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Abstract: The dependence of anthracene dimerization quantum yields on light intensity in degassed, but not in air-saturated,
solutions establishes a significant triplet-triplet annihilation component leading to dimer. An excellent fit of observed quantum
yields over wide concentration and intensity ranges to derived expressions is obtained by employing computer assistance and
mainly literature rate constants. The single derived parameter is p,” = 0.115 £ 0.007, the fraction of triplet-triplet encounter
pairs that give the precursor to dimer. This value suggests a strict adherence to the spin-statistical factor of 1/9 for formation
of the singlet component of the annihilation event and confirms a previous conclusion that higher spin states of the encounter
pair, being dissociative, do not provide a pathway to dimer. The relationship of these observations to the theory of photocycloaddition

reactions is considered.

Introduction

Allowed concerted photocycloadditions are usually postulated
to involve singlet excimer or exciplex intermediates,? as demon-
strated compellingly in some instances by using exciplex specific
quenchers.»* Theoretical treatments suggest that the path to
adduct requires passing from the singly excited complex into a
doubly excited electronic state which correlates with the ground
states of addends and adducts.2® Avoided crossing between
appropriate correlation lines creates a pericyclic minimum on the
doubly excited surface. Decay through a “funnel” or “hole” at
this minimum allows for return to ground-state addends and
formation of adduct(s). On the addend side the doubly excited
state can be thought as arising through interaction of the lowest
triplet states of each addend.??

In practice, the interaction of two triplets of the same molecule
in solution provides an important triplet decay channel known as
triplet-triplet annihilation, TTA. Though it often gives rise to
monomer and excimer delayed fluorescence,’ its role in photo-
chemical reactions had not been examined. Anthracene, (A)
photodimerization, one of the oldest known photochemical reac-
tions,? is believed to occur via a singlet excimer, (AA)*, inter-
mediate.’ The theoretical discription given above is applied to
this reaction in Figure 1. TTA-induced photodimerization was
first proposed!® to account for dianthracene (A,) formation fol-
lowing triplet excitation transfer from biacetyl to anthracene.!!
This pathway was also proposed in accounting for the spin-sta-
tistical factor in TTA of anthracene triplets.!> In this paper are
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reported observations concerning the dependence of A, quantum
yields, ¢,,, for direct A excitation on light intensity, /,, which allow
a quantitative evaluation of the TTA component in photo-
dimerization.

Results

Solutions of anthracene in benzene were degassed using six
freeze-pump—thaw cycles to less than 107° torr and flame sealed.
The samples were irradiated in Pyrex ampules in a merry-go-round
apparatus'’ immersed in a thermostated water bath, 30 °C, using
the 366-nm line of 200-, 450- and 550-W Hanovia mercury lamps.
Incident light intensities were measured using benzophenone-
sensitized trans—cis isomerization of stilbene as the actinometer,
¢ = 0.55.1* Photodimerization quantum yields at various light
intensities and anthracene concentrations are given in Table 1.
A set of quantum yields obtained in the presence of air is also
included.

