the ratio of the quantum yields
of emission from the locally excited state and from the exciplex of
P3NM.

uene. The lifetimes at 77 K are respectively 61.4 + 0.7 ns for
toluene, 63.3 £ 2 ns for P2NM, 67.5 £ 0.9 ns for P3NM, and
66.1 £ 0.7 ns for PANM. The emission spectrum (Figure 2)
of P2NM at room temperature consists of a structureless band
with a maximum at 298 nm. Whether this emission is due only
to the exciplex or contains also toluene cannot be established
with absolute certainty. Below —100 °C the exciplex emission
shifts to 305 nm and there appears a second maximum at 283
nm due to the S;-Sy transition of toluene. Further lowering
of the temperature decreases (Figure 2) the exciplex fluores-
cence and increases the toluene emission, which is character-
istic for the “‘low-temperature behavior” of excimers and ex-
ciplexes.

The emission spectrum of PANM at room temperature
consists of a broad band with a maximum at 328 nm (Figure
3). At =55 °C the maximum has shifted to 335 nm and a
shoulder appeared at 280 nm due to toluene emission. Further
lowering of the temperature increases the toluene emission at
the expense of the exciplex emission (Figure 3), which is typical
for “low-temperature behavior’ in the framework of Scheme
I. For temperatures between —79 and —136 °C a plot of In
(¢E/dLE) vs. 1/T yields a value of 10 kJ/mol for E3 — Eg
(Figure 4).
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Figure 5. Influence of the temperature on the emission spectra of PANM:
(1) —=45°C, (2) =26 °C, (3) =6 °C, (4) 23 °C.
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Figure 6. Influence of the temperature on the ratio of the emission of the
exciplex and of the locally excited state at PANM.

The emission of PANM at room temperature consists of a
maximum at 282 nm and a shoulder about 320 nm, due to
exciplex emission. Upon cooling the exciplex emission increases
at the expense of the toluene emission until —45 °C, but upon
further cooling the exciplex emission starts to decrease and the
toluene emission increases (Figure 5). From the slope of In
(¢E/éLE) vs. |/ T in the high-temperature region a value of
15.5 kJ/mol could be obtained for the enthalpy of exciplex
formation and a value of 55 kJ/mol for the ground-state re-
pulsion. From the slope of In (¢g/¢LE) vs. 1/T in the low-
temperature region a value of 7.1 + 2 kJ/mol could be obtained
for the difference E3 — Eg (Figure 6).

Fluorescence Decay Measurements. Decay Measurements
on P2NM. The emission of P3NM, monitored at 330 nm, in
the exciplex region, decays exponentially with a lifetime of 14.3
ns at room temperature. The growing in of the emission is
faster than the detection limit (0.5 ns) of our single photon
counting equipment. Between —80 and —120 °C the emission
can be analyzed as a difference of two exponentials (Figure 7).
The decay time (A(339)~! increased from 16.5 ns at =80 °C
to 18.4 ns at —120 °C and the growing-in time (A;339)~! in-
creased from 1.3 ns at —80 °C to 7.8 ns at —120 °C (Figure
9). The ratio of the preexponential terms equals — 1 within the
experimental error.

The emission at 280 nm has, in the monomer region, a
two-exponential decay (Figure 8) between —80 and —138 °C.
The lifetime (A;280)=! of the slow component increases from
24.7 ns at —80 °C to 51 ns at —138 °C and the lifetime
(A2289)~1 of the fast component from 1.9 to 17 ns (Figure 9).
The ratio of the preexponential terms of the fast and the slow
component increases from 1.3 at —138 °C to 7.4 at —86 °C.

Decay Measurements on PANM. At room temperature the
emission of PANM decays exponentially with a lifetime of 22.5
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Figure 7. Decay of the toluene emission of P3NM in isopentane at =119
°C:., observed decay; |, lamp; +, calculated decay; channel width 0.3485
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Figure 8. Decay of the exciplex emission of P3NM in isopentane at — 121
°C:-, observed decay; |, lamp; +, calculated decay; channel width 0.3485
ns; —, autocorrelation function of the residuals.

ns at 280 and at 330 nm. At temperatures below —45 °C the
time evolution of the exciplex emission can be analyzed as a
difference of two exponentials, but the decay is exponential
only over the first and one-half decades.

