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time advantage over spectroscopic methods for determining
the rotational barrier of a methyl top.

Finally, it should be noted that some degree of caution
should be exercised when comparing gas phase spectroscop-
ic barrier values with those determined in the liquid and
solid phases. We have recently measured the methyl bar-
riers for isobutene, trans-2-butene, and cis-2-butene and
found some variance between published gas phase values®®
and the values we determined in the liquid phase. However,
in all cases the values fell between the published gas and
solid phase values.33-33

Summary and Conclusions

From the above discussion it is concluded that T, gsgr
values for methyl tops are strongly influenced by their in-
ternal barrier to rotation. The use of eq 13 for determining
barriers to rotation for the compounds under investigation
yielded an average deviation from the reported spectroscop-
ic values of +0.10 kcal/mol. This result has prompted fur-
ther and continuing investigation into the feasibility and ap-
plication of this method to methyl tops. It is also noted that
similar applications should be feasible with other threefold
rotors, e.g., CF3, SiH3, and SiF; groups.
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Exciplex and Triplex Emission in the System
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Abstract: Steady-state and transient fluorescence measurements have been made using mixtures of 9,10-dichloroanthracene
and 2,5-dimethyl-2,4-hexadiene in benzene and acetonitrile. In benzene a fluorescent exciplex, Amax ~485 nm, 7 7.4 nsec,
forms reversibly with an estimated equilibrium constant for exciplex formation at room temperature of 20 + | M~'. In con-
trast, no exciplex fluorescence is observed from acetonitrile solutions at intermediate diene concentrations, but triplex fluo-
rescence Amax ~543 nm and r 3.6 nsec, is observed at higher diene concentrations. Steady-state fluorescence observations in

the presence of air are also described.

The green luminescence observed upon excitation of
9,10-dichloroanthracene (DCA) in benzene solutions con-
taining 2,5-dimethyl-2,4-hexadiene (DMH) has been at-
tributed to fluorescence from a DCA-DMH exciplex.'® Ex-
ciplexes are thought to arise generally from the interaction

of aromatic hydrocarbons and dienes,? and have been postu-
lated to collapse to adducts’-5 and to provide additional
pathways for reaction of one of the partners with other
molecules.'® Since such exciplexes are rarely fluorescent® a
more detailed study of the DCA-DMH system was under-
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Figure 1. Fluorescence spectra of benzene solutions of DCA and vary-
ing amounts of DMH. Curves A-F correspond to 0, 0.069, 0.207,
0.345,0.69. and 2.76 M diene, respectively.

taken employing the methods suggested by Lewis and
Ware.®

Results

Steady-State Measurements. Fluorescence spectra, cor-
rected for nonlinearity of instrumental response of degassed
benzene and acetonitrile solutions containing DCA and
varying amounts of DMH are shown in Figures 1 and 2, re-
spectively. In benzene the blue DCA fluorescence is re-
placed by a green structureless emission at high diene con-
centrations, while in acetonitrile the new emission is signifi-
cantly red shifted and has a yellow-golden appearance. The
ratios of the area of the corrected spectra of DCA fluores-
cence in the absence of DMH to the areas of the total emis-
sions recorded in the presence of 2.76 M DMH are 7.1 in
benzene and 70 in acetonitrile. Relative fluorescence areas
from solutions with matched optical densities at the excita-
tion wavelength of anthracene in benzene, and DCA in ben-
zene and acetonitrile, were found to be 0.42:1.00:0.93. Rel-
ative DCA fluorescence yields in the presence of DMH
were obtained at 23.5 and 23.2° for benzene and acetoni-
trile solutions, respectively, and are reported in Table I as
Io/I ratios. Table I includes data obtained from air-saturat-
ed solutions, reported relative to Iy for degassed solutions.
No fluorescence could be detected under these conditions
from a benzene solution containing only 2.76 M DMH,

Ultraviolet absorption spectra measured using 1 mm path
lengths of the acetonitrile solutions labeled f in Table I and
of a similar solution containing 2.09 M DMH show subtle
changes as the amount of DMH is increased. The Amax of
the 0-0 band shifts from 401.4 nm in the presence of 0.075
M DMH to 402.4 nm in the presence of 2.09 M DMH,
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Figure 2. Fluorescence spectra of acetonitrile solutions of DCA and
varying amounts of DMH. Curves A-D correspond to 0.069. 0.345,
1.38, and 2.76 M diene, respectively.

