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Benzophenone and 2,2-Dimethyl-1,3-dioxole (1b). The reaction mix-
ture contained only one product according to chromatographic analyses.
Even benzpinacole was not formed as shown by comparison with an
authentic sample.33® After filtration of a solution in n-hexane/ethyl
acetate (98/2) over silica gel (Woelm, Si 100/200) the product was
further purified by means of HPLC and identified as 3,3-dimethyl-7,7-
diphenyl-2,4,6-trioxabicyclo[3.2.0]heptane, 7b. 'H NMR (CCl,) § 1.09
(s,3 H, CH,), 1.31 (s, 3H,CH3), 5.12 (d, s = 3.2 Hz, 1 H, OCH), 5.98
(d, J = 3.2 Hz, 1 H, O,CH), 7.00-7.52 (m, 10 H, C¢Hj;).

Benzophenone and 1,3-Dioxole (1a). The reaction mixture was com-
posed of two photoproducts (0.97:1 in benzene; 0.69:1 in acetonitrile).
Both products were isolated by means of HPLC with n-hexane/ethyl
acetate (95/5) as eluate. The major product was identified as benzpi-
nacole®*® and the minor one as 7,7-diphenyl-2,4,6-trioxabicyclo[3.2.0]-
heptane, 7a. 'H NMR (CCl,) § 4.57 (d, J = 2.7 Hz, | H, OCH), 5.08
(s, 2 H, OCH,0), 6.07 (d, J = 2.7 Hz, 1 H, O,CH), 7.13-7.51 (m, 10
H, C¢Hs).

Benzophenone and 4,5-Dimethyl-1,3-dioxole (1d). After irradiation
the solvent was removed by distillation. Three products were formed in
a 25:5:1 ratio. Benzpinacole*® (main product) crystallized upon addition
of n-hexane/ethyl acetate (95:5) to the residue and was removed by
filtration. After filtration over basic aluminum oxide (Woelm) the
products were isolated by HPLC. 4-(2,2-Diphenyl-2-hydroxyethyl)-5-
methyl-1,3-dioxole, 8 (minor component of mixed adducts): 'H NMR
(CDCl;) 6 1.36 (s, 3 H, CH;), 1.74 (s, 2 H, CH,), 2.40 (s, 1 H, OH),
5.09 and 5.38 (25, 2 H, OCH,0), 7.07-7.80 (m, 10 H, C,Hj;).

4-(Diphenylhydroxymethyl)-4-methyl-5-methylene-1,3-dioxolane (9)
(main component): colorless oil; 'H NMR (CDCl;) 6 1.48 (s, 3 H, CHj),
2.81 (s, 1 H, OH), 4.02 and 4.38 (2d, J = 1.8 Hz, 2 H, ==CH,), 4.47
and 4.90 (2d, J = 1.2 Hz, 2 H, OCH,0), 7.03-7.83 (m, 10 H, C4Hjs).

Benzil and 4,5-Dimethyl-1,3-dioxole (1d). Only two products were
formed in a 3.5:1 (1:0.9) ratio in benzene (acetonitrile). A pinacole from
benzil could not be detected, even by comparing with an authentic sam-
ple.3% The products were identified as oxetanes. The stereochemistry
was assigned in analogy to the exo and endo oxetanes which had been
obtained from 1d and 1-phenyl-1,2-propandione.!™

7-(exo-Benzoyl)-7-phenyl-1,5-dimethyl-2,4,6-trioxabicyclo[3.2.0]hep-
tane (10a): major adduct in benzene; colorless oil; 'H NMR (CDCl,)
5 (CCly) 1.40 (s, 3 H, CHj;), 1.53 (s, 3 H, CH3;), 4.55 and 4.90 (25, 2
H, OCH,0), 7.15-7.73 (m, 8 H, C¢Hj), 7.92-8.13 (m, 2 H, 0-C4Hj;).
7-(endo - Benzoyl)-7-phenyl-1,5-dimethyl-2,4,6-trioxabicyclo[3.2.0Theptane
(10b): minor adduct in benzene; colorless oil; 'H NMR (CDCl;) § 1.10
(s, 3 H, CH,), 1.54 (s, 3 H, CH,;), 4.70 and 5.09 (2 5, 2 H, OCH,0),

7.07-7.47 (m, 6 H, C¢Hs), 7.59-7.93 (m, 4 H, o-C¢Hs).
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Appendix

According to Scheme I the rate constant for quenching of the
excited ketone is given by eq 5.
ki(ky + ks + ky)
ST Ltk kst kg
The free enthalpy for exciplex formation is defined by eq 6.
ky -AG,,
ex = k——l = eXpTor
AG,, depends on AG, and the slope of the plot of log kg vs. AG,
according to eq 7.%22
AG, = sAG,/17 V! @)
The free activation enthalpy for exciplex formation (AG,*) which

is needed for the calculation of k  according to eq 5 was obtained
in analogy with the calculation of AG,* by Rehm and Weller.!%

AG, [ [ a6, \? 172
AG]: = —— + L(_e)f) + AGlt(O)Z] (8)

(%)

(6)

2 2
ky = ky exp(-AG,* /RT) 9
AG, [[ aG,\? 12

AG,* = —2- + L —2- + AGZ*(O)2 (10)
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Abstract: Second order rate constants for quenching of anthracene triplets, >A*, by methyl iodide, Mel, in benzene and ethyl
iodide, EtI, in methylcyclohexane, determined flash kinetically, are (3.3p £ 0.2;) X 10? and (4.4¢ % 0.3;) X 102 M1 571 at
25 £ 2 °C. Use of ferrocene, Fe, as a second quencher in methylcyclohexane leads to strictly additive quenching, kg, = (5.05
+0.14) X 10° M~' 57, and, contrary to an earlier report, provides no kinetic evidence for the intervention of an A/EtI triplet
exciplex. *A* quenching by ground-state anthracene (self-quenching), kg = (2.77 £ 0.09) X 10° M™! 57, and by MelI are
also strictly additive processes in benzene, providing no kinetic evidence for the intervention of a sufficiently long-lived triplet
excimer in the self-quenching process. A pronounced increase in the efficiency of A triplet-triplet annihilation observed with
[MeI] 2 2 M in benzene provides strong evidence for interconversion of quintet, triplet, and singlet sublevels of the triplet
encounter pairs through heavy-atom enhanced spin-orbit coupling.

It is well established by spectroscopic observations that inter-
action of solute molecules with molecules containing heavy atoms
increases the probabilities of radiative and nonradiative singlet—
triplet transitions.! This phenomenon is known as the external

(1) For reviews see: (a) Lower, S. K.; El-Sayed, M. A. Chem. Rev. 1966,
199. (b) McGlynn, S. P.; Azumi, T.; Kinoshita, M. Molecular Spectrocopy
of the Tiplet State; Prentice-Hall: Englewood Cliffs, NJ, 1969. (c) Birks,
J. B. Photophysics of Aromatic Molecules; Wiley-Interscience: New York,
1970. (d) Wilkinson, F. Organic Molecular Photophysics; Birks, J. B., Ed.;
Wiley-Interscience; New York, 1975; Vol. 2, p 95.
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heavy-atom (Kasha?) effect and is attributed to enhanced spin—
orbital coupling. In photochemistry, the external heavy-atom
(H-A) effect on S; — T intersystem crossing has been shown to
reduce yields of singlet-derived products while enhancing yields
of triplet-derived products.®> At high mol % of H-A addend, triplet
product quantum yields decrease due to significant, though less

(2) Kasha, M. J. Chem. Phys. 1952, 20, 71.
(3) For a review see: Koziar, J. C.; Cowan, D. O. Acc. Chem. Res. 1978,
11, 334,
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Table I. Effects of [A] and [Mel] on &, and « in Benzene?