At temperatures below —30 °C the decay of the emission
of the locally excited state is not exponential. When analyzed
as a sum of two exponentials the fast decay parameter
(A2280)~1 does not correspond between —30 and —85 °C with
the growing-in time of the exciplex (Figure 10). The calculated
value of \,280 has a poor reproducibility between —30 and —85
°C. The slow component of the decay, monitored at 280 nm
(A280)~1 decays below —45 °C slower than the exciplex
(A9 (Figure 10) and converges to that value at higher
temperatures. At temperatures between —45 and —85 °C a
deviation is observed between the measured decay and the
decay calculated assuming it to be two exponential. It is
therefore reasonable to assume that in this region the decay
is a more complex function of the time. Below —85 °C the
decay of the toluene emission can be analyzed as a sum of two
exponentials. The decay time of the fast-decaying component
(A2280)-1 equals the exciplex growing-in time (A;33%)~'. The
decay time of the slow-decaying component (A;289)~ ! is much
slower than the decay time of the exciplex (A1339)=1; the ratio
of the preexponentials equals 0.9 and is within the experimental
error independent of the temperature.

Decay Measurements on P2NM. The exciplex emission of
P2NM between —98 and —130 °C can be analyzed as a dif-
ference of two exponentials. The growing-in time of the exci-
plex increases from 2 ns at —98 °C t0 9.6 ns at —130 °C and
the decay time of the exciplex increases from 14 ns at =98 °C
to 16 ns at —130 °C (Figure 11). Between —55 and 15 °C the
growing-in time of the exciplex emission is beyond the detection
limit of the single photon counting equipment (less than 0.5
ns), but its decay is two exponential. Its fast component cor-
relates with the exciplex decay at low temperatures while its
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Figure 9. Influence of the temperature on the decay parameters of P3ANM:
® (A;330), growing-in time of the exciplex emission; B (A330), decay time
of the exciplex emission; O (A,289), lifetime of the fast-decaying component
of the emission at 280 nm; 0, lifetime X280 of the slow-decaying compo-
nent at 330 nm.

slow component correlates at —55 °C with the lifetime of tol-
uene and becomes shorter at higher temperatures (Figure 11).
The ratio of the preexponential terms of the fast and the slow
components decreases from 50 at —55 °C to 15 at 15 °C
(Figure 11). At higher temperatures a one-exponential decay
is observed due to the small differences between both decay
times. At the intermediate temperature of ~80 °C the exciplex
emission shows clearly a growing in and a two-exponential
decay, with a short-living component correlating with the ex-
ciplex decay time at lower temperatures and a long-living
component correlating with the lifetime of toluene. The ratio
of the preexponential equals 100. The emission at 280 nm has
between —133 and —98 °C a two-exponential decay. The
short-lived component has a lifetime corresponding to the
decay of the exciplex and the long-lived component has a
lifetime corresponding to that of toluene. The ratio of the
preexponentials is about 3 and within the experimental error
independent of the temperature.

Discussion

Interpretation of the Decay Measurements on PANM in the
Framework of Scheme I. The decay measurements on P3ANM
are not compatible with Scheme I for the following reasons.

1. In the framework of Scheme I the slow decay of the tol-
uene emission (A28%)~1 and the exciplex decay must have the
same decay parameter (A;339). This is clearly not observed
(Figure 9).

2. The ratio of the preexponential factors of the fast- and the
slow-decaying components of the toluene emission (R) in-
creases as the temperature increases. This is in contradiction
with the attribution of the slow-decaying part of the toluene
emission to the return from the exciplex considering that ex-
ciplex formation is an exothermic process and that the acti-
vation energy on k4 is mostly larger than that on kg.

3. The small values of R observed here indicate within
Scheme I an important return from the exciplex, which does
not agree with the kinetic control of the exciplex formation
(return from the exciplex is not important) as indicated in
Figure 4.

Therefore an alternative explanation of the slow-decaying
emission at 280 nm must be given. It is not due to an impurity
because at 77 K the emission spectrum correlates with that of
toluene. It is also not due to a toluene-like impurity because
between —118 and —138 °C the ratio of the preexponential
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Figure 10. Influence of the temperature on the decay parameters of PANM:
0, A,280, lifetime of the fast-decaying component of the emission at 280
nm; B, A%, growing-in time of the exciplex; 0, A\, 29, lifetime of the
slow-decaying component of the emission at 280 nm; @, X,339, lifetime
of the exciplex.
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Figure 11. Influence of the temperature on the decay parameters of P2NM:
¢ growing-in time of the exciplex (=98 — —30°C); ¢, decay time of the
exciplex (—98 — —130°C); @, lifetime of the fast-decaying component
of the emission at 280 nm (—98 — —133 °C); m, lifetime of the slow-
decaying component of the emission at 280 nm (—98 — —133 °C): 0,
lifetime of the fast-decaying component of the emission at 310 nm (—24
— —55°C); O, lifetime of the slow-decaying component of the emission
at 310 nm (24 — -55°C).

factors varies between | and 3. Assuming that the impurity is
toluene-like, this indicates that the fraction of the impurity
present in the sample should amount to an impossible 25-
50%.

