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Abstract: Steady-state and transient fluorescence measurements have been made using mixtures of anthracene and N, V-di-
methylaniline in benzene. These measurements show that the exciplex lifetime is shortened as the N, N-dimethylaniline con-
centration is increased, possibly due to the formation of a triplex. The exciplex lifetime is independent of anthracene concentra-
tion for [A] < 0.03 M, but decreases at high anthracene concentration. A study of anthracene photodimerization suggests that
the exciplex or a higher excited aggregate participates in this reaction at high anthracene concentration and that the presence
of oxygen enhances dianthracene yields. Rate constants for several of the photophysical and photochemical processes are re-

ported.

Kinetic observations have led to the suggestion that an
anthracene/trans,trans-2 4-hexadiene singlet exciplex func-
tions as an intermediate in anthracene photodimerization.2
Since emission spectroscopy is not easily applicable to a study
of this exciplex,? it was of interest to note results of earlier
studies showing that anthracene photodimer forms in high
yield when anthracene, A, is irradiated in the presence of
N,N-dimethylaniline, DMA .3:6 The presence of well-charac-
terized exciplex emissions in A/DMA’ and A/N,N-dieth-
ylaniline®-'0 systems prompted this study of the role of
A /DMA exciplexes in anthracene photodimerization.'!

Results

Steady-State Measurements. The quenching of A fluores-
cence by DMA in benzene was determined at 23.2 °C by
measuring emission intensity at 384 nm as a function of DMA
concentration both in degassed, /4cg, and air-saturated solu-
tions, Ix. Io/I ratios are shown in Table I. Concomitant with
the quenching of A fluorescence is the appearance of a
greenish, broad, structureless A/DMA exciplex emission, Amax
~ 508 nm. As a measure of this emission Table I gives the
relative fluorescence intensity at 500 nm in degassed and air-
saturated solutions. Representative emission spectra corrected
for nonlinearity of instrumental response are shown in Figure
1. Relative areas of such spectra were determined by cutting
and weighing Xerox copies of larger versions of these spectra.
The relative weights were converted to total fluorescence
quantum yields, ¢r, Table I, by assuming that the fluorescence
quantum yield of anthracene at low anthracene concentrations
is 0.27.13-16 Since the exciplex does not emit at 384 nm the Io//
values in Table I give anthracene fluorescence quantum yields,
¢rm, Which when subtracted from the total fluorescence
quantum yields give the exciplex fluorescence quantum yields,
¢re, shown in Table II. As expected ¢ values are in good
agreement with the relative emission intensities measured at
500 nm (Table I). The quenching effect at the highest DMA
concentrations employed is augmented due to competition by
DMA for the exciting light, as indicated by UV absorption
spectra showing that the optical density at 352 nmof a 6.7 X
10~3 M air-saturated anthracene solution in benzene increases
from 0.226 to 0.308 (1-cm path) when the solution is made
0.986 M in DMA. The DMA solution also shows a weak ab-
sorption tail which extends well into the visible, optical density
0.03 at 420 nm. Since upon admission of air DMA solutions
turn from colorless to yellow, the change being reversible,
DMA absorption is expected to interfere less in degassed so-

lutions. Nonetheless, the emission spectra of the degassed 0.986
M DMA solutions described in Tables I and II and Figure |
show a weak higher energy emission (~19% of total area) which
is absent in the other spectra and may be coming from excited
DMA molecules.

Lifetime Measurements. Decay profiles of A fluorescence
were obtained by monitoring the emission at 427 nm of de-
gassed solutions of A and DMA in benzene at 25 °C. Experi-
mental procedure | (see Experimental Section) was employed.
First-order decay plots were linear until the signal intensity
had dropped to less than 5% of its maximum value. Especially
for the samples containing the higher DMA concentrations a
small long-lived emission component was easily discernible.
A typical decay curve is shown in Figure 2. This component
was absent in the anthracene sample which contained no
DMA. More prominent slow decay components have been
observed from A/DMA solutions in cyclohexane.!” Detailed
kinetic analysis has shown these to be due to fluorescence from
! A* generated by exciplex dissociation.'” The first-order decay
constants and estimated uncertainties shown in Table 111 were
obtained by treating only the fast component portions of the
fluorescence decay. An approximate treatment of the delayed
component will be presented in the Discussion.

A /DMA exciplex decay rate constants were obtained by
monitoring the emission at 500 nm of degassed solutions of A
and DMA in benzene at 23 °C. Unless otherwise indicated,
experimental procedure 2 was employed. First-order exciplex
decay rate constants obtained at different DMA concentrations
and a constant A concentration of 5.0 X 1073 M are shown in
Table IV. First-order exciplex decay rate constants obtained
at different A concentrations and constant DMA concentra-
tions of 0.0395 and 0.986 M are presented in Table V. No
significant deviations from single exponential decay were noted
in exciplex emission, but in all cases only the decaying portions
of the kinetic curves were employed in determining the rate
constants.

Photochemical Measurements. Anthracene disappearance
yields were determined as a function of A and DMA concen-
tration in benzene. Excitation was at 366 nm. The benzophe-
none, 0.05 M, sensitized photoisomerizations of cis-1,3-pen-
tadiene, !8-1° and trans-stilbene20-2! were used for actinometry.
Anthracene disappearance yields and actinometry conversions
are shown in Tables VI and VII. Several sets of irradiations
were also carried out at 30 °C (procedure 1) in which relative
anthracene disappearance yields were obtained in the presence
and in the absence of DMA. The results were generally in
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Figure 1. Corrected emission spectra of 5.0 X 10~5 M A benzene solutions

and the following DMA concentrations: (a) none; (b) 0.0197 M; (c) 0.0592
M; (d) 0.0789 M; (e) 0.316 M; (f) 0.986 M.

Table I. Dependence of A and A/DMA Fluorescence Intensity on
DMA Concentration

384 nm 500 nm
[DMA], M [O/[a [O/loxf7 I [deg/[ox('

0 1.00 1.19 0.30 1.19
0.0197 1.84 2.15 10.7 6.20
0.0395 2.7¢ 3.0; 15.0 6.4>
0.0592 3.64 4,14 16.4 6.35
0.0789 5.0¢ 5.2 17,5 6.3
0.0789 4.74 5.2y 17.4 6.4,
0.118 7.2 8.2 17.6 6.2¢
0.158 10.0 10.6 18.6 6.33
0.197 12.5 135 18. 5.9,
0.237 15.5 17.4 18.3 5.8,
0.316 24,5 28,5 17.4 5.7
0.395 335 35.4 17.3 5.04
0.986 ~260. 12.4

0.986 ~250. 11.4

@ Degassed solutions, [A] = 5.0 X 10~ M, excitation wavelength
352 nm. ¥ As in a but air-saturated solutions. ¢ The effect of air sat-
uration for each DMA concentration.

agreement with those in Tables VI and VII. They will not be
reported, since the anthracene losses were high, cf., however,
footnote 73. It should be noted that in duplicate determinations
using procedure 1 much better precision was generally achieved
with samples containing DMA. The effect of oxygen on the
relative yield of anthracene disappearance in the presence of
DMA was determined by parallel irradiation of degassed and
air-saturated samples of identical solutions, Table VIII.

An anthracene solution, 5.0 X 1073 M, 100 ml, containing
1.0 M DMA was irradiated (366 nm), while a constant stream
of nitrogen was bubbled through it. The irradiation was
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Figure 2. Typical decay curve of A fluorescence, 427 nm, in the presence
of DMA, seventh entry in Table 11, 3.21 ch/ns.

Table I1. Fluorescence Quantum Yields in the System A/DMA in
Benzene?

[DMA], M ¢f'b Prm Pre
0 0.27 0.27 0
0.0197 0.385 0.14, 0.234
0.0395 0.35;3 0.09¢ 0.257
0.0592 0.43¢ 0.07,4 0.364
0.0789 0.415 0.05; 0.35¢
0.0789 0.434 0.05¢ 0.37¢
0.118 0.42¢ 0.03, 0.38¢
0.158 0.42 0.024 0.39,
0.197 0.424 0.02, 0.404
0.237 0.433 0.0l 041,
0316 0.39, 0.013 0.384
0.395 0.365 0.01, 0.35;
0.986 0.244 ~0.001 0.24,
0.986 0.22 ~0.001 0.224

@ Degassed solutions described in Table 1. » Based on ¢¢m = 0.27
for anthracene, see text. ¢ Based on [o/I values at 384 nm in Table
I.

stopped when the strong green fluorescence had visibly become
a lighter green. The solvent was removed by rotary evaporation
and the DMA by warming to 45-50 °C under vacuum. A TLC
on silica gel plates, developed with cyclohexane containing a
few drops of ammonium hydroxide showed the presence of at
least five products in addition to a small spot corresponding
to unreacted anthracene. A few white crystals were isolated
from the residue and shown to be dianthracene (identical IR
with that of an authentic sample). The filtered residue was
dissolved in CCl; and basic components were extracted by
three washings with 5% HCI. The aqueous fraction was made
basic with KOH and extracted with benzene. After drying and
removal of solvent, TLC’s were run as above on the neutral and
basic residues obtained. Spots with Ry value close to that of
anthracene were noted for both residues. There were two ad-
ditional spots in the TLC of the basic residue and three addi-
tional spots in the TLC of the neutral residue; all these spots
were present in the TLC of the residue prior to HCl extraction
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Table III. Decay Rate Constants of A Singlets as a Function of
DMA Concentration?