Saltiel et al.

run  [A] X 103, T, ky x 102, xx10%,  [A] X 10°,  [Mel], T, ki X 102, & X 107,
no. M °C s s71 M M °C s 7!
la 0.96, 2., 3.32 6.06 0.87, 0.99, 25, 6.04 7.32
1b 0.99, 22 3.11 5.97 0.93, 0.78, 23 5.43 7.3t
Ic 1.06 254 3,33 6.77 0.89 1.98 26, 7.31 7.48
1d 1.14 25, 344 6.94 0.89 2.87 25, 11.0 8.96
le 1.17 27.4 4.06 6.47 0.96, 1.78 27.4 7.79 7.15
If 1.17 25, 3.88 6.19 1.04 3.21 25, 14.2 8.82
lg 1.20 26. 4.03 6.33 0.84, 479 25, 20.6 11.02
1h 1.39 25.5 4,92 5.61 0.94, 4.89 276 19.5 12.16
li 2.00 24 5.68 6.40° 1.90 0.78, 26.3 7.74 6.9%
1 2.17 25, 5.82 7.21
1k 2.17 25 5.99 6.71 1.98 0.58,° 25,4 7.70 6.8%
14 4.05 26,3 12.18 5.95 3.86 0.78, 26,4 13.2 7.52
1m 5.75 24, 16.24 5.62 5.45 0.78, 23,4 17.5 6.9
av 25.3 (9) 6.32 (42) 25.7 (9)

4 Uncertainties in individual k,, «, and ¥’ values estimated by summation of deviations from the mean, % [s = (T, (x; - X))V%(n - 1)], were

generally smaller than £5%; standard deviations in k,, values were generally smaller than £3%.

procedure. °Etl.

pronounced, H-A enhancemen: of the T; — S; decay rate.> The
photochemical H-A effects were first demonstrated in photo-
dimerization®# and (later) in cross-adduct formation’ of ace-
naphthylene.

Qualitative observations indicating similar H-A effects on the
photochemistry of anthracene/1,3-diene systems® were confirmed
by our quantitative study of the effect of [Mel] on A/trans.-
trans-2,4-hexadiene cross-adducts quantum yields in benzene.’
An earlier spectroscopic study, indicating that the quenching of
1A* fluorescence by Etl in cyclohexane leads quantitatively to
3A* whose lifetime is shortened as [EtI] is increased,® appeared
to confirm the functioning of H-A induced S; — T and T, — S,

k S
IA* 4+ RI —— 3A* + RI (1)

intersystem crossing in A thus accounting for the photochemical

kT
3A* + RI — 1A + RI )

observations. However, the range of k,,T = (5.5-7.1) X 102 M
s7! estimated from the dependence of adduct quantum yields on
[Mel] in benzene’ was much smaller than values reported for Etl
in cyclohexane, k,,T = 6.95 X 10* M~! 5712 and in methylcyclo-
hexane, k,,T = 5.35 X 103 M1 5719 The present flash-kinetics
investigation was undertaken in part to resolve the discrepancy
in the k,,T values and to determine whether H-A induced spin—
orbit coupling increases the efficiency of triplet—triplet annihilation
(TTA)."®

k TT
(GA*3A*) + RI —— 2!A + RI 3)

Kinetics and Results

In the absence of alkyl iodides Scheme I has been used to
represent the photophysical processes leading to triplet formation
and decay for anthracene.!®!!  Applying the steady-state ap-

(4) (a) Cowan, D. O.; Drisco, R. L. Tetrahedron Lett. 1967, 1255. (b)
Cowan, D. Q.; Drisko, R. L. J. Am. Chem. Soc. 1967, 89, 3068; 1970, 92,
6281, 6286. (¢) Cowan, D. O.; Koziar, J. C. J. Am. Chem. Soc. 1974, 96,
1229; 1975, 97, 249,

(5) Ferree, W. L, Jr.; Plummer, B. F.; Schloman, W. W, Jr. J. Am. Chem.
Soc. 1974, 96, 7741, and other papers in this series.

(6) Yang, N. C.; Yates, R. L.; Masnovi, J.; Shold, D. M.; Chiang, W. Pure
Appl. Chem. 1979, 51, 173.

(7) Laltiel, J.; Dabestani, R.; Schanze, K. S.; Trojan, D.; Townsend, D. E.;
Goedken, V. L. J. Am. Chem. Soc. 1986, 108, 2674.

(8) DeToma, R. P.; Cowan, D. O. J. Am. Chem. Soc. 1975, 97, 3283.

(9) Tamargo, M. C.; Cowan, D. O. J. Am. Chem. Soc. 1982, 104, 1107;
1985, /07, 1457.

(10) Saltiel, J.; Marchand, G. R.; Smothers, W. K.; Stout, S. S.; Charlton,
J. L. J. Am. Chem. Soc. 1981, 103, 7159.

(11) Saltiel, J.; Marchand, G. R.; Dabestani, R.; Pecha, J. M. Chem. Phys.
Lerr. 1983, 100, 219.

by or « was fixed to this value inthe fitting

Scheme I. Kinetics for Triplct Formation and Dccay

W+ o A

DN A

A A [A] 3 %
W A Sy KanfAT 3x%m Kg e 4 T,

*4s
1
hgU'Ad koql'a2 / \

1
A A+ A Tt oA

1A, ground-state singlet anthracene; !A*, lowest excited singlet state;
3A*, lowest triplet state; 1(AA)*, singlet excimer; PA*3A*) paired
states resulting from the encounter of two 3A*

proximation on !A* and (PA**A*) and assuming 7, = 0, following
flash excitation, gives

d[3A*]
dt

- = ku[PA*] + k(2 - p - o) PA*]12 (4)
where kg, represents all first-order and pseudo-first-order 3A*
decay processes, p, = (2ky + k) /(ky + kg + kg + kg + k)
and p, = kg/ (ktt + kg + kg + k') are the probabilities that triplet
encounter pairs will glvc SA* and 1A* directly, and ¢;, = k;o/ (kg
+ ki + ki, + k. ['A]) is the intersystem crossing yield of !A*.
Following common practice we let k; = kg, and k, = kg:(2 - p,
- pydi). Integration of eq 4 and substitution of *A* absorbances,
A, for concentration terms gives

A, = kiAo /{(ky + kAg)eh! — A} (3)

where 4y = ¢[*A*]o/ is the absorbance of *A* at an arbitrary zero
time, A, is the absorbance at a later time ¢, and x = k,/¢,l.
Transient measurements were recorded at ambient temperature,
25 £ 2 °C, using a 6-nm band-pass centered at 429 and 421 nm
for benzene and methylcyclohexane solutions, respectively. Values
of k,, x, and A, were determined by iteratively fitting the predicted
values of A, from eq 5 to the observed values of A4,, using the
general least-squares computer program BMDPAR.'? In each
experiment, the decay of >A* was measured in rigorously degassed
benzene or methylcyclohexane, one or two quenchers were ad-
mitted sequentially into the solution through break-seals, and decay
measurements were repeated. The quenchers increased &, to k,’
and for high [RI] « to «’. Since the parameters k; and « are
coupled, refinement of parameter determination was achieved by
fixing the value of « to the average from analysis of several flashes