Three Alternative Schemes for Intramolecular Exciplex
Formation. (1) A first explanation is based on an equilibrium
between the excited toluene (LE) and a nonfluorescent species
B, on the pathway to the exciplex. B could in this scheme cor-
res%ond to the nonrelaxed exciplex proposed by Mataga et
all
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Scheme II
ki, ki, ks
LE —— B — E
, ki ’
k\\"kz\ kn"k\z"kaz

Assuming Scheme II the time evolution of the exciplex
emission would be given by

) exp(=A;t)
[E(0)] = [Le(0)]k32k2 {O\l - A\ = k33)

exp(—k33t)
= k33)(A2 =

_ exp(—Aat)
A= A)A2=k33) (M

k33)} ()

with
A2 =l + ka2) £ [(kii = ka2)? + dkiaka )V

where [LE(0)] is the initial concentration of LE, A, corre-
sponds to the observed A;289, X, corresponds to the observed
N2280 and k33 corresponds to the observed A;330,

(2) Another explanation is the assumption that there are two
different sets of starting conformations which can form the
exciplex with a different rate. This assumption can be ex-
pressed in two models. A first model is represented in Scheme
IIL.

F and F* are the ground state and the first excited singlet
state of a set of conformations which have to overcome only
a small free-energy barrier to form the exciplex; S and S* are
the ground state and the first excited singlet state of a set of
conformations which have first to proceed to F* to reach the
exciplex conformation; E* and E are the exciplex and its re-
pulsive ground state; kg and k7 have the same meaning as in
Scheme I; k is the rate constant for the formation of the ex-
ciplex; k- is the rate constant for back reaction from the ex-
ciplex to F*; kg is the rate constant for the formation of F*
from S*; k_g is the rate constant for the formation of S* from
F*,

When it is assumed that k- << kg (low-temperature region)
and k-g << kg + k-, the time evolution of the emission of the
locally excited state (/L g(¢)) and of the exciplex Ig(t) are given
by

ILe(t) ~ fs (l + pm —sks) exp[—(ks + k7)t]
( Fo ¥ fs i )GXP[ (ke + k7)t] (7)
Jsks kaF - _
Ig(t) ~ l(k7 ¥ ks — kg) | (kr + ky —kg) exp(—kgt)
,gF—_k‘ZTk‘,s()—eXP[ (k7 + kp)t]
_-fs_li§____ -
s b R Pl k] (®)

fs is the fraction of the molecules originally in the set of con-
formations S; fF is the fraction of the molecules originally in
the set of conformations F. Within the framework of Scheme
III and taking into account the above-mentioned assumptions,
the quantum yields for the emission of the locally excited ex-
cited state (¢Lg) and of the exciplex (¢g) are given by

fF fs ks
OLE= K + + 9
L l{k7"'kl= k7 + ks : ke + k7 ®

and

5
¢E = kgk7+k[’/ s +k] (10)
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Scheme [II

hv kg ky
Fe=—/—=F* ==———=E* E

k, k.p \

ForS

hv ks kp /
So——=> S* ———*= F* &——=* E* E

k, k_s k.p kg

ki and ks have the same meaning as in Scheme 1.

(3) An alternative possibility is considered in Scheme IV.
k7, kg, k1, and ks have the same meaning as in Scheme [; F and
F* are the ground state and first excited singlet state of a set
of conformations that gives exciplex by a fast process; S and
S* are the ground state and first excited singlet state of a set
of conformations that gives exciplex by a slow process; kr and
kg are rate constants for the formation of the exciplex from the
“fast” and the “slow’’ conformations; k—r and k_g are rate
constants for back reaction from the exciplex to F* and S*. In
this scheme it is assumed that interconversion between S and

When it is assumed that k—f << kg and k-g <« kg (low-
temperature region), then the time evolution of the emission
of the locally excited state (/Lg(¢)) and of the exciplex (/g(¢))
are given by

ILe(t) ~ fs exp[—(ks + k7)t]+ frexp[—(kg + k7)t] (11)
IE(t) NfSkS eXp[—(kS + k7)t] kaF exp[_(kF + k7)t]
kg — ks — k- ks — kg — k-

k fek
+ | Ssks FKF _
(k7 + ks — kg ko + kp — kg exp(=kst) (12)

SF is the fraction of the molecules originally in the “fast”
conformation;fs is the fraction of the molecules originally in
the “slow” conformation.

The quantum yields of the emission of the locally excited
state (¢LE) and of the exciplex (¢g) are given by

fs SF
=k +
oLe = ki+ ks ki+kp 3)
_ ks | _fsks SEkE
e ke lks+ ks T ket ko (14)

The ratio of the quantum yields of the exciplex (¢g) and the
locally excited state is within the framework of Scheme II1
given by

E&:Eék_F[ ks + kofr ]

OLE ki kg [k7 + ks + fskF (15)

This equation differs from eq 3 by the term between brackets.
At temperatures where kgfs > k7 + ks and ks > frk7 this
term can be simplified to ks/fsk, which is smaller than one.
In this limiting conditions the activation energy of the term
between brackets equals Es — Ef, when the temperature de-
pendence of fs is neglected.!? The activation energy Ej, de-
termined from the steady measurements, equals then Es.
When on the other hand ks << k+fF, the term between brackets
simplifies to k7f/ (k7 + fskF).