Table V1. Anthracene Disappearance Yields in the Absence of
DMA, 366 nm¢

[DMA], kObSds
M X 103 s X 1078
0 2.26 £ 0.04
2.47 2.58 £ 0.07
493 2.87 £0.08
9.86 3.28 £0.08
12.3 3.39 £ 0.09
14.8 3.73+£0.10
19.7 424 +£0.12
22.2 4.35+0.14
24.7 4.59 £ 0.16

Degassed, 22.4 °C? Air, 23.2 °C¢
[Ao, [Alo,

M X 102 %A lost M X 102 %A lost
0.505 22.6 0.504 22.1
0.83; 20.1 0.75¢ 21.5
1.01 17.8 1.00 20.4
1.25 18.4 1.50 18.3
2.02 16.7 2.00 17.6
4.17 10.8 3.00 15.6
5.05 10.2 5.00 12.1

¢ [A] = 6.7 X 10~% M in benzene.

Table IV. A/DMA Exciplex Decay Rate Constants as a Function
of DMA Concentration®

[DMA], kobsds

M s™! X 1077
0.0079 0.84 £ 0.04
0.0197 0.86 £ 0.04
0.0395 0.93 +0.04
0.0395 0.81 £ 0.04%
0.0789 0.81 £0.04
0.158 0.89 £ 0.04
0.197 0.89 £ 0.04
0.395 1.02 £ 0.04
0.592 1.09 £ 0.04
0.986 1.25 £ 0.04

@ [A] = 5.0 X 1075 M in benzene. # [A] = 1.0 X 10~° M in ben-
zene.

Table V. A/DMA Exciplex Decay Rate Constants as a Function
of A Concentration

[A], kobsa, @ kobsd,?
M X 103 s™! x 1077 s~ X 1077
0.050 1.23 +£0.04 0.95 +0.04
0.100 1.21 £ 0.04 0.93 + 0.04
0.300 1.29 £ 0.04
0.500 1.00 £ 0.04
1.00 1.25 £ 0.04
2.00 1.21 £ 0.04 1.01 £0.04
3.00 1.19 £ 0.04 0.92 + 0.04
4.00 1.27 £ 0.04 0.96 + 0.04
5.00 1.29 £ 0.04
5.05 1.26 £ 0.02¢
6.00 1.26 £ 0.04
7.00 1.25 £ 0.04
30 1.29 £ 0.02¢
30 1.31 £0.05¢
5.6 £0.104¢
60 1.32 £ 0.05
70 1.34 £ 0.02¢
90 1.56 £ 0.104
5.6 £ 0.10¢¢
~100 1.46 £ 0.02¢

¢ [DMA] = 0.986 M in benzene. » [DMA] = 0.0395 M in benzene.
< Experimental procedure 1. ¢ Experimental procedure 3. ¢ In the
presence of air.

and had smaller Ry values than anthracene. The identity of
these products was not determined.

Dianthracene, A, yields were determined gravimetrically
for several A and DMA concentrations. The results are shown

“ Irradiation procedure 2. # Actinometry, trans-stilbene, 0.050,
M, 16.7% conversion; corrected conversion'® 19.5%. ¢ Actinometry,
trans-stilbene, 0.0503 M, 20.2% conversion; corrected conversion'3
24.7%.

Table VII. Anthracene Disappearance Yields in the Presence of
DMA, 366 nm¢

[Alo, [DMA],

M X 102 M X 102 %A lost Actinometry,” M, %
0.72¢ 3.94 8.0 0.0799, 6.79
1.33 3.94 11.7 0.0799, 14.82
2.53 3.94 11.4 0.0799, 14.82
3.61 3.94 7.7 0.0799,9.33
4,75 3.94 9.5 0.0986, 11.76
4.81 3.94 6.3 0.0799, 9.33
6.03 394 8.8 0.0986, 11.76
7.50 3.94 7.9 0.0986, 11.76
0.30¢ 98.4 33.6 0.100, 2.90
0.60, 98.4 16.8 0.100, 2.90
1.20 98.4 17.4 0.100, 5.97
2.40 98.4 8.9 0.100, 5.97
3.61 98.4 10.8 0.100,9.03
4.00 98.4 17.0 0.0772,19.28
4.81 98.4 8.6 0.100,9.03
3.03 98.4 6.3 0.091, 4.96
5.99 98.4 8.2 0.091, 12.51
8.26 98.4 6.4 0.091, 12.51

@ Degassed solutions, irradiation procedure 2, 23 £ | °C, used
throughout except for last three entries where procedure | was used,
30 °C. # trans-Stilbene actinometry except for last three entries where
cis-1,3-pentadiene was used; numbers are initial olefin concentration
and corrected conversion.

Table VIII. The Effect of Oxygen on the Efficiency of Anthracene
Disappearance, 366 nm, 30 °C¢

%A lost
[A], X 102 [DMA], X 10? Degassed Air
0.060 98.6 18.9 4.8
0.060 98.6 14.1 4.4
0.073 98.6 6.3 1.6¢
0.40 98.6 27.8 8.1

¢ Irradiation procedure |.

in Table IX. The solubility of dianthracene in benzene was
found to be 0.19 mg/ml at room temperature. In some in-
stances (i.e., dilute A, low conversion) it was necessary to
concentrate solutions in order to induce dimer precipitation.
The anthracene loss was not determined in initial experiments
for which “large” is entered in the appropriate column. Solu-
tions for these runs were irradiated until the green emission
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[A], X 10° [DMA], X 102 %A lost¢ %A formed? Conditions
0.099¢ 3.94 21.0 8.4+08 25 °C, N, uranium filter
1.01 3.94 25.0 66.3 £ 3.2 25 °C, 366 nm, degassed
2.99 3.94 23.8 91.2+2.5 25 °C, 366 nm, degassed
5.51 3.94 38.1 97.0+£ 1.0 25°C, 366 nm, degassed
7.53 3.94 31.3 98.1 £ 1.0 25 °C, 366 nm, degassed
3.08 98.4 25.8 144+ 04 25 °C, 366 nm, degassed
4.99 98.4 23.1 282 +04 25 °C, 366 nm, degassed
7.00 98.4 16.8 436+ 1.0 25 °C, 366 nm, degassed
8.22 98.4 8.9 56.1 £2.8 25 °C, 366 nm, degassed
8.52 98.4 11.1 47.1 £ 1.7¢ 25 °C, 366 nm, degassed
8.98 98.6 29.4 729+£23 30 °C, 366 nm, air

10 98.6 large 23.0 366 nm, degassed
10 98.6 large 31.34 Pyrex filter. N,
10 98.6 large 35.3¢ Pyrex filter, N»
10 98.6 large 47.34 Pyrex filter, air
10 98.6 large 60.9¢ Pyrex filter, air

¢ Determined by UV. ¥ Minimum yields, uncertainties based on maximum errors of £0.2 mg in weights and £0.002 units in absorbances.
¢ This sample was prepared by removing the dimer and replenishing the anthracene lost in the preceding run. ¢ Irradiated in parallel, 5-ml

samples. ¢ As in d, but 3-ml samples.

became very weak. It was later found that samples in which
anthracene is almost completely destroyed still show strong
green emission. In the later determinations the A, yields were
also corrected for small amounts of A which coprecipitate with
the dimer. This was done by extracting the precipitates with
a known quantity of benzene and determining the concentra-
tion of anthracene from the UV absorbance of the solution. A
serious attempt was made to develop an IR analysis procedure
for determining A /A ratios in small (3-4 ml) samples, which
were irradiated to lower conversions than those in Table IX.
Generally, the results from these experiments are consistent
with those shown in Table IX, but are not reported owing to
the low precision achieved.