(12) Dixon, W. L.; Brown, M. B. BMPD Biomedical Computer Programs
P-Series; 1979 ed.; University of California Press:  Los Angeles, 1979.
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Table II. Effects of [Etl] or [Fe] on k; in Methylcyclohexane?
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run [A] X 10% T, ky X 1072, k X 1073, [A] X 104, [EtI], [Fe] X 107, ko X 10728
no. M °C = s M M M s71
2a 1.02 25., 1.70 5.56 0.97, 0.415 3.71
2b 1.03 26., 1.62 5.55 0.98, 0.355 3.55
2 1.03 26.5 1.62 5.67
2d 1.14 25.6 1.58 571 1.01 0.77 5.62
2e 1.08 26.s 1.74 5.74 1.07 2.07 12.4
2f 1.20 24, 1.61 6.01 1.14 2.20 13.2
2 1.24 24, 1.90 5.78 1.15 2.13 12.6
2h 1.28 25 1.63 6.91 1.08 1.55 8.30
2i° 1.21 24, 6.40 222 11.8
2j° 1.30 25.4 5.68 2.35 13.2
av 25.4 (8) 5.79 (19)

See footnote a, Table 1. ® For Etl samples « was fixed to the corresponding unquenched value; for Fe samples « = 5.8 X 10% s was employed,
k' was independent of n and average ky’ values are listed. ¢Initial solution contained both A and Fe.

Table III. Effects of [Etl] and [Fe] Together on %, in
Methylcyclohexane?

run  [A] X 104 [Etl], [Fe] X 107, T, ko x

no.t M M M °C 1072, g7

2e 1.03 0.348 201 26.5 13.3,

28 1.04 0761  2.00 25., 15.9,

2i 1.01 1192 2.00 25, 15.5

2j 1.0 1.59 2.04, 2., 18.2,
av 26.0 (7)

“See footnote a, Table I. *Continuation of corresponding runs in
Table II. <x = 5.8 X 10 s! was employed.

and adjusting k; and 4,. It was generally found that k; and &,
are independent of the number of flashes for A alone or in the
presence of ferrocene, Fe, but that in the presence of Mel or EtI
ky’ steadily increases with each additional flash. Fortunately, for
constant flash energy, k; /. the k|’ value corresponding to the nth
flash, was linearly dependent on » (slopes varied from 13 to 130
s”!/flash, but most clustered at 55 s”!/flash and were relatively
smaller, 30 s™!/flash in solutions containing Fe in addition to EtI)
so that k; o/ values could readily be obtained from the intercepts
of such plots. Values of k; and « as a function of [A] and &, ¢’
and «’ values as a function of [A] and of [Mel] in benzene are
shown in Table I. The effects of [EtI] and [Fe] on k; in me-
thylcyclohexane, included separately and together, are shown in
Tables II and III, respectively.

Discussion

In the absence of quenchers, the first order decay rate constant
of 3A*, k,, includes unimolecular radiative, k,, and nonradiative,
k., decay constants in addition to the pseudo-unimolecular
self-quenching rate, k['A]. If the latter process is assumed to
involve triplet excimer (or intimate encounter pair) formation

kg k
A* 1A T 3(AA)* —> 2IA (6)
—dif

then ky = k\° + (kg/k_gi)koa['A] is expected where k.4 < k_gp
ks% = (kgit/kai)kea, and k,® = k, + k,.1* The upper limit for
k% = 49 571 is established by the lowest k; values obtained ex-
perimentally for dilute A solutions (~107® M) in hydrocarbon
solvents at room tempeature,!1314 and the lower limit, k,° = 27.6
% 0.7 571, corresponds to the observed k, value in a glassy hy-
drocarbon medium at 77 K!* (somewhat lower k, values have been
observed in alcoholic glasses at 77 K, e.g.,, k;, = 24 £ 1 s in
EPA'®). Since the radiative rate constant for unperturbed *A*,
k,=(5.6=£3) X 10757, estimated from the S; — T intersystem
crossing yield, ¢;, (assumed equal to 1 — ¢;), the phosphorescence
quantum yield, ¢, and triplet lifetime at 77 X in ethanol,'6 is

(13) Grellmann, K. H.; Scholz, H.-G. Chem. Phys. Lett. 1979, 62, 64.
(14) Livingston, R.; Ware, W. R. J. Chem. Phys. 1963, 39, 2593,

negligibly small, k,° reflects almost exclusively the nonradiative
rate constant. It follows that 28 s~ < k,, < 49 s! for the 77-298
K temperature range. Reported values for kg at 23 °C in benzene
and cyclohexane as solvents are 3.15 X 10° and 1.04 X 10¢ M™!
s71, respectively.!!

The k; values in Tables I and II are in good agreement with
the literature data reviewed above. A plot of k, vs. [!A] in benzene
(excluding runs le, 1f, 1g, 1i) gives k,° = 41.8 £ 25.3 and k =
(2.77 £0.09) X 10 M5! at 25.3 £ 0.9 °C. With the k; values
adjusted to 23.0 °C using the activation parameters for k in ref
11 the same plot gives &,° = 34.1 £ 27.2 and k; = (2.63 £ 0.10)
X 10° M1 57!, The k,° values are within experimental error of
k,°at 77 K'* and a series of values estimated for several solvents
at higher temperature in ref 14. The k,, value is about 20% smaller
than that from our previous determination!! and is considered more
reliable since it derives from many more independent experiments
with extreme care having been taken to ensure rigorous degassing.
With methylcyclohexane as solvent, a rather narrow range of [A]
was employed (Table II). Agreement with previous work!!1317
was established by adjusting the k; values in Table II to 23 °C
with use of the activation parameters for k in cyclohexane and
substracting the expected k [A] term from the adjusted k; values
to obtain k,° = 50 = 7 1.1

H-A Effect on !A* Decay. Measurements of the quenching
of 'A* fluorescence by RI indicate that k;,5, eq 1, is !/ kg, With
Mel in benzene k,,5 = 5.5 X 10° M1 57! at 23 °C was obtained
from the Stern—Volmer plot for [Mel] up to 1.2 M.7 However,
if the slight upward curvature in the plot is assumed to be real,
a somewhat lower kS = 3.9 X 10° M1 57! can be based on the
initial slope. The latter value is very close to k,,% = 3.96 X 10°
M-!s7! obtained for Etl in cyclohexane ([EtI] < 0.13 M).# In-
dependent studies have yielded k;,8 = 4.2 X 10° and 3.4 X 10°
M1 57! for Mel and Etl, respectively, in cyclohexane!®® and k5
= 3,5 X 10° M! 57! for EtI in n-heptane.!8®

It has been claimed that 4,5 for Etl in cyclohexane is smaller
for degassed than for air-saturated solutions, suggesting the in-
termediacy of an !A*/EtI exciplex which is formed reversibly and
is quenched by oxygen.!* The delayed fluorescence of n-butyl
bromide (1-8 M) includes an emission band in the 540-nm region
which has been assigned to !(A.n-BuBr)* exciplex emission.?
Accordingly, kS = kgikp®®/ (kp®® + kgis) Where kyp,* and kg

Ky K
IA* + R] T—E: (A-RD* ., 3A-RD* — 3A* + RI (7

are the H-A induced intersystem crossing and dissociation rate

(15) Henry, B. R.; Charlton, J. L. J. Am. Chem. Soc. 1973, 95, 2782.