Discussion

Scheme I, which has been used to represent the photophysical
processes for anthracene,!? was employed. (’A*3A*) represents
the two triplet encounter pair, and the remaining terms are
self-explanatory. The sum of the limiting dimerization quantum
yield from the singlet excimer®® and the photocleavage quantum
yield of A,'% is nearly unity, suggesting efficient formation of a
common intermediate from which decay to 2A and A, occurs.
This intermediate probably corresponds to the pericyclic minimum
on the double excited surface, Figure 1. Since conversion of the
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Table I. Dimer Quantum Yields®
3 3
10764, 10°{A]0 10°1,, 10704, 10°[A].0 10°1,,
obsd caled M einstein s™* obsd caled M einstein s7!
Set 1
41, 3.84 0.29, 0.37, 11., 11.1 0.724 3.6,
8.2, 11.2 0.29, 4.7, 12., 12.6 1.4, 0.37,
8.1, 9.97 0.28, 3.6, 16., 15.9 1.4 4.6,
5.7, 4.83 0.44, 0.37, 16., 15.6 1.5, 3.6,
9.6, 11.1 0.44, 4.7, 26. 28.5 3.6, 0.37,
9.9, 10.0 0.43, 3.6, 26., 30.1 3.7, 4.4,
5.8, 5.88 0.58, 0.37, 26., 29.1 3.5, 36,
10., 11.4 0.58, 4.6, 45., 50.9 7.4 0.37,
10., 10.4 0.57, 3.6, 45., 51.7 7.4, 4.4,
7.6, 6.96 0.72 0.37, 42., 50.8 7.3, 3.6,
12, 12.0 0.73, 4.6,
Set 2
6.3, 6.64 0.28, 1.5, 13, 10.7 0.73, 3.1,
10., 11.4 0.23, 4.7, 14. 14.0 1.5, 1.5,
9.8, 9.38 0.27, 3.1, 17. 15.8 1.4, 4.7,
7.1, 7.13 0.43, 1.5, 18., 15.3 1.5, 3.1,
10., 11.0 0.38, 4.7, 25., 30.1 3.8, 1.5,
10., 9.46 0.43, 3.1, 29, 30.3 3.7, 4.7,
8.1, 7.91 0.58, 1.5, 30., 30.8 3.8, 3.1,
1., 11.3 0.52, 4.7, 40., 52.5 7.7, 1.5,
12., 9.97 0.58, 3.1, 44, 521 7.5, 4.7,
5.64° 8.97 0.76, 1.5, 33, 53.3 7.8, 3.1,
12, 11.8 0.68, 4.7,
Set 39
3.2, 2.13 0.28, 4.8, 4.7, 5.30 0.72, 4.8,
1.9, 2.23 0.30, 3.2, 10., 10.4 1.4, 4.8,
2.1, 2.25 0.30, 4.8, 11., 10.4 1.4, 4.8,
3.1, 3.26 0.44, 4.8 16., 24.7 3.7, 4.8,
3.6, 3.26 0.44, 4.8, 21., 24.3 3.6, 4.8,
5.6 4.25 0.58, 4.8, 42., 43.6 7.3, 4.8,
3.2, 4.23 0.57, 3.2, 41., 44,5 7.4, 4.8
5.1, 5.35 0.73, 4.8,

@ Corning CS 7-37 and CS 0-52 filters were employed. ¥ Average anthracene concentrations; range of initial concentrations for sets 1 and 3
was (0.32,-8.0,) X 107 M and for set 2 (0.32,-8.0,) X 107 M. € Air contamination suspected; see Figure 1. ¢ Air-saturated solutions.

REACTION COORDINATE

Figure 1. Potential energy diagrams showing the two paths to anthracene
photodimerization.®

singly excited to the doubly excited singlet excimer appears to
be the only significant fate of the former, no distinction between
these two intermediates is made in Scheme I.

The steady-state solution for the dimer quantum yield is

Lk['A
pea[ Like['A] +(

A S
Where peg = Kea/(keq + keg)s Ps = key/ G, pe’ = k|G, C = (kg

Dok ['A]
c

Az

. +p¢ kaPA*lsﬁ] M

+ ki + ket k['A]), G = (ky + kg + ky + kgg + k), and [PA*],
the steady-state triplet concentration, is given by

2 pskis kisla 1/
R B e R e
PA*] = (2)
pskis

2+ p + =
Pt C

(o)
where p, = (2k, + k,,)/G; see Appendix. The quenching of 3A*
by ground-state anthracene
kag

SA* + 1A —21A 3)
though not included in Scheme I, has been demonstrated une-
quivocally in this laboratory.!® Accordingly, the rate constant
for 3A* decay, kg, is given by kg, = kg,® + ky['A].16 Since some
of the quantum yields were measured in the presence of air, the
above equations must also be modified to include oxygen quenching
of the excited species;®!” i.e., the known terms ku[O5] and kg [O;]
were included in kg4, and C, respectively.