Discussion

Irradiation of benzene solutions of A in the presence of
DMA (1 M) has been reported to yield dimer (90% yield) when
high A concentrations (~0.1 M) are employed, while in ace-
tonitrile 9-(p-dimethylaminophenyl)-9,10-dihydroanthracene
(60-65% yield), 9,10-dihydroanthracene (5-10% yield) and
9,9”-bianthryl (10-20% yield) are the major photoproducts.>-6
There is also a report that DMA (0.015 M) suppresses the
photodimerization of A (0.02 M) in benzene by 28%.22 An-
thracene dimer formation in the presence of DMA was at first
assumed to take the normal photodimerization pathway via
anthracene excimers, '(AA)*,5:6.23 but it was later reasoned
that it could involve interaction between the A/DMA exciplex
and a ground state anthracene molecule.?* It was suggested
that in acetonitrile this dimerization mechanism is suppressed,
since in the more polar solvent rapid electron transfer in the
exciplex gives ion radicals which serve as precursors to the
other photoproducts.?4 In fact, ion radical formation in ace-
tonitrile may proceed directly without the intervening for-
mation of the exciplex,23-2% thus precluding quencher-cata-
lyzed? photodimer formation in this solvent.

The spectroscopic and photochemical observations obtained
in this work better characterize the formation and behavior of
A /DMA exciplexes in benzene and test their possible partic-
ipation in anthracene photodimerization.

Spectroscopic Observations. The Stern-Volmer plot of the
anthracene (384 nm) Io/I data in Table I shows marked up-
ward curvature at [DMA] > 0.06 M, Figure 3. A detailed
analysis of the kinetics of monomer and exciplex fluorescence
for the A/DMA system in cyclohexane, [DMA] < 0.1 M,
strongly suggests that a small upward curvature in that con-
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Figure 3. Quenching of steady-state A fluorescence by DMA. The dotted
line is from Figure 5.

centration range is accounted for by including the time de-
pendence of the rate constant for exciplex formation, k., in the
mechanism.!” This time dependence is due to transient dif-
fusional gradients, which though usually neglected, can be
important in diffusion-controlled reactions.!” The very pro-
nounced curvature which we observe at higher concentrations
is probably due mainly to either of two static quenching
mechanisms. The first involves instantaneous quenching of
excited A singlets, ' A*, by a DMA molecule already present
within a critical interaction volume (“active sphere” model3?)
and the second involves formation of a ground state A/DMA
complex which allows direct excitation of A molecules already
associated with a DMA molecule.3!-33 Assuming for the mo-
ment that the 'A*/DMA reaction is diffusion controlled, the
active sphere mechanism is expected to contribute at [DMA]
> 0.1 M, since only in that concentration region would a sig-
nificant number of ' A* molecules be expected to form in the
presence of a randomly distributed DMA nearest neighbor
molecule.3 Since the curvature in Figure 3 becomes apparent
very close to this concentration limit, no clear preference for
either static mechanism is indicated by these data.’" For the
purpose of this discussion the mechanism in eq 1-6 will be
employed, which arbitrarily assigns all the curvature in Figure
3 to ground-state complex formation, eq 1.33

Saltiel et al. | Anthracene Photodimerization



888

@®
[«

ﬂ
o
r - T

»
o

3]
[«
— -

—{To/T-1/[DMA] M~ —>
.

40\
30‘L \ L _u(
[¢] 0.l 0.2 0.3 0.4
— [omA], M —

Figure 4, Treatment of A fluorescence data using ground-state (A-DMA)
complex model. Full circles in the presence of air.

K
A + DMA & (A-DMA) (1)
ho
A—> IA* 2)
ho
(A -DMA) — (A - DMA)* (3)
kfm
IA* —> A + hop, (4)
kss
TA* — 3 3A* (5)
ke
'A* + DMA & (A - DMA)* (6)

Assuming that the extinction coefficients of monomer and
complex are the same at 352 nm the dependence of o/l on
[DMA] should be given by

(1 + keprm®[DMA] (1 + K [DMA])
1 + (1 — p)K[DMA]

where 7,0 = 1 /(km + kis) represents the lifetime of 'A* in the

absence of DMA, and p represents the fraction of exciplexes

which do not regenerate excited monomer. If exciplex for-

mation were irreversible, rearrangement of eq 7, with p = 1,
to

((Io/T) =1)/[DMA] = K + ket + Kkt [DMA]  (8)

Io/I=

(7

would allow estimation of K and k.7, from a plot of (({o/I)
— 1)/[DMA] vs. [DMA], Figure 4. The line obtained by
least-squares analysis gives K, = 2.8 M~ ! and k.r,? = 37,
M~!, Under the same conditions the dependence of the lifetime
of 'A* on [DMA] would be given by

T/ Tm = 1 + ke’ [DMA] 9

The data in Table III plotted in the form of eq 9, Figure 5, give
ketm® = 40.0 M~ in good agreement with the value obtained
from the steady-state fluorescence measurements for p = 1.
Our experimental value for 70, 4.42 & 0.08 ns, differs slightly
from the estimate of 7,0 = 4.25 + 0.08 ns obtained using the
small deviation of the intercept in Figure 5 from unity.3¢
The exciplex emission spectra in Figure | and the data in
Tables I and II show that the exciplex fluorescence quantum
yield goes through a maximum value as the concentration of
DMA is increased and that an isoemissive point is not main-
tained for [DMA] > 0.15 M. Other systems for which related
spectroscopic observations have been reported are those of

I ! J

0 10 20
—[oma], mx10® —

Figure 5. The dependence of 'A* lifetime on [DMA].

naphthalene/1,4-dicyanobenzene,*! pyrene/N,N-dimethyl-
aniline,*? pyrene/3,5-di-tert-butyl-N,N-dimethylaniline,43
and 9,10-dichloroanthracene/2,5-dimethyl-2,4-hexadiene.33.44
In each of these systems the phenomenon has been attributed
to the interception of the exciplex by a second quencher mol-
ecule and in two systems334! fluorescence originating from
excited heterotrimer species (triplex33 or exterplex*’) has been
reported. It seems reasonable, therefore, to conclude that the
decrease in exciplex emission in the A/DMA system at high
[DMA] is explained in the same way

I3
'(A-DMA)* + DMA —> (A . DMA)*  (10)

Since no evidence for triplex emission was obtained in this work
(with the possible exception of a broadening of the exciplex
emission in the lower energy region at the highest DMA con-
centrations) the postulated formation of a triplex in eq 10 as
a distinct species is speculative. Strong support for this hy-
pothesis has been provided recently for the system anthra-
cene/N,N-diethylaniline, where triplex formation has been
implicated in accounting for the temperature dependence of
intersystem crossing yields, fluorescence yields, and fluores-
cence lifetimes.46

If a quenching step involving interaction of the exciplex with
DMA, e.g., eq 10, competes with other exciplex decay
paths,

ke
'(A-DMA) —f>(A «DMA) + hy, (11

A - DMA) — a(A - DMA) + (1 — )P (12)

at low [A], where P represents photoproducts other than di-
anthracene, then observed exciplex decay rate constants should
increase with increasing DMA concentration,

kobsq = ke + kge + ki[DMA] (13)

assuming p =~ 1. The rate constants in Table IV are indeed
linearly dependent on [DMA], Figure 6. The slope of the line
in Figure 6 gives k, = 4.27 X 106 M~1 s~! and the intercept
gives the exciplex decay lifetime 7.0 = (kg + kge)™' = 120 s,
where kg represents all first-order exciplex decay paths other
than fluorescence. It is now possible to consider whether these
k. and 7.0 values are consistent with the experimental exciplex
emission quantum yields, ¢r, shown in Table II. The mecha-
nism in eq 1-6, and 10-12 predicts that, at low {A], ¢ should
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Figure 6. The dependence of '(A.DMA)* lifetime on [DMA].

depend on [DMA] as shown in the equation

ore =
k.tn[DMA] + K [DMA](]l + k.7n°[DMAY])
(1 + K [DMAD( + ki °)[DMAD(1 + k7 °[DMA])
X ket (14)

Since all the constants in eq 14 except k¢ have been evaluated,
it should be possible to choose a value for k. which will be
consistent with all the ¢ values. Alternatively, eq 14 can be
shown to be equivalent to

ore = (1 = (/o)) krer0/ (1 + k7 P[DMA])  (15)

where I/, are the experimental A fluorescence intensity ratios.
Application of eq 15 to the experimental Io/I and ¢ values in
Tables I and II, respectively, for [DMA] < 0.4 M using the
values of k, and 7.0 obtained from the exciplex decay rate
constants gives an average value of k7.0 = 0.48 + 0.02. This
quantity represents the fraction of exciplexes which would
fluoresce if second-order decay processes involving interaction
with DMA and A were eliminated. It gives k. = 4.0 X 10°
s~!. At [DMA] = 0.984 M the calculated value of k¢.7c0 is
substantially lower (~0.36), suggesting either that the ex-
perimental ¢r. value is low due to incomplete light absorption
by A, or that at high [DMA] the increase in medium polarity
causes a decrease in k.70 (cf., however, Figure 6). Compar-
ison of ¢ values calculated using eq 15 with experimental ¢r.
values, Figure 7, shows that for [DMA] < 0.4 M transient
exciplex lifetime measurements are consistent with steady-state
fluorescence quantum yield measurements.