(16) Langelaar, J,; Rettschnick, R, P. H.; Hoijtink, G. J. J. Chem. Phys.
1971, 54, 1.

(17) Meyer, E. G.; Nickel, B. Z. Nauturforsch., A 1980, 354, 503.

(18) (a) Werner, T. C. Fluorescence News 1976, 9, 1. (b) Hechner, C.
H.; Ivanov, V. L.; Kuz’'min, M. G. High Energy Chem. 1978, 12, 285.

(19) Footnote 9 in ref 9.

(20) Kestle, G. A.; Levshin, L. V.; Mel'nikov, G. V. J. Appl. Spectrosc.
1981, 35, 982.
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constants of the singlet exciplex. Since kp,5 & 1/kyi, it follows
that khase =4 kdis < 1011 5_1.21

DeToma and Cowan® employed the method of Medinger and
Wilkinson?? to calculate ¢, for !A* and thus established that, at
least for Etl in cyclohexane, the H-A interaction in eq I, or its
more detailed version, eq 7, leads quantitatively to >A*. Using
eq S and the derived parameters we calculated ratios of anthracene
triplet concentrations before, [*A*],, and after, [PA*],,, Mel
addition for [Mel] = 1.78 M in benzene (corresponding to
quenching of 297% of prompt 'A fluorescence) at peak flash
intensity (3 ps). We find ([*A*],,/[*A*]o) = 1.26 *+ 0.06 con-
sistent with a significant increase in the yield of A* in the presence
of Mel. Since our excitation flash is rather broad (20 us peak
width at half height), it is unlikely that the deviation of this ratio
from ¢! = 1.37 % 0.02 expected from eq 1 or 7 is significant 10

H-A Effects on *A* Decay, k;. H-A enhanced spin—orbit
coupling should, in principle, increase k; by increasing radiative
and radiationless T; — S, intersystem crossing rate constants and,
if the triplet excimer is sufficiently long-lived, by increasing the
efficiency of the self-quenching process.

Spectroscopic studies at 77 K in glassy media have revealed
a pronounced increase in the phosphorescence quantum yields,
¢y, of aromatic hydrocarbons when an alkyl halide is included
in the medium. A striking example is provided by naphthalene
in ethanol-methanol (EM 4:1, v/v) glasses. Replacement of !/,
of the solvent with n—propyl halide leads to progressively lower
¢¢’s and higher ¢,’s as the halogen is changed from CI to Br to
1.2 The analysis by Birks?®® of the data in ref 24a suggests
strongly that the H-A effect under these conditions is much more
pronounced on the radiative rate constant (5.6-fold increase in
k, for n-Prl) than on the radiationless decay constant of naph-
thalene triplets (1.4-fold increase in &, for #-PrI). The observation
that ¢, for anthracene in n-butyl alcohol increases ~ 5-fold with
increasing [#-BuBr] (1-8 M) suggests that the H-A effect favors
k, over k,, at room temperature as well.?°

The effect of Etl on k, for A at room temperature can be
estimated from the enhanced absorptivities of the S5 — T,
transition in EtI as solvent with use of the approximate relationship

-1
k!~ 3.47 X IOB(GAznZ)“(gu/gl)(ffscwﬂ df’) ®)

where e is the absorptivity, T, is the maximum of the absorption
band, n is the refractive index of the medium, and g, (=3) and
g (=1) are the multiplicities of upper and lower states, respec-
tively.2>2 If, in addition, we assume similar spectral shapes for
So — T, and Sy — S; transitions, eq 8 can be used to relate
in EtI to the well-known value of k; = 6.43 X 107 s! in benzene,?
where D, = 26400 and 14 820 cm™! are 0-0 band frequencies for
the Sg — S, and Sy — T, transitions, respectively, and eg, .1 =~
(DA Se—T 50T,

o

p

)
f 3(7aD)sy-5, €505,
0.010 and eg .5, = 8.2 X 103> M™! cm™ are the absorptivities at
Upmax for the two transitions in EtI and benzene, respectively (n
is the same for these solvents).?** Substitution of these quantities
into eq 9 gives k™ ~ 8.2 s, indicating that, despite an impressive
H-A enhancement factor of 1.5 X 10%, the phosphorescence rate
constant contributes little to the overall k; ¢ values lited in Tables
I and II.
The increase in &’ with increasing number of flashes is probably
associated with the generation of quenching impurities from the

(21) Saltiel, J.; Shannon, P. T.; Zafiriou, O. C.; Uriarte, A. K. J. Am.
Chem. Soc. 1980, 102, 6799,

(22) (a) Medinger, T.; Wilkinson, F. Trans. Faraday Soc. 1968, 61, 620.
(b) Horrocks, A. R.; Wilkinson, F. Proc. R. Soc. London, Ser. A 1968, 306,
257.

(23) (a) Ref 1b, p 317. (b) Ref lc, pp 210-211, 266.

(24) (a) McGlynn, S. P.; Reynolds, M. J.; Daigre, G. W.; Christodouleas,
N. D. J. Phys. Chem. 1962, 66, 2499. (b) McGlynn, S. P.; Daigre, J.; Smith,
F. J. J. Chem. Phys. 1963, 39, 675.

(25) McGlynn, S. P.; Azumi, T.; Kasha, M. J. Chem. Phys. 1964, 40, 507.

(26) Ref Ic, p 88.

(27) Reference 7 and references cited therein.
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Figure 1. The dependence of k; on [A] in the absence (©) and in the
presence (@) of 0.782 M Mel in benzene.

photochemical decomposition of RI. Spectroscopic evidence has
been presented for the formation of I, upon exposure of Etl
solutions to weak sunlight.”> Though handling of RI solutions
in our experiments was carried out in the dark and RI is trans-
parent at the monitoring wavelengths for TT absorption, it was
not possible to avoid some light exposure (and/or A* sensitized
decomposition) during flash excitation of the samples. However,
the extrapolated k, values should reflect the true H-A effect
in the absence of decomposition.

In order to evaluate the effect of RI on k; ¢’ it is first necessary
to determine whether cooperative quenching events lead to an

k o

3(AA)* + RI — 21A + RI (10)
k™

3(A-RD* + 1A —— 21A+ RI (11)

increase in quenching constants. Kinetic manifestations of in-
tervention of eq 10 and/or 11 would be non-additive quenching
of 3A* by 'A and RI.># For example, inclusion of eq 10 as a
triplet excimer decay step modifies kg to kp, = kg(kyy +
ko IRID (kgip + keg + Ky, [RID! which reduces to k% =
(kgit/ *_gi) (keg + ky,*[RI]) if the reasonable assumption k_g; >
(keg + ky,@[RI]) is applied. Runs 1b, 1i, 1, and 1m with [CH,]]
= 0.78, M and varying ['A], Table I, allow a test of this possibility.
A plot of k; ¢/ vs. [!A] for these runs (Figure 1) gives a line which
is parallel to that obtained in the absence of Mel, slope = k%
= (2.70 £ 0.04) X 10° M 57! and intercept = k,° + ky,,"[Mel]
=279 £ 16 s7"at 25.0 £ 1.3 °C. It follows that ks, = ky, and
that at least for [RI] <0.78, M eq 10 does not contribute in the
decay mechanism. It appears that the triplet excimer or encounter
complex is too short-lived to allow H-A enhanced spin—orbit
coupling to contribute to its decay.