Table I. Quenching of 9,10-Dichloroanthracene Fluorescence
by 2,5-Dimethyl-2,4-hexadiene

CH, CH,.CN
[DMH},M I /ia I/Ioxb [DMH]. M IfIc I /T4
0 1 1.26 0 1 1.27
0.069 1.88 2.19 0.017 3.01 3.19
0.138¢ 3.25 0.035 4.60 5.22
0.207 4.16 4.41 0.069 9.98 9.83
0.207 4,14 0.075 10.27
0.345 6.41 6.84 0.104 14.4 15.0
0.690 10.4 11.1 0.150 21.6f
0.299 49.3f

a Degassed solutions, [DCA] = 1.25 X 107* M, excitation
wavelength 340 nm, emission wavelength 414 nm. & As in ¢, but air-
saturated solutions. ¢ Degassed solutions and, unless otherwise
noted, [DCA] = 6.40 X 1075 M, excitation wavelength 340 nm,
emission wavelength 417 nm. 9 As in ¢, but air-saturated solutions.
e [DCA] =2.50 X 10™* M. /[DCA] = 7.00 X 10™* M, emission
wavelength 430 nm.

while the ratio of the optical densities of the first maximum
(402.4 nm) to the first minimum (~390 nm) in the spectra
decreases from 3.22 to 2.84. The change in optical density
at 340 nm upon increasing [DMH] from 0.075 to 2.09 M is
from 0.182 to 0.220. The optical density at 340 nm of a 2.7
M DMH solution in acetonitrile containing no DCA is
0.029 (1 mm path length).

Three-milliliter portions of the acetonitrile solutions de-
scribed in the previous paragraph were irradiated in parallel
at 366 nm along with an actinometer solution containing
6.44 X 10™* M anthracene and 0.986 M N,N-dimethylani-
line. Losses of DCA and anthracene were measured by uv
spectroscopy. The uv spectra of the irradiated DCA solu-
tions showed a marked decrease in the 0-0 band absorption
of DCA (402 nm) and the appearance of a new progression
of anthracene-like absorption bands at 389, 369, 351, and
335 nm. The appearance of these bands is concomitant with
the appearance of a relatively intense blue-shifted fluores-
cence from the irradiated solutions. Prolonged irradiation
causes a decrease in the optical density of the product(s)
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Table II. Effect of DMH Concentration on Photoreactivity
of DCA in Acetonitriled

[DMH}, M % DCA reacted [DMH}, M % DCA reacted
0.075 23.4 0.299 29.4
0.150 24.0 2.09 24.0

a4 [DCA] =7.00 x 10™* M. Anthracene loss in the actinometer
was 18.9%.

Table 11I. Effective First-Order Decay Constants of Emission
from DCA—-DMH Solutions?
[DCA],
[DMH], M x 10® M x 10* A, M kobsd, sec™ X 1078
Benzene
0 1.32 500 0.97 £ 0.03
430 1.10 = 0.08
0 1.25 420 1.05 £ 0.08
1.73 1.25 420 1.12 £ 0.03
3.46 1.25 420 1.16 £ 0.03
427 1.10 £ 0.03
500 1.08 £ 0.03
6.92 1.25 420 1.22 £ 0.03
10.4 1.25 420 1.23 + 0.03
427 1.23 + 0.03
500 1.19 £ 0.03
20.8 1.32 430 1.23 £ 0.03
31.2 1.32 430 1.25 £ 0.03
500 1.27 £ 0.03
276 1.25 427 1.36 + 0.03
480 1.35 £ 0.03
500 1.35 £ 0.03
Acetonitrile
0 1.18 430 0.94 + 0.03
0.104 1.18 430 1,05 £ 0.03
0.520 1.18 430 1.39 + 0.03
0.780 1.18 430 1.62 + 0.03
1.04 1.18 430 1.78 + 0.03
276 0.64 500 2.68 + 0.04
3.00  0.04b