Scheme 1V

hv kg L
Fe=—/———=F*3I-— -~ E* E

k, k.p \

ForS




Van der Auweraer, Gilbert, De Schryver | Exciplex Formation in w-Phenyl-a-N,N-dimethylaminoalkanes

Table I

P2NM P3INM P4ANM
Ag, 57! 3.1 X 1010 7.5 X 10° 52X 108
Ap,s7! 4.6 X 1012 6 x 10" 3.7 x 1010
Ag,s7! 1.6 X 108 1.0 x 108 1.5 x 108
Es, kJ mol~! 15+4 11.0 6.6 +1.4
EFg, kJ mol™! 134 12.8 8.5+2
Es, kJ mol—! 1.2 0.8 2

Within the framework of Scheme IV the ratio is given by

B _ ks k|ks + ko[ fF + ks/kefs]
dLE ki ks | [k7+ fske + frks)

At temperatures where ks » k7] fr + ks/kgfs] and fskg >
Sfrks + k7, the term between brackets can be simplified to
(ks/fskF) and allows the same conclusions to be drawn as in
the case of Scheme II1.

When k7fF > ks + k7ksfs/f[: and k7 + kg = kg > frks,
the term between brackets approaches k+fg/(k7 + fs + kg).
In this limiting condition eq 15 and 16 yield the same expres-
sion:

(16)

J‘.’.‘i:l(_é.k_"' _frky ] (17)

oLE ki kg lk7 + fskE

If fskr « k7, the term between brackets simplifies further to
S¥/fs. At temperatures where ¢g/ ¢ g was determined, it was
possible to make the assumptions which yield eq 17 as will be
shown in the next section. Assuming that ks and k, are tem-
perature independent, the derivative of In (¢r/¢LE) vs. the
absolute temperature is given by

0 (Ep— Ey)
57 In (¢g/dLE) = ’—ER—TZ—S“
2 2 Kk
+aTlan+len[k7+fskF] (18)

Upon increasing the temperature the increase of kg will largely
overcome changes in fs and thus the ratio k7/(k7 + fofF) will
decrease. When a small temperature dependence of fF is as-
sumed, the difference (E; — Ejg), observed in stationary
measurements, will be less than Ef — Ej, as it is observed here,
and will decrease upon increasing the temperature. This can
cause a plot of In (¢g/¢LE) vs. the /T to deviate from a
straight line at the higher temperatures, even in the absence
of back reaction from the exciplex (ka).

Evaluation of the Kinetic Schemes for P3NM. In the
framework of Scheme I1 the ratio of the preexponential term
factors of exp(—A;t) and exp(—k33¢) in eq 6 can be calculated
from the observed decay parameters Ay, Ay, and k33. That ratio
is —1.08 at —98 °C and —1.37 at —120 °C. Instead of a one-
exponential growing in a one-exponential decay, a two-expo-
nential growing in, of which the most important component
had a time constant equai to (A\;3?9)~! and a one-exponential
decay with the decay time equal to (A;289)~! should have been
observed. This is clearly not the case. Furthermore, using this
model the entropy and enthalpy for the formation of B can be
calculated on the basis of the experimental data and both are
found to be positive, which is rather unlikely for (some kind
of) complex formation. ,

Within the framework of Schemes I11 or IV and using the
assumptions that k_p << kg and k—g << k7 or that k—7 <« kg,
and a fortiori ks << kg, it is possible to put X280, \,280 and
A3 respectively equal to ks + k7, kg + k7, and kg. This al-
lows one to calculate ks and k. Knowing ks, kg, A;289, and
A2280 it is possible to calculate from the ratio of the preex-
pontial factorsin eq 7 or 11 the ratio fs/fF. This ratio is within
5% the same whether Scheme III or IV is assumed and
amounts to 7.4 at —86 °C and 4 at —120 °C.

4013

tn k

3
1/Tx10 K

Figure 12. Influence of the temperature on In ks, In kr, and In kg at PANM;
B In kF, determined from A,28%; O, In kF, determined from A\,330; @, In
ks, determined from X,280; O, In ks, determined from A,330.

The calculated values of the ratio of the preexponential
terms of exp[—(ks + k7)t] and exp(—kst) in eq 8 are, using
Scheme II1, respectively 0.04 and 0.017 at —87 and —120 °C.
This is compatible with the fact that the exciplex decays ex-
ponentially in the first and the second decade, with a decay
time that equals kg1, and that (A;339)~1, the growing-in time
of the exciplex, equals (A;289)~!, the decay time of the fast-
decaying component of the toluene emission. Using Scheme
IV gives identical results.