Since k,° must be in the 28-49-s7! range, the intercept of the
Mel line gives Ay, T = (3.1 % 0.3) X 102 M1 s, This rate constant
can be evaluated more accurately from a plot of k¢’ — k; vs. [Mel]
(Table 1, Figure 2).% The slope of the least-squares line through
zero for all low ['A] runs, except lc, gives kp,T = (3.3 £ 0.2,)
X 102 M 57!, We conclude that *A* quenching by 'A and Mel
remains strictly additive up to 4.9 M [Mel]. The data in Table
I are inconsistent with the functioning of “termolecular” quenching
steps 10 and 11.

The ky,T value for Mel in benzene is in reasonable agreement
(ca. a factor of 2 smaller) with the approximate value estimated
from steady-state irradiation quantum yield measurements for

(28) Charlton, J. L.; Townsend, D. E.; Watson, B. D.; Shannon, P.; Kow-
alewska, J.; Saltiel, J. J. Am. Chem. Soc. 1977, 99, 5992 and references
therein.

(29) The k, values were adjusted to account for the small decreases in ['A]
upon admission of quencher into the solutions.
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Figure 2. The dependence of &k, on [Mel] in benzene.
o/
15+
hd A
12—
(=]
9/
To ol
"
t
-— rd
A
= 6 |-
- 2
= 5
x 3
- .
/A
© 1 L n |
0 0.4 0.8 1.2 1.6

[Et1], M ————

Figure 3. The dependence of k, on [EtI] in the absence, lower line, and
in the presence, upper line, of 2.00 X 10”7 M ferrocene in methylcyclo-
hexane. On the upper line different symbols are employed for each run.
Upper line points corrected for the Fe effect are shown as A on the lower
line.

anthracene/2,4-hexadiene cross-adducts.” Complications in the
photochemical measurements due to possible Mel decomposition
were not suspected and were neglected in the treatment of the
quantum yields. However, the discrepancies between this rate
constant and earlier values obtained for EtI in cyclohexane (ky,T
= 6.95 X 10* M~! s71)8 and in methylcyclohexane (k,,T = 5.35
% 10% M1 s71)® appeared much too large to be attributed to the
solvent change. The measurements summarized in Tables IT and
III were conducted in order to resolve the discrepancy. Values
of (ko — k), calculated as described for benzene solutions, are
plotted vs. [EtI] in Figure 3. The slope of the least-squares line
through zero as intercept gives ky,,T = (4.6, £ 0.4;) X 102 M™!
s7! at 25.4 £ 0.8 °C, which though somewhat larger than ky,T
for Mel in benzene, cf. also run 1k, is more than an order of
magnitude smaller than the smallest previous value.® If the line
in Figure 3 can be extrapolated to neat EtI (~12.4 M), as is
suggested by the results with Mel in benzene, the maximum H-A
enhanced rate constant for radiationless deactivation of 3A* would
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Scheme II. Mechanism for Anthracene TTA

A/ 9ky, —= (AAF* — A, + 2'A

3 3 »* 3
3/Nkgit — AAF — %aal — %

x* % . 1.3 1
(5/9kgy, —= (AATTF 204 T 4 T
0.96
2%

be given by (ky,"[EtI] — k") = 5.8 X 10% ™", This represents
a 200-fold enhancement over the minimum unperturbed k,, =~
28 s7! value.’* Since the corresponding H-A enhancement for
radiative 3A* decay is 1.5 X 103 (see above), we predict a nearly
10-fold enhancement of the phosphorescence quantum yield of
A in degassed neat EtI.*° This prediction is consistent with
low-temperature observations in glassy media,??* as well as with
the enhanced phosphorescence observed at room temperature in
solutions containing bromoalkanes.?!-3!

Enhanced quenching of A* by Etl in the presence of a constant
amount of Fe had led to the conclusion that in addition to com-
petitive quenching of 3A* by the two quenchers, eq 2 and 12, Fe

k e -
A% + 1Fe —> 1A + 3Fe* (12)
is an efficient quencher of the triplet exciplex *(A-EtI)** Our

Kee'] Fel

Ke
3A* 4+ Etl = 3(A-Etl)* ——— 'A + EtI + Fe* (13)

observation of a much smaller kT value for EtI than was reported
in ref 9 renders the interpretation of the reported Fe effect am-
biguous. Since the dominant quenching event in the absence of
Fe would now have to be ascribed to an impurity in EtI, it would
be just as likely that Fe’s non-additive quenching involves in-
terception of an exciplex of 3A* with the impurity. For this reason,
the Fe experiments described in ref 9 were repeated under our
conditions (Tables II and IIT). The rate constant kg, for triplet
excitation transfer from *A* to Fe, eq 12, can be calculated from
the data for runs 2e, 2f, 2g, 2i, and 2j, Table II, k;, = (k" -
k,)/[Fe].®3! The range of the five independent values is (4.5-5.2)
X 10° M1 57!, and excluding the lowest value (run 2i) gives kg,
= (5.08 £ 0.14) 10° M! s7! which is about a factor of 2 smaller
than the previously reported value in methylcyclohexane,® but
agrees well with kg, = 4.4 X 10° M1 5! obtained in benzene at
room temperature.’? The k; o’ values in Table III, expressed both
as ko' — k; and as k, o' — k; — kg[Fe], are plotted vs. [EtI] in
Figure 3.2333% If anything, the Fe line has a somewhat smaller
slope [s = (3.9; £ 0.4)) X 102 M1 571,/ = 1004 + 2957']. The
linearly independent additivity of the EtI and Fe quenching effects
becomes especially apparent when each of the four runs in Table
IIT is separately corrected for the Fe effect (on lower line). The
least-squares line through both sets of experimental points gives
ky,T = (4.4¢ % 0.3,) X 102 M1 s, Clearly, the data do not require
the involvement of an *(A-EtI)* exciplex. If this exciplex actually
participates in the EtI quenching process, its steady-state con-
centration must be too small to allow Fe quenching, eq 13, at the
Fe concentration employed. Assuming that the fast equilibration
limit for exciplex (or encounter complex) formation’ applies, the
experimental uncertainty in the slopes in Figure 3 is sufficient
to prevent its detection provided that X, < 0.08 M, This limiting
value is close to that expected for an encounter complex if only

(30) Experiments to test this prediction are in progress in our laboratory.

(31) Cf. also: Turro, N. J.; Liu, K.-C.; Chow, M.-F.; Lee, P. Photochem.
Photobiol. 1978, 27, 523.

(32) Fry,A.J; Liy,R. S. H.,; Hammond, G. S. J. Am. Chem. Soc. 1966,
88, 4781.

(33) For runs 2i and 2j, k;, = 50 + (1.09 X 10*)['A} was employed, see
above and ref 11.

(34) The &,y — k, values were adjusted to account for the small deviations
of [Fe} from 2.00 X 1077 M.

(35) Reference 1c, pp 309-311.
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cratic entropy is considered: K, = (kg¢/k_gr) = [S]! =~ 0.10,
where [S] is the molarity of the solvent.?!