For the calculations, it was assumed that the path length was
1.33 ¢m and that light intensity was uniform over the entire
irradiated area (1.34 cm?). Light is absorbed nonuniformly by
the sample, decreasing exponentially with depth over the exposed
portion of the solution (only ~1.7 mL of the 6.0-mL sample is
in the light path). Absorbed light and yield of dimer were cal-
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Table II, Parameters Used in Computing Dimer Quantum Yields

parameter value ref
Dt 1.40 12
Ds 0.046 12
Ped 0.22 9b

a 9.6 X 10° M~! 57 9b, 18
ke 9.6 X 10° M7t 57! 9pa@b
ke 6.43 X107 s 19%:¢
kis 1.74 x 10 57 2094
kas 0 204
kqsl0,] 4.5 X107 Mt 57! 9pe
kqtl0,] 5.6 X106 M s 12¢
kai® 49 5! 16
ksq 373 X105 M s 16
Pe 0.115 +0.007 (calcd)

@ Based on 4.2 ns, the lifetime of *A* in benzene; see ref 36 in
ref 9b. © The value of koryy from ref 9b adjusted for the change in
T/n. € The average ¢ = 0.27 was used. @ ¢y + o5 =1.00 was
assumed; ref 20 gives ¢33 =0.72. € The value for 25 °C was used.’P

culated for small increments of the solution and these then summed
over the entire solution to obtain the average quantum yields; see
Appendix. Because of the complexity of the equations and the
necessity for numerical integration, computer assistance was em-
ployed to calculate the dimer quantum yield as a function of ['A]
and I,. Good literature values are available for all parameters
ineq | and 2 except p.’ (Table II). An iterative fitting routine
was therefore used to adjust p.” while minimizing the difference
between computed and observed yields. Calculated quantum yields
are listed in Table I, and values for selected runs are plotted in
Figure 2. Despite the high intensity, a linear relationship between
1/¢4, and 1/['A] is observed for air-saturated solutions since
oxygen quenching of 3A* eliminates the TTA contribution to dimer
formation.?! For the degassed solutions the curvature of the plots,
being more pronounced at higher intensities, reflects the con-
tribution of TTA to dimer formation. At the higher anthracene
concentrations the calculated lines in Figure 1 converge because
self-quenching, eq 3, reduces the lifetime of 3A* and diminishes
the role of TTA as a decay process. The failure of previous
quantitative studies to reveal the TTA anthracene dimerization
component can thus be traced to the use of high anthracene
concentrations.®>?2  The self-quenching process and not the low
light intensities employed (~1 X 107 einstein s™')?* accounts for
the reported insensitivity of ¢, on I,.

The best fit value for p./, the fraction of TT encounter pairs
that give the singlet excimer precursor to dimer (p,/ = 0.115 %
0.007), is indistinguishable from 1/9, the spin-statistical factor
for the formation of the singlet component of TTA. It thus appears
that of the nine spin states formed, only the singlet has an efficient
pathway to dimer. This result is gratifying because it is consistent
with the mechanism proposed to account for the deviation of the
effective TTA rate constant from the rate constant for a diffu-
sion-controlled reaction.!?

TTA has been established to play a significant role in an-
thracene photodimerization under conditions ordinarily employed
to measure quantum yields. It may be important in many other
photochemical reactions, particularly those carried out at high
light intensities. Sensitized dimerization of anthracene should
proceed exclusively by the TTA route.'%!! [nitial results with
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Figure 2. The dependence of dimer quantum yields on intensity and
anthracene concentration; points are from representative runs and lines
are through calculated values: (A) set 2, I, = 473 X 107 einstein s7;
(¥) set 2, I, = 1.52 X 107 einstein s7; (O) set 1, I, = 0.38 X 10~ einstein
s7l; (@) set 3, air, points are averages of observed values.
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fluorenone as the sensitizer follow a general trend consistent with
the parameters in Table II. Anticipated future experiments in
this area should determine whether 13C enhances anthracene
photodimerization via TTA by introducing intersystem crossing
steps between quintet and/or triplet and singlet TT encounter
pairs.?? It is important to note that the results in this paper provide
the first experimental evidence showing that the postulated doubly
excited singlet state® is indeed a viable intermediate for photo-
cycloaddition.