The above self-consistent interpretation of the data is based
on the assumption that p &~ 1.47 The presence of the slow decay
components in the monomer emission profiles, e.g., Figure 2,
of course, shows that p must deviate somewhat from unity.!?
Since the excitation lamp profile and other instrument response
functions which distort the decay curves were not determined,
the curves could not be analyzed quantitatively. However, an
approximate treatment of the data can be carried out as fol-
lows. The decay is assumed to be given by a weighted sum of
two exponentials,

In(t) = Aje=211 + Aje= 2o (16)

as in cyclohexane.!” The slow component parameter \; was
assumed equal to 8.4 X 105s~!, the rate constant of exciplex
decay at low [A] and [DMA], Table IV, while the A; was as-
sumed equal to the & onsq values in Table I11. The constants 4,
and A4, were then calculated by fitting eq 16 to the decay
profile for ¢ small, /1, =~ A, + A,, and ¢ large, [, =~ Aye~ 2,
An exponential was also empirically fitted to the rise portion
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Figure 7. Comparison of calculated (line, eq 15) with experimental (points)
'(A-DMA)* fluorescence quantum yields. The dotted line is for k, = 0.

of the monomer emission profile. With these constants ap-
proximate ratios of the areas corresponding to “prompt” and
“delayed” fluorescence were calculated. Quantitative exam-
ination of the total emission spectra in Figure | shows that a
small fraction of the light monitored at 427 nm is due to exci-
plex emission. The ratio of emission intensities for exciplex and
monomer is given by

(Ie/lm)427 = 0~026¢fe/¢fm (17)

This empirical relationship and the ratios of the areas for fast
and slow emission allow calculation of prompt and delayed
monomer fluorescence quantum yields from the total fluo-
rescence quantum yields in Table II. Two limiting cases were
considered in order to estimate equilibrium constants for ex-
ciplex formation, K.. The first assumes fast equilibration of
the two excited species relative to decay from either. When this
condition holds, following the initial rapid monomer decay, an
equilibrium concentration ratio of the two species is maintained
and the constant K. is related to the ratio of exciplex and de-
layed monomer fluorescence, ¢,?, quantum yields,

Ke = (¢re/ dm?) (kim/kre[DMA]) (18)

The second case assumes that exciplex fluorescence from ex-
ciplexes formed from ' A* generated by exciplex dissociation
is negligible. It then follows that k_/k¢ is given by the
quantum yield ratio in the equation

k—e/kfe = ¢fmd/(¢fe¢fmp) (19)

K. can be calculated from this ratio using the value of k¢ =
4.0 X 10°s~! obtained from the data in Tables Il and IV, by
assuming that exciplex formation is diffusion controlled, k.
= kgir = 1.0 X 1010 M~! s~/ 48 The fluorescence quantum
yields and the K. values generated for each case are shown in
Table X. The condition of rapid reversibility more nearly ob-
tains at high [DMA], while the assumption of no reassociation
of 'A* with DMA more nearly obtains at low [DMA]. Ap-
parently, 5 X 10 < K. <9 X 103M~'andavalueof K. ~ 7
X 103 M~! at 23-25 °C is probably close to the actual value
and may be compared with K. = 2.5 X 103M~!s~1at 25°C
in cyclohexane.!” Use of the complete expression in eq 7 and
this approximate K, give kp7,°0 = 38.9, K. =2.8sM~ !, p ~
0.85, ke >~ 1.0 X 1019M~1s7/ and k_. =~ 1.4, X 10651,

Additional information concerning the importance of re-
versibility in A/DMA exciplex formation is provided by the
relative emission intensities obtained from air-saturated so-
lutions, Table I. The intensity ratios at 384 nm are affected
very little by the presence of oxygen. The increase at [DMA]
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Table X. Apparent K Values for Exciplex Formation

[DMA]s Kc, M—] X 10—3
M X 10} P Ormd ore? From eq 18% Fromeq 19¢
493 0.214 0.0095 0.084 27 4.7
9.86 0.174 0.0125 0.145 18 5.1
14.8 0.144 0.017, 0.18g 11 4.0
19.7 0.12¢ 0.0195 0.22 8.8 3.5
24.7 0.11, 0.0174 0.244 8.8 4.0

“ From eq 15, see text.  From eq 18, using Ay, = 4.03 X 108 57! and &y = 6.1 X 103 57, see text.  From eq 19, see text.

0.22

| 1 i
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Figure 8. The effect of oxygen on exciplex fluorescence intensity as a
function of [DMA], eq 21.

= 0 gives kmox[02] = 0.19/7,0 = 4.3 X 107571, as expected
for diffusion-controlled quenching of 'A* by oxygen,33:4°
kmox

TA* 4 302 —_— 3A* + 302 (20)
In the presence of DMA the differences between Fo/f o, and Io/f
ratios are somewhat larger than 0.19, reflecting the small
amount of ' A* formation from the longer lived exciplex, and
possibly decreased light absorption by A in the presence of
DMA and oxygen. As indicated in the Results, solutions of
DMA change from colorless to yellow when oxygen is allowed
in the medium, a reversible phenomenon which is almost cer-
tainly due to oxygen-enhanced S; — T, transitions in a
DMA /O, complex.*® In contrast to the small effect of oxygen
on monomer emission there is a marked decrease in the in-
tensity of the exciplex emission at 500 nm, last column, Table
I. This effect decreases somewhat at the higher DMA con-
centrations owing, at least in part, to the decreased exciplex
lifetime. The exciplex emission ratios in Table I can be treated
adequately using eq 21, where x, defined in eq 22, is close to
unity (1.00 < x < 1.10) and Koy is the rate constant for the
quenching of the exciplex by oxygen, e.g., eq 23.

[(Ideg/Xon) - 1]_I
= (1 + k7l [DMA]) (keox72[02]) 1

L= < k.rm’[DMA]
I + kerm’[DMA]

21
+ KC[DMA]>

o < kermO[DMA]
I + kemm’[DMA] + £mox7m[O3]

+ KC[DMA]>_| (22)

keox
'(A+.DMA)* + 30, —>3A* + DMA +30, (23)

This is shown in Figure 8, where the line is drawn using the
previously obtained values of k, and 7, and k.x[O,] = 4.5 X
107 s~!, indicating that k o and k.o« are equal within exper-
imental uncertainty. Independent values for Kox{O3] of 4.2
X 107 and 4.0 X 107 s~! can be based on the observed differ-
ences in exciplex lifetime in the presence and in the absence
of air, Table V. In the absence of static quenching processes
the ratio of monomer fluorescence Stern-Volmer plot slopes
for degassed and air-saturated solutions, s and s,y, respectively,
is given by the equation3

Sox/s = (1 + keoxTeO[O2])

1 + k_ere® >
X 4
<1 + k_o70 + keox7%[03] (24)

Since estimates for all the quantities on the right hand side of
¢q 24 have been obtained an expected ratio of s/sox =~ 1.14can
be calculated. This ratio was used to calculate the line drawn
for air-saturated solutions in Figure 4. The agreement with the
experimental points is satisfactory.