When it is assumed that the equilibrium constant between
the “fast” and the “slow” conformations is the same in the first
excited singlet state as in the ground stdte, where it equals
S¥/fs, then fe/fs = ks/ ks in the framework of Scheme I11.
The values of the preexponential factors of the decay indicate
that fr/fs > 1 and thus k_g is less than ks, but ks is much less
than kf; then k_g is surely much less than kr and the as-
sumption made in deriving eq 7 and 8 is reasonable. The as-
sumptions that k_g <« kg in Scheme III or k-g « kg in
Scheme IV are justified by the steady-state measurements. The
ratio fF/fs seems to increase upon increasing the temperature,
but, because of the rather large errors on the determination of
the preexponential terms of the decay, necessary to calculate
S¥/fs. no further quantitative information on this aspect is
given.

While Scheme I is clearly not compatible with the observed
results, there is so far no ground to choose between Schemes
Il or I'V. Assuming an Arrhenius relationship for ks, kg, and
kg, it is possible to calculate the activation energy E and the
preexponential term A4 for these rate constants (Figure 12).
The results of this calculation are given in Table I.

For P3INM the difference E¢ — Eg amounts to 12 kJ/mol
and Es — Egequals 10.2 kJ/mol. This equals within the ex-
perimental error the slope of the plot in Figure 4. When the
first simplification of eq 15 and 16, which becomes reasonable
for temperatures above —96 °C, is considered, the slope of In
(#e/oLE) vs. 1/ T should be equal to Eg — Eg, which corre-
sponds with our observations. When the second simplification
of eq 15 and 16 (which yields eq 17) is considered, the slope of
In (¢pe/$LE) vs. | /T should be slightly smaller than Ef — Ej.
This simplification is very reasonable for temperatures below
—118 °C and yields no contradiction between the calculated
and the observed values for the slope of In (¢g/¢LE) vs. the
reciprocal of the temperature.

Interpretation of the Decay Measurements on P4NM and
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Figure 13. Influence of the temperature on In ks, In kf, and In kg at PANM:
O, In kF, determined from A,330; W, In kF, determined from X528 @, In
ks, determined from A\;33% 1, In ks, determined from \,280.

P2NM. For the same reasons as mentioned with P3NM the
classical kinetic scheme for intramolecular exciplex formation
cannot be used for the interpretation of the decay measure-
ments of PANM, but it is possible to apply the kinetics of
Schemes ITT or IV to the observed decays. Above —30 °C the
system is in the “high-temperature” region and the slow part
of the decay of the emission of the locally excited state is due
to dissociation of the exciplex (k-fand k_g). Below —85 °C
the decay is due to slow and fast sets of conformations. This
interpretation is compatible with the steady-state results and
with the low value of the ratio of the preexponential terms of
the fast and the slow components. At the intermediate tem-
peratures the decay is three exponential?? because neither the
contribution from exciplex dissociation nor that from the
“slow” conformations is negligible. Also the deviation of the
exponential decay in the exciplex emission in the second and
third decade can be explained. They are due to the term with
exp{—(ks + k7)t]ineq 8 or 12. The fact that at the tempera-
tures below —85 °C the decay is two exponential and not
multiexponential indicates that, of all the conformational
changes necessary to reach the exciplex, two occur a lot slower
than all the others.

At temperatures below —85 °C it is possible to put A,33% or
A2280 equal to kr + k7, A 289 equal to k7 + ks, and A330 equal
to kg. Although the errors in the determination of the preex-
ponential factors are large, they can be used to estimate an
approximate value for fg and fr (at =106 °C fs ~ 0.5 and fr
~0.5). Using eq 33, 34, and 26 or 44, 50, and 51 this allows us
to calculate that 30% of the exciplex is formed from the slow
conformations and 70% from the fast conformations. The
similarity of A;339 and ;28 indicates that the exciplex is
mostly formed from the fast conformations. Relating In kF,
In ks, and In kg to 1/7 allows us to calculate the activation
energies Es, EF, and Eg and the preexponentials As, Af, and
Ag (Table I, Figure 13).

In the low-temperature region, a plot of In (¢g/¢Lg) vs. | /T
has a slope of 7.1 + 2 kJ/mol, which equals Ef — Ezs = 6.5 %
2 keal /mol within the experimental error. In the high-tem-
perature region there is a fast equilibrium between the exciplex
and at least the fast conformations. In this case the observed
AH is the difference between the enthalpy of the exciplex and
a value of the enthalpy intermediate between the enthalpy of
the fast conformations and the average enthalpy of both con-
formations. When there is also a fast equilibrium between the
exciplex and the slow conformations (k_g > k7 in the frame-
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Figure 14. Influence of the temperature on In kg, In kF, and In kg at P2NM:
V,Inkf; O, In kg; O, In ks.

work of Scheme II1 or kg > kg in the framework of Scheme
IV), the observed AH is the difference between the enthalpy
of the exciplex and the average enthalpy of both conformations
of the locally excited state. Owing to the rather small enthalpy
difference between both conformations both possibilities are
nearly equivalent. It should be stressed that deviations from
Scheme I cannot be observed using only steady-state mea-
surements since the plot of In (¢g/¢LE) vs. |/ T has exactly the
same shape as when Scheme [ is valid and since the observed
values of AH and E; — Ejg are very reasonable in the frame-
work of Scheme 1.