Experimental Section

Materials. Benzene (Mallinkrodt reagent grade) was purified by the
Metts exhaustive photochlorination procedure!? and stored over sodium.
Anthracene, synthesized® from benzene and phthalic anhydride (Mal-
linkrodt analytical reagent), was recrystallized, chromatographed on
alumina, and sublimed twice, mp 216.5-217.5 °C. Materials used for
stilbene actinometry have been previously described.?

Quantum Yields. Solutions (6.00 mL each) were syringed into Pyrex
ampules (inside diameter 1.33 cm) equipped with 14/35% female joints
and grease traps. The solutions were degassed using six freeze-pump—
thaw cycles and flame sealed at a constriction. Air-saturated solutions
were employed in two runs. Irradiations were performed in a Moses
merry-go-round apparatus!? immersed in a thermostated water bath, 30
°C, using 200-, 450-, and 550-W Hanovia medium-pressure mercury
lamps. Corning CS 7-37 and 0-52 filters were used to isolate the 366-nm
mercury lines. In one run double sets of these filters were employed in
order to obtain a lower light intensity. The samples were irradiated
through rectangular windows, 0.71 cm X 1.88 ¢m, so that only 1.69 mL
of the solutions was in the light path. Anthracene loss was determined
by UV analysis (Cary 14, 379.0 nm) of diluted solutions; zero-time
solutions were employed as reference. Anthracene concentrations re-
ported in Table I are averages of initial and final concentrations; initial
concentrations were [A], X 10°, M: 0.32, 0.48, 0.64, 0.80, 1.6, 4.0, and
8.0 (see also footnote ¢, Table I). Conversions to cis-stilbene in acti-
nometer solutions were determined by GLC and corrected for back re-
action and initial cis content as previously described.?’ For the lowest
anthracene concentration a small correction was applied to the quantum
yield to account for incomplete light absorption. More details on the
treatment of the data are given in the Appendix.

(23) Excellent analogy is provided by the effect of *C on radical-radical
coupling reactions: (a) Turro, N. J.; Chow, M.-F.; Chung, C.-J.; Krauetler,
B. J. Am. Chem. Soc. 1981, 103, 3886. (b) Turro, N. J.; Anderson, D. R;
Chow, M.-F,; Chung, C.-J.; Krauetler, B. Ibid. 1981, 103, 3892.

(24) Fieser, L. F.; Williamson, K. L. “Organic Experiments”, 4th ed.;
Heath: Lexington, Mass., 1979; p 260.

(25) Saltiel, J.; Marinari, A.; Chang, D. W.-L.; Mitchener, J. C.; Megarity,
E. D. J. Am. Chem. Soc. 1979, 101, 2982.
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Appendix
Derivation of Eq 1 and 2. Five differential equations follow
directly from Scheme I:

d['A*]/dt = I, + kg[CA¥A*)] - (ki + K ['A] + ki) ['A%]

(4)
d[*A*])/dt =
ki['A*] + 2k, + k) [CARAN)] - (kg + 2k,[PA*D[PA%]
(5)
d[(CA*A%)] /dt =

ka[zA*]2 - (ktt + ktg +ksg + kc/ + kgg)[(BA*BA*)] (6)

d[(AA)*] /dr =
k[PA[IA] + kTCARAR] = (ke + ke [(AA)*] (7)

d[A;]/dt = kea['(AA)*] ®)

We proceed by applying the steady-state approximation to all
excited species. From eq 6

[CA®AM)], = k.['A*] /G &)

where G = (k,, + ki, + kg + k' + kyp) is the sum of the rate
constants for all processes which destroy triplet encounter pairs.
From eq 4

['A*]l = (I, + pki[PA*] D)/ C (10)

where p, = k,,/G is the fraction of (*(A**A*) which give monomer
1A* directly, and C = (k; + k, + k.['A]) is the overall decay rate
of '1A*, From eq 7