The H-A Effect on k. A detailed flash-kinetics study of the
temperature dependence of « for 3A* in toluene and benzene
established that k, = 0.57 kg over the experimental range of
T/7.1%3¢  From the relationship (2 - p, — py¢;) = 0.57 and
independent determinations of p, = 0.046 (delayed fluorescence
in ethanol)!%® and ¢; = 0.72,%2? p, = 1.40 was obtained.’® This
high inefficiency in TTA was nicely accounted for by the mech-
anism in Scheme II which is based on spin-statistical considera-
tions.!® The formation of dimer from the singlet encounter pair®
and the dissociative nature of the triplet excimer (only one in ~10°
encounters of A* with !A leads to quenching)!! have been con-
firmed since this proposal. If, in addition, all quintet pair states
give back two triplets, p, = 1.44 is predicted. The small yield of
singlets from the quintet was tentatively proposed to account for
delayed fluorescence and the somewhat smaller experimental p,
value.l® Of course, some delayed fluorescence could arise by
dissociation of the singlet excimer, but this possibility is inconsistent
with analyses of fluorescence quenching and photodimerization
results.10-3

Since the simple spin-statistical mechanism (Scheme II) nicely
predicts p, and p./, the fraction of TT encounters leading to the
dimer precursor,® we are inclined to accept the underlying premise
that, for anthracene, PA*3A*) spin states with different mul-
tiplicities do not interconvert appreciably. In principle, spin—orbit
coupling induced by external H-A addents acting on such en-
counter pairs could alter the mechanism of TTA by opening
interconversion pathways. Some experimental evidence supporting
this hypothesis is provided by the dependence of 'A* delayed
fluorescence intensity in n-butyl alcohol on [n-BuBr].2% After an
initial sharp drop in intensity, the fluorescence intensity, adjusted
to constant [3A*], rises slowly with increasing [#-BuBr] in the
2-8 M range.?® It appears that the quenching of kinetically free
1A*, eq 1, functions only in the low [#-BuBr] range and that at
higher concentrations the increased fluorescence reflects an in-
crease in p, by interaction of (3A*3A*) with alkyl halide.?’ Ev-
idence that in several meso-substituted anthracenes high alkyl
halide concentrations (seemingly paradoxically) reduced the ef-
ficiency of S; — T intersystem crossing has been presented. 854041
The origin of this effect has been traced to an increase in the
activation energy for intersystem crossing due to the greater
stabilization of S, than of T by more polar solvents.*! No such
effect has been reported for unsubstituted anthracene, and strong
fluorescence quenching was observed at the highest [Mel] em-
ployed (1.28 M).” Furthermore, the extrapolated initial [*A*]
values from our flash-kinetics data indicate that the limiting
enhanced ¢;, value obtains for [Mel] < 4.9 M. We, therefore,
assume that, for anthracene, S, lies sufficiently above T in hy-
drocarbon solvents that the increase in medium polarity due to
alkyl halide addition does not reverse the ordering of the states;
i.e., ¢ == 1.0 for 0.8 < [Mel] < 4.9 M. In addition to possible
changes in p,,2° our own preliminary observations on the effect
of [Mel] on the yield of A, in benzene have suggested the pos-
sibility that p,’ is also increased by the H-A addend.’

The observed increase in «’ with increased [Mel] (Table I)
requires that the net result of the interactions of ((A*3A*) pairs
with Mel be enhanced efficiency of triplet destruction. Although
this net result is represented by eq 3, we cannot rule out the
possibility that Mel also enhances pathways which give back
triplets. Enhancement of p would, for example, fall in this latter

(36) The 0.57 factor is subject to a minimum uncertainty of £0.02 intro-
duced by the uncertainty in p,.

(37) Ledger, M. B.; Salmon, M. B. J. Chem. Soc., Faraday Trans. 2, 1976,
72, 883.

(38) (a) Parker, C. A. Chem. Phys. Lett. 1970, 6, 516. (b) Kikuchi, K.;
Kokubun, H.; Koizumi, M. Bull. Chem. Soc. Jpn. 1968, 41, 1545. (c) Tfibel,
F.; Lindqvist, L. Chem. Phys. 1975, 10, 471. (d) Liu, D. K. K.; Faulkner,
L. R. J. Am. Chem. Soc. 1978, 100, 2635.

(39) Saltiel, J.; Dabestani, R.; Charlton, J. L. J. Am. Chem. Soc. 1983,
105, 3473,

(40) DeToma, R. P.; Cowan, D. O. J. Am. Chem. Soc. 1975, 97, 3291.

(41) Wu, K.-C.; Ware, W. R. J. Am. Chem. Soc. 1979, 101, 5906.
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Table IV. The Effect of [Mel] on k,°

run [Mel],  k; X 10°  kgp X 10°, [Mel](1 -
no.b M Mgt M5! r 0.5/, M
0 481¢ 8.74 0694 0
¢ 0.782 5.56 8.87 0.728 0.497
la 0.996 5.41 8.90 0.718 0.638
le 1.78 5.29 9.02 0.707 1.154
Ic 1.98 5.53 9.05 0.720 1.267
1d 2.87 6.63 9.20 0.782 1.750
If 3.21 6.52 9.26 0.772 1.971
lg 4,79 8.15 9.49 0.876 2.692
1h 4.89 8.99 9.51 0.948 2.572

9See text for definition of » and calculation of k;, and kg ?See
Table 1. Average for runs in the absence of Mel.

category when considered together with ¢;; = 1.0 as discussed
above. Accordingly, a more general form of eq 3 is

a SA* +1A

T

k
CA**) 4 Mer 2 (14)

(1-a) 1
Az + 'A

where « is the fraction of interactions that ultimately give back
triplets and (1 — «) is the fraction of interactions which destroy
triplets. Inclusion of eq 14 in Scheme I modifies the term in
parentheses in eq 4.

ky = kgie[2 = Qky + kig + ko + aky,TT[Mell) /(ky + kyg +
kg + kgg + k¢ + kT [MeI])] (15)

Rearrangement of eq 15 gives
1 khaTT

r= +
pi+p 2kyt ktg + ksg

where r = kdi;/(dei; - kZ)

The «’ values in Table I were converted to k, by assuming that
the effective & = 4.93 X 10* M~ cm™ in benzene!® applies also
to the Mel solutions (Table IV). Since k, is proportional to kg,
some of the observed increase with increasing [Mel] must reflect
the attendant decrease in medium viscosity, n = 6.06 and 4.79
mP at 25 °C for benzene and Mel, respectively.? The viscosities
of Mel solutions, 7y, estimated assuming ideal behavior (754,
= fung + fmermer, Where fg and fyg; are mole fractions of benzene
and Mel, respectively), were converted to kg values starting from
the expected value of ky® = 8.7, X 10° M~! 57! in benzene at 25
°C:1020 ko = ki Bap/nean (Table IV). The r values listed in
Table IV were calculated from the corresponding %, and kg values.
It can readily be seen that, within our experimental uncertainty,
r is essentially independent of [Mel] for [Mel] < 2 M but in-
creases significantly for higher [Mel]. The initial insensitivity
of r to [Mel] changes is consistent with our inability to discern
changes in « in the EtI experiments.

According to eq 16, the plot of 7 vs. [Mel] should be linear for
a = 0. Actually, the data show pronounced curvature (Figure
4). Nor is linearity improved when r is plotted vs. (1 — ar)[Mel}
with & = 0.5. Unfortunately, due to instrumental limitations our
«’ values are not sufficiently precise to allow the conclusion that
these deviations from linearity are real. If they were, they could
reflect concerted involvement of more than one Mel molecule in
the quenching step as, for example, would result if TTA of two
3(A-Mel)* exciplexes were involved, or they could indicate that
efficient ((A**A*) quenching requires sequential interactions with
Mel, e.g.,

(1-ar)[Mel]  (16)

S(AA)**E’:‘(AA)**E’ I(AA)** (17)

We also cannot rule out the possibility that static quenching by

(42) Lange, N. A. Handbook of Chemistry, 9th ed.; Handbook Publishers,
Inc.: Sandusky, OH, 1956; p 1657.
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Figure 4. The effect of [Mel] on the efficiency of TTA, eq 16.