For P2NM the results are also in contradiction with Scheme
I but not with Schemes I1I or IV. The long-living component
as well at 310 nm as at 280 nm is due to “slow” conformations.
At 280 nm it is due to emission from toluene in a molecule in
a “slow” conformation, and at 310 nm it is due to emission of
the exciplex formed from a molecule originally in a “slow”
conformation (eq 8 or'12). The fast component at 280 nm is
due to the overlap of the emission of spectra of toluene and of
the exciplex and probably hides a component due to toluene
emission and with a lifetime equal to the growing-in time of
the exciplex emission. It is possible to put the lifetime of the
fast-decaying component at 310 nm equal to kg~! and the
lifetime of the slow-decaying component at 310 or 280 nm
equal to (k7 + ks)~!; the growing-in time of the exciplex can
be put equal to (k7 + kg)~!. Relating In ks, In kF, and In kg
to 1 /T (Figure 14) allows one to calculate EF, Eg, Es, As, AF,
and Ag (Table I). It is not possible to extract information about
fsor fr from the ratio of the preexponentials between —55 and
+15 °C because kr is not known at these temperatures.

Conclusions

Upon increasing the chain length the activation energies E¢
and Es as well as the preexponential terms A4s and AF de-
crease. For krand kg between P3INM and PANM the second
factor largely overcomes the first one. The high activation
energies for P2NM are perhaps due to steric effects between
the phenyl group and the methyl groups on the nitrogen. In the
investigated compounds some conformational changes seem
to happen faster than the others, resulting in a two-exponential
decay of P3NM and P4NM rather than a multiexponential
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one. Each conformation, as the word is used in this context,
should be understood as an ensemble of several physical con-
formations in fast equilibrium with each other and both
ensembles are separated by a relatively high energy barrier.
The decrease of Af as the chain length increases is readily
understood. Upon increasing the chain length the total number
of physical conformations increases and of the *“fast confor-
mation” a smaller fraction of the molecules is in the right
physical conformation to undergo the final rotation to reach
the conformation of the exciplex. In the framework of Scheme
IV the decrease of As when the chain length increases can be
understood in the same way. Within the framework of Scheme
III this decrease of Ag is more difficult to explain. It should
perhaps signify that of all the physical conformations which
belong to the “slow conformation” only a fraction, decreasing
with increasing chain length, is able to be transformed in a
physical conformation of the “fast conformation”. In Scheme
II1 the large difference between the preexponential terms Ag
and Ar is difficult to explain. It seems reasonable to assume
that the differences in rate for conformational changes are due
rather to a difference in activation energy than to a difference
of the preexponential factors.!® In the framework of Scheme
IV this difference means that for the slow conformations the
exciplex formation occurs by a different mechanism than for
the fast conformations.

The presence of “slow” and “fast” conformations suggests
the following interpretation. In a linear alkyl chain confor-
mational changes occur in 10-100 ps at room tempera-
tures;!62:b therefore it is unlikely that the observed phenomena
are related to some conformations of the alkyl chain. For
rotation around the single bond between a phenyl and an ad-
jacent -CH»- the activation energy is even lower,'617 Rota-
tion around a RCH,;N R”R’ bond has, however, an activation
energy of 27.8 kJ/mol.'¢d This process is slow enough at room
temperature to be responsible for the presence of slow con-
formations. Es is much smaller than 27 kJ/mol; this suggests
that ks rather describes an alternative way of exciplex for-
mation (Scheme IV) than rotation around the CH»-N bond
to yield a “fast” conformation. Studies on space-filling mo-
lecular models suggested that the slow conformations can be
identified with a trans orientation of the nitrogen lone pair
toward the rest of the molecule on the CH; « to the nitrogen,
while the gauche orientation corresponds to a fast conforma-
tion. This is shown in Figure 15, where both conformations are
drawn for P2NM. In the fast conformation (Figure 15, 2)
rotation around the bond between both CH;, brings the nitro-
gen lone pair in overlap with the phenyl, which favors inter-
actions leading to the exciplex. For the slow conformation it
is not possible to make the large lob of the nitrogen lone pair
point to the phenyl (Figure 15, 1). Studies on molecular models
on P3NM and P4NM yield the same results. Further research
on the intramolecular exciplex formation of 11-phenyl-1-
N,N-dimethylaminoethane in THF showed that for 11 CH,
groups between the amine and phenyl this effect has disap-
peared.!® Since in the exciplex the nitrogen is planar, the dif-
ferences between both conformations disappear and it is rea-
sonable to assume that both conformations give rise to the same
exciplex. The small preexponential term of kg indicates that
the main radiationless process of the exciplex is intersystem
crossing and not internal conversion to the ground state. The
related trigonal triplet of the amine will have an energy which
is about 1000-5000 cm™~! above that of the exciplex!2:P and
the toluene triplet2? is about 8000 cm=! below the exciplex in
isopentane. The Franck-Condon tetrahedral triplet of the
amine will have a still higher energy. It is therefore most
probable that intersystem crossing will result in triplet toluene.
When the solvent polarity increases, the exciplex is stabilized
relative to the toluene triplet, resulting in an increase of the
exciplex lifetime upon increasing the solvent polarity.!?
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Figure 15. Scheme of the slow (1) and the fast (2) conformations at P2NM.
In 2 a rotation about the C,~Cg bond brings in the large lob of the nitrogen
the lone pair above the phenyl nucleus. In 1 this is not possible.