a Measurements made at 25 = 1° in degassed solutions unless
otherwise noted. & Air-saturated solution.

which give(s) rise to the above absorption bands. DCA loss-
es for short irradiation periods are given in Table II and are
based on the decrease of DCA’s 0-0 band absorption.

Lifetime Measurements. Decay rate constants of DCA
fluorescence were obtained by monitoring the emission at
420, 427, 430, and/or 500 nm from degassed solutions of
DCA and DMH in benzene and acetonitrile. Decay rate
constants of the broad new emissions were obtained by
monitoring emissions at 480 and/or 500 nm from solutions
containing 2.76 M DMH. First-order decay rate constants
and estimated uncertainties are shown in Table III. These
rate constants were obtained from semilog plots of the
decaying side of the emission curves. Visual inspection of
the plots shows excellent adherence to single exponential
decay, except that plots of emissions from benzene solutions
showed an additional small shorter-lived exponential com-
ponent. This component was most pronounced when the
emission was monitored at 430 nm, and its contribution di-
minished with added diene.

Discussion

The choice of the DCA-DMH system was prompted by
observations indicating that the presence of 1,3-dienes
opens an additional excited state pathway for dianthracene
formation,'® even in the case of 9-phenylanthracene,’ a
molecule which does not normally photodimerize. It was
our intention to determine whether this pathway is opera-
tive in DCA since 9,10-disubstituted anthracenes are known
to be particularly resistant to photodimerization.!%-13 Qur
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Figure 3. DCA-DMH exciplex fluorescence spectrum in benzene.
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Figure 4. Stern-Volmer plot of the quenching of DCA fluorescence by

DMH in benzene: ®, degassed solutions, line 1: A, air-saturated solu-
tions, line 2.
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Figure 5. Observed DCA fluorescence decay rate constants in benzene
as a function of DMH concentration, 7a = 1/kobsa. Solid line was cal-
culated using p = 0.46.

initial efforts, directed primarily to elucidating the source
of the new emissions discovered in benzene and acetonitrile,
are described herein.

Benzene. As can be seen from the spectra in Figure 1, the
emission at 2.76 M DMH in benzene contains very little
DCA fluorescence. Subtraction of the residual DCA emis-
sion gives the spectrum shown in Figure 3 with Ap,.x ~485
nm. The presence of an isoemissive point at ~515 nm shows
that the lowest excited 9,10-dichloroanthracene singlet
state, !DCA, and the new emitting species which is proba-
bly the DCA-DMH exciplex, 'E, form a closed system. The
overlapping of curves D, E, and F in Figure 1 at ~480 nm is
well within the experimental error of the measurements.

Stern-Volmer plots of Io/I and 7¢/7 vs. [DMH] are
shown in Figures 4 and 5, respectively. The Io/I plot for de-
gassed samples is linear to 0.69 M diene, slope 14.0 M~!. In
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contrast, !DCA lifetimes are relatively insensitive to DMH
concentration, the slope of the o/ 7 plot approaching zero
at te highest diene concentration employed, 0.312 M.