Mel plays a role since at the high concentrations required for the
observed increase in «’ every TT encounter pair must have one
or more Mel nearest neighbors. Future work should certainly
address these interesting possibilities. For the present, application
of the simple mechanism in eq 14 should suffice. The slope of
the least-squares line in Figure 4, forced through the expected
intercept, (p, + p;)™! = 0.69,,10 gives [ky,TT/(2ky + kg + &)1
= 0.04 M1 for & = 0; 0.07 M1 is obtained for « = 0.5. If we
define 71 = (ky + ki + kg + kg + k) as the effective lifetime
of (BA*3A*) pairs, slope to intercept ratios give ky, '7rr =
0.06-0.10 M1 for 0 < @ £ 0.5 Neglecting static quenching
and using ky, 1T < kgr = 9 X 10° M1 57! gives 711 = 6.7-11 ps.
Accordingly, the minimum effective lifetime of the triplet pair
is that expected for a solvent caged encounter complex.

It is of interest to speculate concerning the relationship of the
limiting lifetime 717 to the individual decay rate constants of the
singlet, triplet, and quintet encounter pairs in Scheme II (rapid
equilibration between sublevels within each multiplicity is assumed
with no external applied magnetic fields). According to Scheme
II, encounter pairs of different multiplicities do not interconvert
and therefore should have independent decay pathways and
lifetimes. The magnitude of p,” has led to the conclusion that all
"(AA)**, the doubly excited singlet encounter pairs, decay via
the pericyclic minimum (doubly excited) which is generally ac-
cepted as the ultimate precursor to dimer.*® They may do so either
directly, staying within the doubly excited surface, or via internal
conversion to 1(AA)*, the singlet excimer (singly excited) followed
by reentry into the doubly excited surface. We tentatively prefer
the direct pathway since A, dimer has been observed at high
[Mel].” The relatively long singlet excimer lifetime, ~1.5 ns,*
should lead to efficient quenching by RI which would preclude
its involvement in dimer formation at the high [RI] employed.
The direct formation of the pericyclic minimum from (AA)**
and the subsequent decay to dimer and anthracene could, on the
other hand, be too fast to allow the functioning of external H-A
perturbations on the decay of these species. In Scheme II, the
doubly excited triplet pair, 3(AA)**, is proposed to undergo a
spin-allowed internal conversion to the triplet excimer, 3(AA)¥,
which based on the inefficiency of 3A* self-quenching is expected
to mainly dissociate.!®!! These processes also are likely to be too
fast to allow H-A induced quenching. The result in this paper
are certainly consistent with no quenching of 3(AA)* since
quenchihg by !A and by Mel remains additive for [Mel] < 4.9

(43) This analysis ignores the multiplicities of the paired states and does
not preclude the possibility that paired states of a specific multiplicity are
much shorter lived than this effective lifetime.

(44) (a) McVey, J. K.; Shold, D. M.; Yang, N. C. J. Chem. Phys. 1976,
65,3375, (b) Cohen, M. D.; Ludmer, A.; Yakhot, V. Chem. Phys. Lett. 1976,
38, 398.

J. Am. Chem. Soc., Vol. 109, No. 4, 1987 1215

Table V. Summary of Rate Parameters

parameter? value remark ref
ke 6.43 x 107 571 Scheme 1 ref in 38
ks 1.47 x 10871 Scheme I 9,22,38
ky (5.6 £3)x1073s7! 16
kee 28-49 571 Scheme I (kg) 13-15
kg (2.77 £ 0.09) X 10° M's™! eq 6 b,
kS (3.9-5.5) x 10° M s eq | 8,9,18
ko' s10M g eq 7 b
k,r2(EtI) 8.25! eq 8,9 25
ks, T(Mel/B) (332 02;) X 102 M5 eq2 b
knT(EtI/MCH) (4.4¢ £ 0.3;) X 102 M1 57! eq 2 b
kg (MCH) (5.08 £ 0.14) X 10° M 5™t eq 12 b
KpoTTrry 0.06-0.10 M1 eq 14 b
S <6.8 X 10? kna®/ ks, b
S ~1.5 x 10 k2 /k, b
Sor ~2.0 X 102 ko T[RI) /o b

9In benzene, otherwise solvent and/or RI indicated in parentheses. 5 This
work. ¢Replaces 3.2 X 10° M™! 57! of ref 11.

M. It appears, therefore, that trapping of the normally dissociative
quintet encounter pair is the most likely process leading the ob-
served increase in «. Accordingly, we tentatively propose that
the lifetime of (AA)** must be 27-11 ps.

Summary. Rate parameters measured or estimated in this work
are collected in Table V along with some relevant rate constants
from the literature. These parameters allow evaluation of the
sensitivities of intersystem crossing processes from !A* and 3A*
to external H-A enhancement under conditions normally employed
in photochemical studies (solution/room temperature). DeToma
and Cowan have formalized such evaluations by defining en-
hancement factors £.¥ For instance, by using our notation, the
sensitivity factor for S; — T intersystem crossing would be f; =
(knS[RI]/k;) according to ref 8, or, more properly, fi; = ku,*/ ki
from our kinetics treatment. It is, perhaps, not surprising that
for A/RI the T; — S, radiative process, which was involved in
Kasha’s discovery of the external heavy-atom effect,? has the
largest sensitivity factor, f, = 1.5 X 10%. The significantly smaller
enhancement of radiationaless T; — S, decay, f,, =~ 2.0 X 10?,
is in agreement with observations of enhanced phosphorescence
in H-A solvents.?'*! Interpretation of our estimated limiting value
for fi, < 6.8 X 102 is less straightforward because the rate of S,
— T intersystem crossing depends on the relative energies of S;
and the nearly isoenergetic higher triplet T. The energy difference
between S; and T is known to be strongly influenced by solvent
changes and, at least with some meso-substituted anthracenes,
such solvent effect can defeat the functioning of H-A induced S,
— T crossing.2!:39.40

We have demonstrated that competitive deactivations of SA*
by !A and Mel in benzene and by EtI and Fe in methylcyclo-

-hexane are linearly independent events, not requiring the postu-

lation of necessary triplet excimer or exciplex intermediates.

For the first time we have established the enhancement of the
efficiency of TTA in anthracene by interaction with Mel at very
high concentration (22 M) and have proposed interaction with
quintet encounter pairs as the source of this effect.

Experimental Section

Materials. Anthracene (Eastman, blue violet fluorescent) was re-
crystallized from cyclohexane, chromatographed on Alumina with n-
hexane as eluent, and recrystallized two more times, mp 217-218 °C.
Ferrocene (Matheson, Coleman and Bell) was recrystallized thrice from
ethanol and sublimed under reduced pressure, mp 175-176 °C. Benzene
(Mallinkrodt reagent grade) was purified by the Metts exhaustive pho-
tochlorination procedure.!® Methylcyclohexane (Baker, Photrex reagent)
was used as received. Methyl iodide (Aldrich, 99%), if colorless, was
refluxed with granular or mossy zinc for 1 h and distilled in the dark, bp
43-44 °C. If yellow in color, Mel was triply distilled over mossy zinc,
purity >99.7%, GLC. Ethyl iodide (Mallinkrodt analytical reagent),
always received dark pink in color, was purified by successive three or
four distillations over mossy or granular zinc in the dark, bp 72.0-73.0
°C, purity >99.7%, GLC. Both Mel and EtI were either used imme-
diately following purification or stored in degassed ampules in the dark
at -20 °C for later use. Mel and Etl were allowed to reach room
temperature before use since their concentrations were often based on
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their volume and density. All handling of RI samples was in the dark or
in very diffuse light.