[(AA)*],, = (K ['AI['A*], + kS [CAPAX)]) / (ke + keg)
(11)

which can be combined with eq 9 and 10 to give

[(AA)*] =
{Iakc[lA] + (pske[lA] +Cpc/)ka[3A*]2§/C(ked + kcg) (12)

Combining eq 5 with eq 9 and 10 gives

d[BA*] /dt = kis(la + pska[zA*]ssz)/C +
(2ktt + ktg)(ka[zA*]ssz/G) - kdt[zA*]ss - 2ka[3A*]552 (13)

which together with the steady-state approximation for [*A*] can
be rearranged to give

ka[zA*]ssz[_2 + Pt + pskis/C] - kdt[zA*]ss + kisla/c =0
(14)

where p, = (2k, + k,)/G is the average number of triplets
produced by dissociation or decay of a given TT encounter pair.
Using the quadratic formula, eq 2 is readily obtained from eq 14.
The quantum yield for dimer formation, eq 1, can be obtained
by substituting the expression for ['{(AA)*],, eq 12, into

b, = kel '(AA)*]/ 1, (15)

and defining pey = kea/(keq + keg), the fraction of singlet excimers
which give dimer. As indicated in the Discussion section self-
quenching and oxygen quenching can be included ineq 1 and 2
by replacing every occurrence of kg, by ko + ki ['A] + kg, [O,]
and expanding C by adding the term k. [O,].

Nonuniform Absorption and Bimolecu(iar Excited State Reac-
tions. Owing to the nature of light absorption, the concentration
of excited states decreases logarithmically away from the irradiated
surface of a solution. This nonuniform concentration presents a
problem in calculating quantum yields of processes involving
bimolecular reactions of excited states because such yields are not
linearly dependent on excited-state concentrations. Experimen-
tally, the problem is often avoided by using solutions of low
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Figure 3. Cross section showing irradiated portion of ampule.

absorbance in which excited-state production can be assumed
uniform throughout. Since this is not always desirable or practical
and does not apply to the conditions employed in this work, the
following method was employed in computing average quantum
yields for solutions of high absorbance.

The approach used involves dividing the solution into m seg-
ments of depth A/ cm and calculating excited-state concentrations
and quantum yields for each incremental segment (Figure 3). The
average quantum yield is then calculated by averaging over all
m segments. The light absorbed within the ath incremental
segment, /., of depth A/ is given by

Lo = 1,(1 - 107%) (16)

where ¢ is the concentration of the absorbing molecule, and I,
the light intensity impingent on the nth segment, is given by

I =1010—ean1 (17)
Gn

where I, is the incident intensity at the front surface of the solution
and nAl is the distance of the nth segment from the front surface.
Combining eq 16 and 17 gives

Ian = IOlo—eanl(l - lo—ecAl) (18)

Since Al is in cm and I, is expressed in einstein s cm™, I, is
converted to einstein s L by dividing by A/ X 1073, The product
yield within the nth segment, Y,, can now be calculated from the
functional relationship between yield and absorbed light; see
preceding section. Since Y, is expressed in M s~!, converting to
mol s™! requires multiplication by AA! where A is the irradiated
area. The total product yield, Y, is obtained by summing over
all m increments,

Y =A4AILY, (19)
n=0
Since the total light absorbed in einstein s7!, I,, is given by
I, = I(1 - 1074 (20)

where / = mAl, the average quantum yield, ¢,,, is calculated from
bu = AIS Y,/ Io(1 - 107 (21)
n=0

Samples were divided into 100 segments and ¢,, values calculated
using computer assistance. It was shown that there is practically
no change in p.” and calculated quantum yields on increasing »
from 100 to 1000. However, if integration of yields over the depth
of the cell is not applied (n = 1), then the standard deviation in
Y increases from 16 to 20% and an effective value of p,” = 0.178
4 0.015 is obtained.

Registry No. Anthracene, 120-12-7.