Spectroscopic evidence concerning the possible interaction
of the A/DMA exciplex with A is difficult to interpret. Exci-
plex decay rate constants determined as a function of anthra-
cene concentration in the presence of constant DMA concen-
trations of 0.0395 and 0.986 M are presented in Table V. Initial
measurements were carried out at relatively low [A] (<4 X
103 M), since analogy with the anthracene/trans,trans-
2,4-hexadiene system? suggested a very efficient exciplex/
anthracene interaction, e.g.,

ke
[((A.-DMA)* + A—> (A, DMA)* (25)
This [A] range also coincided with the range for which Yang
and Shold had previously measured substantial quantum yields
for anthracene disappearance, ¢—5 = 0.17 £ 0.01 for [DMA]
= 1.0 M.!2Since no change in ' (A-DMA)* lifetime was noted
at these low anthracene concentrations the A concentration
range in the presence of 0.986 M DMA was extended t0 0.10
M (essentially a saturated A solution in benzene), for which
large photodimer yields have been reported.> A significant
increase in the decay rate of the exciplex was now observed,
Table V. Neglecting complications which may arise due to
reversibility in triplex formation (eq 10 and 25) a linear de-
pendence of kobsq On {A] is expected,

Kobsa = ke + kge + k([DMA] + k//[A] (26)
In view of the relatively large error limits in Ko, the deviation
of the plot in Figure 9 from linearity may not be significant.
If the value of 0.090 M A is disregarded, a reasonable straight
line can be drawn through the remaining points, which gives
k¢ =20X 107" M~1s!,

Photochemical Observations. Before considering the effect
of DMA on anthracene photodimerization, it is appropriate
to examine what is known about this reaction in solutions
containing no DMA. In a careful study of anthracene dimer
yields and anthracene disappearance yields in toluene Suzuki
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Figure 9. The dependence of ' (A.DMA)* lifetime on [A]; 7.° = 81.3 ns
for [DMA] = 0.986 M, Table V.

identified three anthracene concentration egions.’'-33 The
relative anthracene dimer yield was found to be independent
of anthracene concentration for 7 X 1073 < [A] < 1.6 X 1072
M at 30 °C and to increase with anthracene concentration
above and below this concentration range. Dimer formation
quantum yields were found to increase with temperature (—10
to 30 °C) in this range, up to 0.338 at 30 °C, 366 nm. The
range itself appeared to extend to higher anthracene concen-
trations as the temperature was lowered. The irradiations were
apparently carried out in the presence of air, since no deaer-
ating precautions were mentioned and relatively small yields
of anthracene peroxide probably account for the small devia-
tions between anthracene losses and dimer yields. Essential
features of the photodimerization mechanism suggested in
order to account for the peculiar concentration dependence of
the quantum yields are summarized in more modern notation>*
ineq 2, 4,5, 27-30,

ke
A% + A —> (AA)* 27)
ked
(AA)* —>2 A (28)
kt:r/
(AA)* —> A, (29)
ki
AA)* + A —> Ay + A (30)

where '(AA)* represents the excimer.2? Steps 27-29 show
excimer and dimer formation to be sequential processes as
suggested by Stevens.?3-33-57 This mechanism predicts the
concentration dependence of dimerization quantum yields, ¢,
shown in

A, = < kdTm’[A] ><ker/7e0/ + kt//Teo/[A]> a3
A 1 + ke/Tmo[A] 1 + kt//TeO/[A]

where 7,0 and 7.% are the lifetimes of electronically excited
singlet monomer and excimer, respectively, under the condi-
tions of the experiment. Conditions which would yield a con-
centration-independent region are k./7,°[A] > | and k"
7Y[A] « 1, giving ¢a, = ke'7.Y. Since the plateau is reached
at [A] 7 X 107> M and 7, >~ 4 X 10~9 s (4.4 ns for de-
gassed benzene solutions and 3.7 ns in the presence of air) the
first condition requires k.’ > 3 X 1019 M~1 s~/ a much larger
value than the limit of 1.0 X 100 M~! s~! for a diffusion-
controlled process. It is clear, therefore, that the simple
mechanism suggested by Suzuki, eq 27-30, does not account
for his observations. Suzuki’s plateau is absent from Bowen

891

50-

40r

I
%
20- R /V ° /

e

10 v

v

o 1 1 1 . 1 L

0 40 8 120 (60 200 240
B\ DTN

Figure 10. The dependence of ¢4, on [A]~!; ¥, this work, lower points
degassed solutions, upper points air saturated; O, from ref 56, lower points
air saturated; upper points oxygen saturated.

and Tanner’s observations in benzene.3® These workers vig-
orously rolled the samples during the irradiations, which were
carried out in the presence of air or pure oxygen. Anthracene
photooxidation quantum yields were also determined.>® The
photodimerization mechanism must now include oxygen’s
quenching of 'A*, eq 20, and possibly the quenching of ex-
cimers by oxygen,?

ke())(Y
I(AA)"‘ + 02 —>2A + 02 (32)

In the presence of oxygen any contribution of anthracene
triplets to the photodimerization can be neglected.’® A linear
dependence of ¢a,™' on [A]~! is predicted if it is assumed that
Suzuki’s trimeric process, eq 30, is not operative,

1+ km0x7m0[02]>
-1 = 4 ———mOX M =Sl
oA < : ke/Tmo[A]

’ (414
X <1 + keox'7e 0[/02]> (33)

The adherence of Bowen and Tanner’s data to eq 33 is ade-
quate and the data are consistent with k.'7,,0 = 30 M~ ob-
tained for the self-quenching of anthracene fluorescence in
benzene®? at “ordinary temperature”, ~15 °C.%3 The data are
not sufficiently precise to evaluate the importance of eq 32 and
thus do not address the question of an excimer intermediate
in the photodimerization.

Excimer fluorescence has been observed in glassy®* and
crystalline media,®® and recently a weak fluorescence has been
assigned to the excimer in a concentrated anthracene solution
in toluene.% Excimer lifetimes as high as 8 ns and as low as
<1.5 ns have been inferred from oxygen quenching,? and ex-
citation transfer®” experiments, respectively.

Initial anthracene disappearance quantum yield measure-
ments in this work were irreproducible and behavior similar
to that reported by Suzuki was observed for solutions which
were open to air. Results in agreement with eq 33 were ob-
tained when little magnets were included in each sample tube
and solutions were magnetically stirred throughout the irra-
diation period. Anthracene disappearance quantum yields
calculated from the results in Table VI are shown in Table XI.
The quantum yields for air-saturated solutions are in close
agreement with those of Bowen and Tanner, and are converted
to photodimerization quantum yields by subtracting the pho-
tooxidation yields observed by these workers, ¢a, = h(d-a
— $A0,).°8%8 Plots of pa,~! vs. the inverse of the average an-
thracene concentration, [A]~!, are linear, Figure 10, as re-
quired by eq 33 and confirm the conclusion that the interaction
of excimer with anthracene, eq 30, is not an important dimer
forming step. The intercept to slope ratios for the degassed and

kerbase’rc
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Table XI. Anthracene Disappearance and Dimerization Quantum Yields

Degassed Air
[Alo, (Ao,

M x 10? d-n DA M X 102 [EN dAL
0.505 0.064, 0.032 0.500 0.049¢ 0.021
0.833 0.094 0.047 0.75 0.0715 0.030
1.01 0.101 0.050 1.00 0.0905 0.038
1.25 0.129 0.065 1.50 0.122 0.051
2.02 0.190 0.095 2.00 0.156 0.065
4.17 0.254 0.127 3.00 0.208 0.086
5.05 0.289 0.145 5.00 0.268 0.110

« Corrected for peroxidation using ¢ao,™' = 8.5¢ + (0.548/[A]) from ref 58.

air-saturated lines are 37.8 and 25.7 M~/ respectively. The
mechanism requires that the ratio of these values, 1.47, equal
(1 + Kinox™m?[05]), which has been determined spectroscop-
ically to be 1.19, Table I. The deviation between these two
values may be due in part to small differences between the
photooxidation quantum yields determined by Bowen and
Tanner and those applicable to our conditions. The value of
k7,0 = 37.8 M~! at ~23 °C is in good agreement with
Bowen'’s value of 30 M~! obtained from the self-quenching of
anthracene fluorescence at &~ 15 °C.62.63 The ratio of T'/n for
these two temperatures is 1.16,% suggesting that k,'r,,0 = 35
M~ would be exactly consistent with Bowen'’s result.%® The
possibility of a triplet path to dimerization involving self-
quenching in degassed solutions is therefore ruled out. Our
value and the anthracene singlet lifetime give K.’ = 8.5 X 10°
M~1 s~ indicating that excimer formation is an essentially
irreversible diffusion-controlled process (i.e., p = 0.8). The
intercepts of the lines in Figure 10 are 4.57 and 4.93 for the
degassed and air-saturated data, respectively. The first gives
ke’ = 0.22 as the limiting quantum yield for anthracene
dimerization at infinite anthracene concentration, in good
agreement with the value of 0.24 reported recently for toluene
solutions,®® and represents the fraction of excimers which give
dimer. In this connection it is interesting to note that the
quantum yield of A, cleavage in degassed cyclohexane solution
has been found to be 0.70.70 Since, barring an unforeseen
solvent effect, the sum of the cleavage quantum yield and the
limiting dimerization quantum yield, 0.92, is nearly unity, it
is likely that the excimer is a common intermediate for the two
reactions. The difference in the intercepts in Figure 10 gives
keo' 70[05] = 0.08 as a rather imprecisely determined
quantitY- USing keox/[OZ] = kmox[OZ] = keox[OZ] =~ 4 X 107
s~! gives an excimer lifetime 7.% = 2 ns.”! Experiments using
pure oxygen over the samples together with precise determi-
nation of photooxidation yields should provide a more difinitive
characterization of the excimer.”!