Sources of curvature in Stern-Volmer plots and dis-
crepancies between Io/I and 7o/ 7 plots are discussed in a re-
cent paper by Lewis and Ware.® Upward curvature in Jo/f
plots has been associated with (a) transient effects arising
due to time-dependent concentration gradients,'*!5 and /or
with (b) static quenching arising either from instantaneous
quenching of a fluorescent molecule by a quencher already
present within its volume of interaction (“active sphere”
model!6) or from ground state complex formation'7-2!
which creates a nonrandom initial distribution of quencher
and fluorescer, allowing direct excitation of fluorescer mol-
ecules already associated with a quencher molecule. The
linearity of the Io/I plot at [DMH] < 0.69 M shows that
neither transient effects nor static quenching mechanisms
need be invoked for [DMH] < 0.32 M, the range employed
for !DCA lifetime measurements. In this diene concentra-
tion range the striking observation is the downward curva-
ture of the 7o/ plot. Lewis and Ware have shown that such
behavior is characteristic of systems in which reversible ex-
ciplex formation causes a coupling between the decays of
the excited monomer and the exciplex.®?? In such cases ob-
served decay curves are properly expressed as the sum of
the two exponential components whose decay constants are
related to the association rate constants and the lifetimes of
the two excited species.?-23

The following mechanism, eq 1-6, consists of the mini-

DCA 2 1DCA ey

'DCA < DA + hy, (2)
'DCA <2 3DCA (3)

IDCA + DMH k;*’ I(DCA - DMH) (4)

kfe
I(DCA - DMH) — DCA + DMH + Ay, (5)

kde
1(DCA - DMH) = DCA + DMH + products  (6)

mum number of steps needed to account for observations in
degassed benzene solutions. The assumption of reversible
exciplex formation, eq 4, along with the usual steady-state
approximations for all excited species, give modified Stern—
Volmer expression 7, where p represents the fraction of ex-
ciplexes which do not regenerate excited monomer, eq 8,
and 7, is the monomer singlet lifetime (kgy + kjs)~! in the
absence of quencher. Previous measurements of the lifetime

I/l = 1 + kermp[DMH] (7
P = (kte + kae)/(k-e + kre + kae) ®)

of IDCA in benzene have yielded values of 10.024 and 9.98
nsec?’ in good agreement with the values of 10.3 + 0.3, 9.1
+ 0.7, and 9.5 + 0.4 nsec obtained in this work by monitor-
ing the emission at 500, 430, and 420 nm, respectively,
Table III. The wavelength dependence observed in 7, as
well as the presence of a second short-lived decay compo-
nent in the first-order decay plots (especially at 430 nm) is
probably associated with the formation of a DCA-benzene
exciplex.?® In the following discussion the introduction of
possible complications by the formation of such an exciplex
will be neglected and a value of 7, 9.5 nsec will be assumed,
since this was the value obtained at 420 nm where most of
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the measurements in the presence of diene were made. This
lifetime and the initial slope of the Stern-Volmer plot in
Figure 4 give kep = 1.47 X 10° M~! sec™ 1.

The value of p can be estimated from the lifetime mea-
surements by employing a treatment of the kinetics of eq
2-6 which follows Birk’s treatment of excimer forma-
tion.3:1® Assuming that an initial excited monomer concen-
tration ![DCA]p is produced by a é-function excitation
pulse, the changes in the concentrations of excited monomer
and exciplex with time are described by eq 9 and 10, respec-
tively.

1
- d[%A—] = (kfm + kis + k[DMH]) X
['DCA] — k_.[{(DCA -DMH)] (9)
_d["(DCA-DMH)]
d:

=(k—e¥ kg + kqe) X

[{(DCA -DMH)] — k_['DCA][DMH] (10)

The time dependences of monomer (/™) and exciplex fluo-
rescence intensity (/E) are obtained by solving eq 9 and 10
and are given by eq 11 and 12, respectively, where the pa-
rameters Aj, A2, ¢1, and ¢ are described by eq 13-16. Ex-
cept for k. and k_. all of the parameters in eq 11-16 are