Degassing of Solutions. Known volumes of neat Mel or Etl or Fe
solutions of appropriate concentrations were syringed into sidearms
equipped with break seals and degassed by 11-14 freeze-pump-thaw
cycles to stick vacuum (<107* (mmHg)).* Degassed sidearms wrapped
with aluminum foil were connected to the main body of the flash cell
which included the cylindrical flash cell (/ = 15.0 cm) fitted at the ends
with Pyrex flats, a degassing bulb, and a calibrated UV cell for moni-
toring the anthracene concentrations of degassed solutions. The flash cell
system was then cleaned by rinsing several times with distilled acetone,
drying under reduced pressure, rinsing with the solvent employed in the
experiment, and repeating the drying procedure. Exactly 40 mL of
anthracene solution was syringed into the degassing bulb which contained
a stainless steel bullet for breaking the break seal(s). Benzene solutions
required at least 11 freeze-pump-thaw cycles for thorough degassing
while methylcyclohexane solutions required 12-13 cycles.

Translent Measurements. The flash spectroscopy apparatus was that
previously described.!®!! A 6-nm band-pass at !/, intensity was employed
on the monochromator.!® The light of the two air-discharge flash lamps
was filtered with a solution (13.5 g of CuSO,5H,0, 27.5 mL of NH,OH
to 250 mL with H,O, 1 cm path length) having <1% transmittance at
A <373 nm and maximum transmittance at 424 nm for all runs except
1j, 1k, 2a, 2b, and 2c¢ for which a more dilute filter solution was employed
having <1% transmittance at A < 358 nm. The monitoring beam was
filtered through a 1 cm path length solution (27.1 g of CuSO,5H,0, 30.2
g of NaNO,, and 50 mL of NH,OH to 1 L with H,0O) having 1%
transmittance at A < 400 nm, except for runs 1j, 1k, 2a, 2b, and 2¢ for
which a more dilute filter solution was employed which transmitted light
of X > 346 nm. The transient signals were monitored at 429 nm for

(45) Initial experiments in which Mel and EtI in benzene and methyl-
cyclohexane solutions were degassed in the sidearms generally gave higher
apparent quenching constants.

benzene and at 421 nm for methylcyclohexane solutions. After 2-4 3A*
decay curves were recorded, a portion of the solution was transferred to
the UV sidearm and the UV absorbance obtained (Perkin-Elmer AS5).
The break seal was then broken, vniform solution was attained by
shaking, and the procedure was repeated. In the Fe/Etl experiment the
Fe sidearm break seal was always broken first. With RI, data were
collected within the first 10 flashes for extrapolation to the k¢ values.

Concentrations. Anthracene concentrations were based on absorbances
in the side cells with use of the following molar absorptivities (A, nm; ¢,
M1 cem™): (378.6; 7.94 X 10%), (359.1; 8.49 X 10%), (368.2; 2.16 X 10%),
(349.2; 3.10 X 10%) in benzene, and (375.6; 8.42 X 10%), (356.4; 8.65 X
10% in methylcyclohexane. Small corrections for the absorbance of Mel
and EtI were applied (\; €): (378.6; 1 X 107%), (368.2; 5 X 107%), (359.2;
1.7 X 107?) for Mel in benzene, and (375:5; 4 X 107), (356.4; 4 X 107%)
for EtI in methylcyclohexane. Fe (2 X 107 M) does not contribute at
the monitoring A’s. No changes in the € values of A were noted in the
presence of 1.08 M Mel in benzene.

Concentrations of Mel and Etl were determined by GLC with use of
Etl as internal standard for Mel and vice versa. A DB-5 fused silica
capillary column (30 m X 0.32 mm OD) was employed in a Varian-
Aerograph Model 2700 instrument and a Hewlett Packard 3390A elec-
tronic integrator. Concentrations determined in this way checked closely
with those expected from RI volumes and densities.*
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(46) Note Added in Proof: The analysis of k, has recently been refined*’
to account for two nearly cancelling errors: (a) the model reaction on which
kg;r was based is an A + B reaction for which kg o (142)1{,““; (b) TTA
is an A + A reaction for which k, = kg** = (1/2)kg™2. This refinement
does not significantly affect the conclusions in this paper.

(47) Saltiel, J.; Atwater, B. W. Adv. Photochem., submitted.
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Abstract: The binuclear Fe(II) active site of deoxyhemerythrin (deoxyHr) was studied using absorbance, circular dichroism
(CD), variable-temperature magnetic circular dichroism (MCD), and EPR spectroscopies. CD studies show the native deoxyHr
site contains one five-coordinate and one six-coordinate ferrous iron. In addition N3;~, OCN™, and F~ were found to bind to
the active site, producing large spectral changes best explained as the binding of a single anion to the five-coordinate iron,
yielding two six-coordinate Fe(II)s. No other anions were found to bind. The variable-temperature MCD data were interpreted
by fitting the data to energies and g values of low-lying binuclear ferrous ground states, predicted by calculations employing
the spin Hamiltonian containing both exchange coupling (# = -2JS,-S,) and single-site zero field splitting (ZFS). The native
deoxyHr data showed the Fe(II) to be antiferromagnetically coupled with —J ~ 12-38 ¢cm™, which indicates the irons are
likely bridged by hydroxide. The ligand bound forms all show weak ferromagnetic coupling, indicating the OH superexchange
pathway is perturbed significantly. The binding of anions apparently changes the charge density of the iron, raising the pX,
of the bridge, and likely results in protonation of the hydroxide. Further, the intensity mechanism of an interesting g, ~ 16
EPR signal originating from the |4,£4) ground state in the deoxyN; Hr species is analyzed. Finally, these results on exogenous
ligand binding and endogenous ligand bridging at the binuclear Fe(II) site of Hr are correlated to the protein reactivity.

Hemerythrin (Hr) is a binuclear, non-heme iron protein, which
serves as the oxygen-carrying protein in four phyla of marine
organisms.! Most of these are octameric and bind dioxygen

(1) (a) Okamura, M. Y ; Klotz, I. M. Inorganic Biochemistry; Eichhorn,
G. L., Ed,; Elsevier: New York, 1973; pp 320-343. (b) Kurtz, D. M., Jr.;
Shriver, D. F.; Klotz, I. M. Coord. Chem. Rev. 1977, 24, 145-178. (c)
Klippenstein, G. L. Am. Zool. 1980, 20, 39-51.
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noncooperatively, although the Hrs from at least some bra-
chiopods? do bind dioxygen cooperatively. Hemerythrin exists
in two physiologically important forms: oxyhemerythrin, having
two ferric irons with peroxide bound end-on to only one iron, and

(2) (a) Manwell, C. Science (Washington, D.C.) 1960, 132, 550. (b)
Richardson, D. E.; Reem, R. C.; Solomon, E. I. J. Am. Chem. Soc. 1983, 105,
7780-7781.
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