Our results provide a tentative explanation for the anoma-
lous concentration dependence observed by Suzuki.>'~33 When
a scaling factor is used on Suzuki’s relative quantum yields (his
absolute quantum yields are much larger than our own) the
low anthracene concentration data fall close to our values for
air-saturated solutions, while at high anthracene concentra-
tions Suzuki’s data correspond closely to values for our de-
gassed solutions. Apparently, oxygen depletion and concen-
tration gradients in the unstirred solutions are responsible for
this behavior.

It is now possible to consider the photochemical observations
in the presence of DMA. The data in Table VII are converted
to quantum yields in Table XII. In the absence of air the an-
thracene loss should be accounted for by formation of dimer
and of products arising from interaction with DMA  ie., ¢-4
= 2¢a, + ¢p. Approximate values of ¢, and ¢p can be ob-
tained by plotting the percent dimer yield vs. the average an-

Table XII. Anthracene Disappearance Quantum Yields in the
Presence of DMA

[Alo, [DMA],

M X 102 M X 102 b-A oA,7 ¢p?
0.72¢ 3.9 0.059 0.018 0.022
1.33 394 0.0724 0.027 0.019
2.53 3.9, 0.13; 0.059 0.015
3.61 3.9, 0.205 0.097 0.012
4.75 3.9, 0.215 0.104 0.0065
4.81 3.94 0.225 0.108 0.006
6.03 3.94 0.251 0.123 0.005
7.50 3.9 0.281 0.136 0.008
0.300 98.4 0.19; 0.001; 0.184
0.60, 98.4 0.19, 0.002; 0.18¢
1.2 98.4 0.19> 0.005; 0.18,
2.4¢ 98.4 0.194 0.012, 0.173
3.03 98.4 0.23; 0.0195  0.194
3.6, 98.4 0.234 0.024,  0.184
4.00 98.4 0.25, 0.0284  0.194
4.8, 98.4 0.25, 0.0369  0.17
5.9 98.4 0.23, 0.045 0.145
8.2¢ 98.4 0.255 0.075 0.104

¢ See text.

thracene concentration, Table IX, and estimating by inter-
polation the fraction of anthracene loss due to dimer formation
for each concentration in Table X1I. The ¢4, and ¢p values
obtained in this way are shown in Table XII.

The mechanism of anthracene dimer formation in the
presence of DMA is complex. For the sake of clarity this dis-
cussion begins with the simplest case and new steps are added
to the mechanism as needed. Assuming first that dimer arises
only from the excimer and that exciplex formation is a com-
petitive process which quenches dimerization, the dimerization
quantum yield is given by

_ (L+ (1 - p)K[DMA]
"’A2_< K.[DMA] + | >k

’ [¢14
er Te

ke/Tmo[A]
X
<1 ¥ ko rmOA] + kep’Tmo[DMA]> (34)

where p’ = (1 + k7 [DMA] + k/70{A]D /(1 + k_.7 0 +
k0 [DMA] + k/7°[A]). We consider first the high DMA
concentration data for which, according to the spectroscopic
observations, most ' A* are either born associated with or be-
come quickly bound to one or more DMA molecules. Except
for p’, which must be close to unity, all the parameters in eq
34 have been determined. Using k—.7.0 = 0.17¢, ky7.° = 0.512
M~! and k7.0 = 2.4 M~ it can be shown that, for [DMA]
= 0.984 M, p’ = 0.90 at low [A] and approaches 0.91 as [A]
is increased to the saturation limit. For example, for [A] = 0.06
and [DMA] = 0.984 M eq 34 gives ¢4, = 0.0038, which is a
full order of magnitude smaller than the experimental quantum
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yield, Table XII. This is compelling evidence for a dimer
forming pathway via the exciplex. An attractive possibility is
formation of an (A2 DMA)* triplex, eq 25, followed by its
decay,

kid
(A, - DMA)* —> A, + DMA

+ (1 = 8)(2A + DMA) (35)

where § is the fraction of '(A,;DMA)* triplexes which give
dimer. Dimer could form directly or following dissociation of
the triplex to the excimer. Alternatively, the interaction of
anthracene with the exciplex could be a substitution process
leading smoothly to excimer formation.”> An additional
pathway for dimer formation is provided by the interaction of
excimers with DMA, e.g., the equation?

s

I(AA)* + DMA —> ! (A, - DMA)* (36)

This mechanism has been suggested to be important for sub-
stituted anthracenes and could give dimer directly without a
triplex intermediate.? Inclusion of eq 35 and 36 in the mech-
anism gives

a2 = <KC[DMIA] ¥ 1> [ (1 - p/)K"[DMA])
% <ker’7'e°’ + 6k1///730/[DMA]>
1 + k/"7.%[DMA]
X < ke/Tmo[A] >
| + k/7m%[A] + kep’T°[DMA]
N k(7 0(A] )
| + k—o7 0 + k7 O[DMA] + k(/70[A]
kormO[DMA]
| + k/7m®[A] + kep’Tm®[DMA]

X (1+(1 —p’)Kc[DMA]))] (37)

X <KC[DMA] +

which replaces eq 34 in describing the dependence of the dimer
quantum yield on [A] and [DMAJ]. The first product of terms
in eq 37 corresponds to the excimer pathway for dimer for-
mation, and the second product of terms gives the contribution
of the exciplex to dimer formation. It can easily be seen that
the excimer pathway should dominate for [DMA] = 0.0394
M, while the exciplex pathway should dominate for [DMA]
= 0.984 M. If the mechanism considered thus far were com-
plete it would be possible to predict the ¢4, values in Table XII
by choosing appropriate values for 8 and k,”’7.%, the two re-
maining unknown parameters in eq 37. Although it was not
possible to fit the data quantitatively with eq 37, certain con-
clusions seem warranted. The experimental dimerization
quantum yields at [DMA] = 0.0394 M adhere closely to values
predicted by eq 34.73 Since eq 34 is equivalent to the first
product of terms in eq 37, with k,"/7.% = 0, it follows that the
enhanced dimerization pathway via the interaction of the ex-
cimer with DMA is probably not important in this system. An
attempt was made to fit the ¢4, values for [DMA] = 0.984 M
with eq 37. Using k" = 2.0 X 107 M~ s~ an excellent fit is
obtained for 2.29 X 1072 M < [A] with 8 = 0.30, but at higher
anthracene concentrations larger values of 3 are required,
Table XIII. This behavior suggests that the nonlinearity in
Figure 9 is real and that the mechanism considered thus far
is not complete. It is possible, for example, that reversibility
in trriplex formation, eq 10 and 25, gives rise to some coupling
of the exciplex lifetime with those of the triplexes.4647 A fur-
ther possibility is that at high anthracene concentrations part
of the emission monitored at 500 nm comes from the (A,
DMA)* triplex, so that the changes attributed t 7. may be due
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Table XIII. Effective 8 Values

[A]s ¢/\:c,- ¢/\3c/ﬁs

M x 10? x 10° x 103 B4
0.25 0.17 3.93 0.31
0.55 0.37 8.61 0.27
1.10 0.74 17.0 0.29
2.29 1.51 347 0.30
293 1.92 43.9 0.39
3.42 2.23 50.8 0.44
4.60 295 66.9 0.51
5.74 3.63 81.8 0.51
8.00 49 110.0 0.64

 Calculated from (64,29 — ¢4,°)B3/¢..c where ¢.0% is the
observed quantum yield and ¢a.*', ¢4 .° are the calculated excimer and
exciplex dimerization components, eq 37.

in part to changes in 7. It seems premature to consider possible
isomeric donor-acceptor sequences in the triplexes, but it is
obvious that if in '(A-DMA,)* the anthracene is sandwiched
between two DMA molecules, this triplex would have to dis-
sociate before any A, could form. Similarly, if the DMA in

(ADMA)* were sandwiched between two anthracene
molecules, it would not be a likely direct source of A;. Scheme
I summarizes the processes which appear to be important in

Scheme I. Summary of A/DMA Interactions

A+hv
hy |A,
24
H ‘ (AA)/
T4,
b | DMA.,
(A-DMA)—=(A-DMA g;
(ADMA)+hV:// A
DMA (A2 DMA)*
(I-Q)P+a (A-DMA) %
B Az+DMa+ (1-£)(2A+DMA)
ta-DMap )

(1~y)P + y (A+2DMA)
determining the spectroscopy and chemistry of this system. The
rate constants evaluated in this work are summarized in Table
XIVv.