IfM = cre M 4 che~ M 1
DM
IfE = k_L_H_](e—)\n + e—)\‘zu) (12)
A — A

1
>‘1.2 = 5[(kfm + kis + ke[DMH] + k—e + kfe + kde)] ¥

{(k—e + kfe + kde - kfm - kis - ke[DMH])z +

4kck_[DMH]}V2 (13)

a=MA—-x)/(A2—=N\) (14)
c2=(x=A)/(ha—=N) (15y
x = (kfm + kis + k. [DMH]) (16)

available directly from experimental measurements. The
lifetime of !DCA in the absence of diene gives kim + kis =
1.05 X 108 sec™!. Although unnecessary for the present
analysis this can be further broken down to ks, = 6.7 X 10°
sec™! and kis = 3.8 X 10 sec™! by using the fluorescence
quantum yield of DCA in benzene, ¢, = 0.64.27 The rate
constant of exciplex emission obtained at 2.76 M DMH,
Table 111, gives k. + kge = 1.35 X 108 sec™!, since at this
high DMH concentration essentially all excited singlets are
present as exciplexes as evidenced by the almost complete
absence of monomer emission in the total luminescence
spectrum, IM/IoM = 34 (Figure 1). Since the value of k.p
has been obtained from the slope of the Stern-Volmer plot
in Figure 4, assumption of a value of p defines the values of
ke and k_. and allows an evaluation of the time dependence
of IiM using eq 11.

A systematic computer variation3? of p and evaluation of
In IM as a function of time was performed. The simulated
decay data obtained were treated by least-squares analysis
and plotted for visual observation of the linearity of the
first-order plots over the time range corresponding to the
experimental measurements. Since experimental first-order
plots are linear, only those values of p which predicted lin-
earity were considered realistic and a final value of p was
selected which gives the best agreement between calculated
and experimental lifetimes at all quencher concentrations.
The latter condition allows p to be rather narrowly defined
as 0.46 £+ 0.01. The internal consistency of the calculations
was checked by calculating the exciplex lifetime at 2.76 M
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diene using eq 12. The value of 7. 7.46 nsec obtained for p
= 0.46 is in excellent agreement with the observed value of
7.4 nsec and supports the assumption that 7. = (ks +
kg4.)~! at 2.76 M diene. The calculated 'DCA lifetimes are
compared with the experimental data in Figure 5.

Using p = 0.46, values of k. and k_. of 3.2 X 10° M~!
sec™!and 1.6 X 108 sec™! are predicted, respectively, which
give an equilibrium constant, K., for the quenching process

of20+ 1 ML

The presence of oxygen is expected to introduce addition-

al decay channels as shown in eq 17 and 18. Inclusion of eq

k m
I(DCA) + O, = quenching (17)

kge
I{DCA - DMH) + O, —> quenching (18)
17 in the mechanism predicts an increase in the intercept of
the Stern-Volmer plot, Figure 4, by k¢m7m[{O2]. The ob-
served intercept of 1.26 along with the concentration of
oxygen, [0>] = 1.5 X 1073 M3} and the value of 7, mea-
sured in this work give kqm = 1.8 X 10'% M~ sec™! in ben-
zene at 23°, a somewhat lower value than those usually
found for the interaction of aromatic hydrocarbon singlets
with oxygen, kqm = 3.0 X 100 M~! sec™!.3234-36 Inclusion
of eq 18 in the mechanism predicts that the slope of the

Stern-Volmer plot in the presence of air, sox, should be

larger than the slope, s, of the plot obtained from data for
degassed solutions as shown in eq 19, where 7. is the life-

1+ k_e7e
1+ k_ore + kqete[O2]

Sox/s =1+ kquE[OZ]) (19)

time of the exciplex, (kf. + kde)~!. Since the slope ratio re-
duces to unity when exciplex formation is not reversible,
k_. = 0, deviation of s.x/s from unity provides an addition-
al criterion for reversibility. This will not always be a defini-
tive criterion, because, as is evident from eq 19, the maxi-
mum deviation of the slope ratio from unity equals Kge
7.[02], and can be vanishingly small for systems with short
exciplex lifetimes. For the DCA-DMH case in benzene as-
suming kqe[O2] = kqm[O2] = 3.6 X 107 sec™!,3* substitu-
tion of the values of 7. and k_. in eq 19 gives 5o /s = 1.13
in fair agreement with the experimental s,4/s ratio of 1.06
+ 0.05.