Whether the exciplex lifetime decreases again in very polar
solvents is under investigation.

Experimental Section

Absorption spectra were recorded with a Perkin-Elmer 124 double
beam spectrophotometer or a Cary 17 spectrophotometer. Emission
spectra were run on a Fica Fluorimétre “absolu et différentiel” and
a Spex Fluorolog. Temperature control was obtained with a stream
of nitrogen which was first passed through liquid nitrogen and then
heated to the appropriate temperature.

Decay measurements were done using the single photon counting
technique. The observed decays were deconvoluted using a nonlinear
least-squares?! method. As a criterion for the goodness of the fit the
autocorrelation function?! and the value of X,? as determined by
Selinger2? were used. P2NM, P3NM, and PANM were obtained from
Professor A. Gilbert. Their purity was checked with GLC and TLC,
All measurements were performed in isopentane from Merck. Its
purity (GLC) was better than 99.92%. It contained no fluorescent
contaminant upon excitation in the wavelength region of experimental
interest (267 nm).
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Appendix L. Derivation of Equation 6

In this derivation Scheme II is assumed.

The concentrations of LE and B show exactly the same time
dependence as the concentration of the locally excited state and
the exciplex in Scheme 1.

A -k
[LE] = [LE(0)] ﬁexp(—)\zt)
kap = A
T ee-hn| (9)
_ [LE©O)kss

fexp(=Ait) = exp(=A2t)}  (20)

B
(] (A= Ay)
For the time dependence of the concentration of C the fol-



4016

lowing differential equation can be written:
d[C]/dt = k33[B] — k33[C] 21

Replacing [B] by the right-hand side of eq 20 and solving the
differential equation gives

exp(=Af)
(A2 = A (k33 = Ay)

exp(—k33r)

22

(s = M)tz — 2] &2

(E] = [LE(0)]k32k2

_ exp(—Ayt)
(A2 = A)(k3z = Ay)

Appendix II, Derivation of Equations 7-10

Assuming Scheme III and the assumption made the fol-
lowing differential equation can be written for the concen-
trations of {S*], [F*], and [E*]:

d[F*)/dt = ks[S*] + Io fr = (kg + k) [F¥]  (23)
d[S*]/dt = fslo ~ (k7 + ks)[S*] (24)
d[E*]/dt = ke[F*] — kg[E¥]

I is the number of photons absorbed per liter and per second.
The solutions of those differential equations are, using the
relation fs + fr= |

[S*] = I%fs exp[—(ks + k7)t] (25)

[F*] =1 {[fF - k:ifis] exp[— (kg + k)]

fsks _
+ —"——'(kF ~ ks) exp{—(ks + k7)t] (26)

IokE {_[ Srkr = ks
F— ks lkg—k7—kF
Ssks _

P —— exp(—kst)

SrkF = ks
—_ -— t
Ke— ko — kr exp[—(k7 + kp)t]

[E*] =7

+

S* as well as F* gives emission of the locally excited state with
the same fluorescent rate constant ky. Thus the time depen-
dence of the emission of the locally excited state is given by

1Le(r) ~ ([F*] + [S*])

~ __ksfs _
IO{PF Tee = ko) exp[—(k7 + kp)t]
+ fs[l . ]exp[—(k7+ks>t'1 (28)
F — KS

The exciplex emission intensity is proportional to [E*] and is
thus given by eq 27.