The study of products other than dianthracene was not
pursued, since such a study was undertaKen by Professor N.
C. Yang.”* Consideration of the approximate ¢p values in
Table XII tends to support the major mechanistic conclusion
that a second DMA molecule plays an important part in
product formation, e.g., eq 10, followed by’*

(A - DMA,)* ﬁ» (I -=v)P+~(A + 2DMA) (38)

Briefly, since at 0.039 M DMA and low [A] ~64% of 'A*
emission is quenched, Table I, and ¢4, is negligible, if the ex-
ciplex were the sole precursor to the other products, then ¢—4
=~ ¢p =~ 0.64(1 — ). If, furthermore, the interaction of the
exciplex with DMA produced no products, ¢p, which could at
best attain the limiting value of (1 — «), should decrease
drastically at | M DMA. The opposite is observed. Inclusion
of eq 38 in the mechanism gives
¢p =
(I —a) + {1 = vk [DMA]

(1 + K_o7 0 + k7 O)[DMA] + k/7[A]D(K[DMA] + 1)

ketm®[DMA](1 + [1 —p’]Kc[DMA])]

1 + k/mm[A] + kep’Tm’[DMA]
(39)

X [KC[DMA] +
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Table XIV. Summary of Rate Constants?

Process Symbols Value
Unimolecular decay of 'A* (ko + kig)s U/ T 2.2, X 108 s™!
Formation of '(A-DMA)* ¢ 1.03 X 1010 M~ 57!
Dissociation of '(A-DMA)* k. 1.5 X 10051
Unimolecular decay of '(A-DMA)* kie + kge, 1/70° 8.3 X 106s™!
Fluorescence of '(A-DMA)* ke 40X 100 s™!
Nonradiative decay of '(A-DMA)* kge + k¢ 4.3 X 100571
P formation from '(A-DMA)* (1 = a)kge 2.1 X 105s™!
Formation of '(A.DMA,)* from '(A-DMA)* k, 42X 106 M~ ! 5!
Formation of '(A;DMA)* from !(A-DMA)* k/ ~2.0X 107 M~ 15!
Quenching of 'A* by O, Kk mox[ O3] 43 X 107s™!
Quenching of '(A-DMA)* by O, keox[05] (4.0-4.5) X 107 s~!
Formation of excimer kS 85X 109 M~1s~!
Unimolecular decay of excimer ke + ke, 1/1.Y (5-1.7)# X 108 s™!
Fraction of '(AA)* giving A3 ket Y 0.22
Fraction of '(A:DMA,)* giving P (1=%) 0.54

@ All values for benzene solutions at 23-25 °C. # See text and footnote 71.

for the dependence of ¢p on [A] and [DMA]. Once again,
reversibility in triplex and excimer formation was neglected.
Using eq 39 and ¢p values of 0.022 and 0.18 for DMA con-
centrations of 0.039 and 0.984, respectively, and low [A] gives
(1 —a) =0.016 and (1 — v) = 0.54 for the efficiencies of
product formation from exciplex and triplex, respectively.
These product efficiencies refer only to reactions other than
dianthracene formation which consume anthracene, and it is
not known whether the same or different product distributions
are obtained from exciplex and triplex. The character of these
products could also change due to concentration dependent
behavior of subsequently formed intermediates, e.g., triplet
states*® or ion radicals.

The dimer yields obtained in this work are considerably
lower than those reported earlier.>® Examination of the ob-
servations in Table IX does show that higher dimer yields are
achieved when air is present during the irradiation. Also, the
yields decrease when the reactions are allowed to proceed until
all the anthracene is destroyed, consistent with the expected
increase in ¢p/¢a, as {A] is decreased. The effect of air on ¢p
was measured, Table VIII, in order to determine whether the
quenching of the nondimer products parallels the quenching
of the exciplex by oxygen. It was reasoned that oxygen might
have a more significant effect on ¢p if it also intercepted longer
lived intermediates such as ion radicals, whose formation in
the A/DMA system in acetonitrile has been confirmed by flash
_spectroscopy.’8 For example, interaction of anthracene anion
radicals with oxygen could give anthracene and result in en-
hanced dianthracene yields. The observed ¢p/pp©? ratios of
3.5-3.9in0.986 M dimethylaniline are, however, even smaller
than those expected for the quenching of the exciplex, ~4.5
(extrapolated from Table I). Use of a Pyrex filter instead of
a 366-nm filter also increased dimer yields, Table IX. It is
possible that prolonged irradiation with higher frequency light
in the presence of air leads to regeneration of anthracene from
other products. The possibility that the other products sensitize
the formation of dianthracene is ruled out by the data in Table
IX (compare rows 9 and 10).

Experimental Section

Materials. Most spectroscopic measurements were made using
anthracene (Eastman, blue-violet fluorescence), which was chroma-
tographed on alumina with benzene as eluent, mp 215.6-216.1 °C.
Photochemical measurements were carried out using anthracene
(Matheson, Coleman, and Bell, blue-violet fluorescence) without
purification. In one set of experiments anthracene synthesized from
dianthracene was also used. The dianthracene, 0.9 g, prepared by ir-
radiation of a degassed benzene solution of anthracene was recrys-
tallized from 450 ml of toluene (Mallinckrodt, analytical reagent).

Approximately half of the sample dissolved and 0.41 g of white crystals
was obtained upon cooling the filtered solution. This material was
charged into a 10-cm piece of S-mm glass tubing, which was then
sealed at both ends at atmospheric pressure. The tubing was floated
ina Wood’s metal bath at ~250 °C for 40 min, until all the crystals
had turned to a yellow melt. The anthracene was chromatographed
on alumina with methylene chloride as eluent, and the light yellow
product was sublimed under vacuum to give 0.37 g of white crystals.
This material had identical UV absorption characteristics and gave
identical photochemical results as the unpurified anthracene.

N.N-Dimethylaniline, Aldrich reagent, was purified by distillation
over mossy zinc under reduced pressure, bp 90.0-90.5 °C, immediately
before use. Benzene, spectral grade from Mallinckrodt, Baker, or
Fisher, was used for spectroscopic measurements without purification.
Most quantum yield measurements were carried out using benzene
purified by the Metts procedure by exhaustive photochlorination of
hydrocarbon impurities.” No difference could be detected in results
using purified or unpurified benzene. trans-Stilbene, Aldrich zone-
refined, was used without purification. It contained 0.04% cis isomer,
GLC. cis-1,3-Pentadiene, Columbia Organic Chemicals, was bulb-
to-bulb distilled immediately prior to use. It contained 0.3% trans
isomer, GLC. Benzophenone, Aldrich reagent, was recrystallized from
n-pentane three times and sublimed, mp 47.5-48.5 °C.

Fluorescence Measurements. Steady-state fluorescence measure-
ments were made using a Perkin-Elmer Hitachi MPF-2A spectro-
photometer as previously described.?3

Fluorescence Lifetimes. Procedure 1 was that described in ref 33,
and was used to monitor anthracene monomer emission. Procedures
2 and 3 were used to monitor the exciplex emission at 500 nm. In
procedure 2 fluorescence was determined by analogue detection.
Samples were placed in S mm X 8 cm Pyrex tubes and degassed with
five to six freeze-pump-thaw cycles down to 1073-107% Torr. The
sample cells were side-pumped with 337-nm irradiation from an
AVCO-Everett C950 nitrogen laser operating at 40 Hz. The fluo-
rescence, monitored from the end of the sample cell, was filtered with
a Corning 3-72 filter and focused on the entrance slit of a Jarrell-Ash
Y4 M monochromator. An RCA 8850 photomultiplier was mounted
on the exit slit of the monochromator. The fluorescence decay was
observed directly by routing the output of the photomultiplier, which
was operated at —1400 V through a 50-Q load resistor to a Tektronix
454 oscilloscope. Photographs were taken of the oscilloscope display
of the fluorescence decay. The photographs were enlarged by pro-
jection and values of the fluorescence intensity as a function of time
were measured with a ruler. Lifetimes were determined from the slopes
of first-order plots which exhibited excellent linearity. Procedure 3
also employed analogue detection. In this case samples were enclosed
in 4-mm o.d. by 3 in. long Pyrex tubes. One end of the tube was shaped
to form a hemispherical lens, while at the other end a sidearm was
attached which allowed convenient degassing of the sample (as in
procedure 2) before transfer to the 3-in. tube. The AVCO-Everett
C950 nitrogen laser operated at 50 pps and at voltages ranging from
13 to 15 kV was used to side-pump the sample tubes. Strong green
emission was observed at the hemispherical lens, since fluorescence
is partially collected along the length of the tube by total internal re-
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flection. Fluorescence decay profiles were monitored with a IP 21 tube
operated at 400-500 V. Since the nitrogen laser light was filtered with
a 334-nm line filter (Ealing) and emission was observed through a
566-nm interference filter (Optics Technology) and a Corning 3-67
filter, scattered excitation light was not monitored by the phototube.
A PAR Model 115 preamplifier with gain of 10 was used to impedance
match the tube anode to a Tektronix 453A oscilloscope with camera
attachment. Exposures (1 s) at f/4 were sufficient to obtain well-
defined decay curves. Maximum amplitudes were about 300 mV. All
lifetime measurements were made at 25 + 1 °C.