Quantum yields of exciplex fluorescence, ¢r., of 0.029,
0.041, 0.047, 0.059, and 0.071 were obtained at diene con-
centrations of 0.069, 0.207, 0.345, 0.69, and 2.76 M, re-
spectively, using DCA fluorescence in the absence of diene
as standard, ¢rm, = 0.64 (see above). The proposed mecha-
nism predicts the diene concentration dependence of exci-
plex fluorescence quantum yields shown in eq 20. The exci-
plex fluorescence quantum yields can be used along with
the known constants in eq 20, to calculate the maximum
possible exciplex fluorescence quantum yield, ¢p™* =
kf.T.. Alternatively, ¢r™* values can be calculated using
the Io/l values in Table I. Using the latter method the
values of k7. obtained are 0.062, 0.054, 0.056, 0.065, and
0.074 at [DMH] = 0.069, 0.207, 0.345, 0.69, and 2.76 M,
respectively, and give ks = 8.4 £ 0.8 X 10®sec™!.

ket [DMHkfere
.= = (1 = I/Ig)ksere (20
e = ¥ koore + korm[DMH] ¢ Modkiere (20)

Acetonitrile. The effect of solvent dielectric on the behav-
ior of exciplexes has been studied extensively.40-4? Increas-
ing the dielectric constant, ¢, of the solvent generally shifts
the exciplex emission to the red and causes a decrease in ..
In order to determine such effects in the DCA-DMH sys-

tem, the experiments described in the previous section were
repeated in acetonitrile. Corrected total emission spectra as
a function of diene concentration are shown in Figure 2. At
the highest diene concentrations the decrease in DCA fluo-
rescence intensity is accompanied by the appearance of a
new golden, broad structureless fluorescence, Amax ~543
nm. The lifetime of the excited species giving rise to this
emission, 3.6 nsec, was determined by monitoring the emis-
sion decay at 500 nm as a function of time, using 2.76 M
DMH. Estimates of the rate for oxygen quenching of the
new emission of kq[O,] = 4.4 X 107 and 2.2 X 107 sec™!,
obtained from Io/f = 1.16 and 79/ = 1.08 ratios for de-
gassed and air-saturated solutions, respectively, suggest
that the value of the rate constant for interaction with oxy-
gen must be close to the diffusion-controlled limit.

The Stern-Volmer plots of DCA fluorescence quenching
by DMH in degassed and air-saturated acetonitrile solu-
tions are shown in Figure 6 and the plot of !DCA lifetimes
in degassed solutions is shown in Figure 7. The Io/I Stern-
Volmer plots start showing upward curvature at [DMH] =
0.04 M. The initial slope of the plot for data obtained in de-
gassed solutions, Figure 6, gives kermp = 106 M~1, eq 7,
from which a value of k.p = 1.00 X 1010 M~ sec™! can be
calculated using the observed DCA lifetime, 10.6 nsec, in
the absence of DMH, Table III. In contrast to the observa-
tions for benzene solutions, the lifetime Stern-Volmer plot
is essentially linear and its slope, 89.5 M~!, is only ~20%
smaller than the initial slope of the Iy/I plot, suggesting
that exciplex formation in acetonitrile is not freely revers-
ible.