Molecules originally in the slow conformation give emission
of the locally excited state with a quantum yield k1/(k7 + ks),
when they have passed to a fast conformation they can again
give emission of the locally excited state with a quantum yield
equal to

kiks
(k7 + ks)(kg + k1)

So the total quantum yield for the emission of the locally ex-
cited state, (¢LgS), is for molecules originally in a slow con-

formation
ki ks
1 + 29
k7+ks( k7+kF) (29)

For the molecules originally in the fast conformation the

d):

#LES =
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quantum yield for the emission of the locally excited state is

(6LED)
oLeF = ky/(k7 + k) (30)
The total quantum yield for the LE emission is
¢LE = fsLES + froLE"

_ fs ks fr
kl{k7+ks[l+k7+kp]+k7+kF} 1)
kilks + fskE] (32)

(k7 + ks) (ke + kp)

The molecules originally in the slow conformation give exciplex
emission with a quantum yield ¢gS:

S — ks kg Zc_é

(k7 + ks) (k7 + kE) kg

For those originally in a fast conformation this quantum yield
equals

¢E (33)

ke ks

F= - 4
OF = o+ ks ke (34)
The total quantum yield for exciplex emission equals
ok = ¢ETfF + 6555 (39)
_ [fskske + fe(ks + ks)k¥] ks (36)
| (k7 + ks)(ks + kp) | ks
kskg[frk7 + ks] 37)

~ ka(kg + k1) (ks + k7)

Appendix IIL. Derivation of Equations 11-14
Assuming Scheme IV and the assumptions made the dif-

ferential equations for the concentrations of S*, F*, and E*
are

d{S*]/dt = Io fs — (ks + k7)[S*] (38)

d[F*]/dt = Io fr — (kp + k7)[F*] (39)

d[E*]/dt = [F*)kF + [S*]ks — [E*]kg (40)

Iy is the number of photons absorbed per liter and per second.
Solving these equations leads to

[S*](t) = Io fs exp[—(ks + k7)t] (41)
[F*](2) = Io fr exp[=(kF + k7)1] (42)
_ sks exp[—(k7 + ks)t]
[E*](t)—lo{‘/ fe — s — ko
+kaFeXP[—(kF+ ks)t]
kg — kg — k4

S¥kF
k7+ kg — kg

fsks
k7 + kg — kg

]} exp{—kst] (43)

[F*] and [S*] give LE emission with the same fluorescent rate
constant; thus

ILe(r) ~ ([S*] + [F*])
~ (frexp[—(kr + k7)t] + fs exp[~(ks + k7)t])
(44)

The intensity of the exciplex emission is proportional to {E*]
and thus to the right-hand side of eq 43. The quantum yield of
LE emission from the slow (¢ gS) and the fast conformations

(¢LEF) is given by
oLES = ki/(ks + k7) (45)
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¢LEF = ki/(kg + k7) (46)
The total quantum yield of LE emission is
éLE = fsoLES + fréLel (47)
fs SF
= 48
S Prarr (48)
=k1(k7 +fskF +kas) (49)

(ks + k7)(kp + k7)

The quantum yield of exciplex emission from the slow (¢g5)
and the fast conformations (¢gF) is given by

ks ks
S22 5>
OE = s (ks + ko) (50)
and
ks kg
Fee22 5 51
ve kg (kg + k7) 1)

The total quantum yield of exciplex emission is then given
by
¢E = froef + fsoES
ks kg ks
== +
ks FkF+ k7 fsks+ k7
_ ks kskr + ki(kefr + ksfs)
kg (kp+ k7) (ks + k7)

(52)

(53)
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Abstract: The fluorescence quenching of 2-methylnaphthalene with aliphatic amines in polar and nonpolar solvents is investi-
gated using stationary and nonstationary techniques. The results in polar medium are interpreted in terms of the Marcus theo-
ry. In acetonitrile, the intrinsic barrier prior to electron jump was determined to be 5.2 kcal mol™', In nonpolar solvents AH®
and AS® as well as the repulsion energy of the exciplex are found to be solvent dependent.

Introduction

The formation of excited-state complexes where aromatic
amines participate as electron donors is a well-known phe-
nomenon.!-3 Exciplex stabilization enthalpies, AH®, entropies,
AS°, and ground-state repulsion energies, Eg, are reported
for several such systems.6-8 Correlations between the maxi-
mum of exciplex emission and the redox potentials of the donor
and acceptor have been put forward.® The influence of the
electron-transfer energetics upon the observed overall rate
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constant for fluorescence quenching has been analyzed.!0.!!
Data related to the influence of the solvent polarity upon the
lifetime and fluorescence quantum yield of exciplexes have led
to different interpretations,!2-15 supported by different theo-
retical approaches.#> The small number of data available on
the solvent dependence of AH®, AS®, and ER fit to no con-
sistent pattern.!® Whether or not a universal trend is at work,
the “inconsistency” between the too few data reported in the
literature for solvent-dependent variations of AH®°, AS°, and
the radiative and nonradiative rate constant for exciplex decay
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