Absorption Measurements, Ultraviolet absorption spectra were
obtained using a Cary 14 recording spectrophotometer. Infrared ab-
sorption spectra of Nujol mulls were recorded using Perkin-Elmer
Model 137 and Model 521 spectrophotometers.

Irradiation Procedures. Two procedures were employed for quan-
tum yield measurements. In procedure 1 a Moses merry-go-round
apparatus’® immersed in a thermostated water bath and a 200-W
Hanovia medium pressure mercury lamp in a Pyrex cooling probe
were employed. The 366-nm mercury lines were isolated using Cor-
ning CS 7-37 and 0-52 filters. In procedure 2 sample tubes (up to
eight) were irradiated in a small cylindrical merry-go-round attached
to a stirring motor, Gerald K. Heller Co., Model G.T.21, which al-
lowed rotation of the samples over a magnetic stirrer. Light from an
Osram HBO 200-W super-pressure mercury lamp in a Bausch and
Lomb housing was collimated, then made to converge on the sample
tubes using appropriate lenses. Corning filters CS 7-37 and 0-52 were
placed between the lenses to isolate the 366-nm mercury lines. For
both procedures samples (2.6-3.0 ml) of solutions containing the
desired substrates were introduced into 13 X 60 mm Pyrex ampules
equipped with grease traps and 10/30 ¥ female joints. Solutions were
degassed using four to five freeze-pump-thaw cycles to 1073-107°
Torr and ampules were flame sealed at a constriction. In many in-
stances extra tubes were degassed and were used as reference in the
UV measurements. In procedure 2 tiny magnets were included in each
tube for individual stirring of the irradiated solutions. Anthracene
alone solutions irradiated in the presence of air were equipped with
10/30 ¥ stoppers. The irradiation was stopped periodically and 5-ml
air samples were bubbled by syringe through the solutions. The irra-
diations were carried out at room temperature and the temperature
monitored periodically close to the samples (23.0 £ 1.0 °C). Stilbene
and 1,3-pentadiene solutions were analyzed by GLC as previously
described,'®77 except that Varian-Aerograph instruments 940 and
2700 were employed.

For dianthracene gravimetric determinations at 25 °C, 75- or 80-ml
aliquots of the desired solution were syringed into 18 cm X 5 cmo.d.
Pyrex ampules equipped with 14/35 ¥ female joints and grease traps.
The solutions were degassed using four freeze-pump-thaw cycles and
flame sealed at a constriction. Irradiations were performed using a
450-W medium-pressure mercury Hanovia lamp in a Pyrex water-
cooled probe. Corning filters CS 7-37 and 0-52 were used to isolate
the 366-nm mercury lines. The ampule and probe were immersed in
a thermostated water bath. Following irradiation an aliquot was used
for UV analysis and the remaining solution was concentrated, pre-
cipitated dimer was washed with cold benzene, dried, and weighed.
The solubility of dianthracene in benzene was found to be 0.19 mg/ml;
however, the rate of solution was extremely slow and heating was
necessary. In the case of the most dilute anthracene solution, 1.0 X
1073 M, the irradiation of 800 ml of solution was carried out in 265-ml
portions in a Hanovia reactor using a 200-W medium-pressure mer-
cury Hanovia lamp in a Pyrex probe equipped with a cylindrical
uranium glass filter. Nitrogen was bubbled through the solution | h
before and throughout each irradiation. The solvent was removed with
a rotoevaporator. The white solid was extracted with 25 ml of benzene
to dissolve unreacted A. The precipitate was washed with cold ben-
zene, dried, and weighed. For irradiations through Pyrex the 450-W
lamp was used and samples containing 3-5-ml aliquots were placed
in a thermostated bath, 30 °C. No attempt was made in these exper-
iments to isolate dimer dissolved in the solvent. In all cases the identity
of the precipitates as pure dianthracene was established by IR.
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Photochemical Substitution Reactions of Group 6B Metal
Tetracarbonyl Norbornadiene Complexes with 13CO,
Kinetics of Subsequent Thermal Rearrangements in the
Stereospecifically Labeled Species, and Relationship

of These Results to the Photoinduced Hydrogenation Process
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Abstract: Photochemical substitution reaction (A >2800 A) of M(CO)4(NBD) (M = Cr, Mo, W and NBD = norbornadiene)
with '*CO have been shown via infrared spectroscopy, coupled with '3C NMR, to occur with preferential loss of an axial CO
ligand. Further rearrangement of the stereospecifically *CO labeled M(CO)4(NBD) species results upon thermal and/or
photochemical activation. A mechanism for this rearrangement in the tungsten derivative has been proposed based on kinetic
measurements (both for the rearrangement process and diolefin substitution with phosphines) which involves cleavage of one
metal-olefin bond, followed by a Berry permutation. The results of thermal and photochemical hydrogenation of norborna-
dicne in the presence of group 6b hexacarbonyls are explained employing CO dissociation as well as metal-olefin bond cleav-

age.

Introduction

Several studies on photoinduced hydrogenation of conju-
gated dienes in the presence of chromium carbonyl complexes
have been published in recent years.'-* Chromium tetracar-
bonyl norbornadiene has been implicated as an intermediate
in the photoassisted hydrogenation’ and dimerization® of
norbornadiene with chromium hexacarbonyl. Although metal
carbonyl derivatives have been demonstrated to readily lose
carbonyl ligands upon photolysis,®-® Platbrood and Wil-
putte-Steinert have concluded, based on an extensive mecha-
nistic investigation of the photoinduced hydrogenation of
(norbornadiene)Cr(CO)y, that the primary photochemical
process in these reactions involves a metal-olefin bond rup-
ture.” Similarly, thermal hydrogenation of 1,3-dienes involving
chromium carbonyl complexes as catalysts have been inves-
tigated,”!° and Schroeder and Wrighton'® have proposed that
these reactions proceed through an intermediate common with
that of the photocatalyzed process, (diene) Cr(CO);H;. During
this time we published our initial investigation of photo-
chemical substitution reactions of group 6b metal tetracar-
bony! norbornadiene with '3CO which indicated that these
species were rapidly enriched with 3CO.!! Recently, Platbrood

and Wilputte-Steinert!? have as well shown that photochemical
reaction of (norbornadiene)Cr(CO)4 with triphenylphosphine
leads to the production of mer-(norbornadiene)Cr(CO);P-
(C¢Hs); which was in agreement with earlier, less definitive
work of King and Korenowski'3 on photochemical reactions
of (norbornadiene)W(CO)4 with As(C¢Hs); and Sb(CeHs)s.
These workers'2 also observed that the rate of P(C¢Hs)3 sub-
stitution into (norbornadiene)Cr(CQO),4 and the rate of hy-
drogenation of (norbornadiene)Cr(CO)4 were similar, thus
indicating that CO dissociation is possibly the rate-determining
step inJhe hydrogenation process.

In addition to the interest in (norbornadiene)M(CO)4 de-
rivatives as catalysts in the photochemical hydrogenation
process of norbornadiene, a model system for the general diene
photoinduced hydrogenation in the presence of hexacarbonyls,
we have been interested in the stereospecificity of photo-
chemical substitution reactions of substituted metal carbonyl
derivatives in general.'4!5 For these reasons we have examined
the stereoselectivity of group 6b metal tetracarbonyl norbor-
nadiene species toward photochemical substitution processes
with 13CO as well as subsequent thermal rearrangements of
some of the 3CO substituted species. This report represents
a detailed presentation of our earlier communication,'! as well

Journal of the American Chemical Society | 99:3 / February 2, 1977