Before considering the curvature in the Ip/l plot at
[DMH] > 0.04 M the question of the origin of the new
emission is addressed. Examination of the data in Table I
and the spectra in Figure 2 shows that although 91% of
DCa fluorescence is quenched at [DMH] = 0.069 M, no
new emission is experimentally discernible at that concen-
tration. In fact the new emission is observed over a diene
concentration range where the fraction of quenched DCA
singlets is not changing substantially (91 — 100%),
suggesting that the emission is not coming from the species
formed as a result of the initial quenching process. This
conclusion is substantiated by the fact that an isoemissive
point is not maintained in the spectra in Figure 2 as would
have been expected if the two emitting systems constituted
a closed system.*> Three other systems in which an isoem-
issive point is not maintained at high quencher concentra-
tions are those of pyrene-N,N-dimethylaniline,** pyrene-
3,5-di-tert-butyl-N, N-dimethylaniline,*> and anthracene-
N.N-dimethylaniline.?2 In these cases a lowering of the in-
tersection point of monomer and exciplex fluorescence is
observed which is attributed to interaction of the exciplex
with an additional molecule of quencher leading to a
nonemitting species. A more striking precedent is provided
by the naphthalene-1,4-dicyanobenzene system in which in-
teraction of the exciplex with an additional molecule of
1,4-dicyanobenzene leads to a decrease in the intensity of
the exciplex emission as a new red-shifted emission appears
which has been assigned to heterotrimer (triplex)
species.46.47

In view of the above, it seems probable that the new fluo-
rescence in the DCA-DMM system in acetonitrile origi-
nates from a triplex formed by the trapping of the nonfluo-
rescing exciplex, eq 21-23, with DMH.#® Quantum yields

k
'(DCA - DMH) + DMH = }(DCA - DMH,) (21)

k—

k
I(DCA -DMH;) — DCA + 2DMH + Ay (22)
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kdt
I(DCA - DMH,) — a(DCA + 2DMH) + (1 — a)products
(23)

of the new fluorescence, ¢r, were obtained relative to the
fluorescence of DCA in acetonitrile, ¢f = 0.55, which was
obtained by relating it to the fluorescence of DCA in ben-
zene by applying the usual index of refraction correction.3!
This value, which seems rather low,3? and the data in Table
I and Figure 2 lead to ¢, values of 7.9 X 1073, 7.1 X 1073,
and 5.5 X 1073 for 2.76, 1.38, and 0.345 M DMH concen-
trations, respectively. Since at these diene concentrations
the quenching of DCA fluorescence is almost complete,
Table I, triplex emission quantum yields should follow ap-
proximately eq 24, where 7. and 7, are kq.~! and (kg +

[DMH]/d)ﬂ = (1 + k_tTt)/kﬂTtktTe + [DMH]/kﬂTt
(24)

ka;)~!, respectively. The plot of [DMH]/¢s, vs. [DMH] is
linear its slope giving kg7, = 8.5 X 1073 as the limiting tri-
plex fluorescence quantum yield. A maximum value of kg
< 2.4 X 10%sec™! can now be calculated by substituting the
observed triplex lifetime, 3.6 nsec at 2.76 M DMH, for 7.
A minimum exciplex lifetime in acetonitrile of 7. = 0.4 nsec
can be estimated from the slope-intercept ratio of this plot
assuming that the rate constant for triplex formation, eq 21,
is less than or equal to the diffusion controlled limit of
~1010 M~V sec™!. These results are consistent with previous
observations showing that exciplex lifetimes decrease dras-
tically with increasing solvent dielectric constant, ¢40.41.44
For example, the lifetime of the pyrene-N,N-dimethylani-
line exciplex decreases from 130 nsec in n-hexane (e 1.9) to
47 nsec in pyridine (e 12.3).4! If the lifetime of the DCA-
DMH exciplex were similarly affected, the expected de-
crease would be from 7.4 nsec in benzene (e 2.3) to slightly
less than 1 nsec in acetonitrile (¢ 38.8). Exciplex fluores-
cence quantum yields depend even more strongly on e.
Thus, the fluorescence quantum yield of pyrene-N,N-di-
methylaniline exciplex decreases by a factor of 44 on
changing the solvent from n-hexane to pyridine and no exci-
plex fluorescence is detected in acetonitrile. It is, therefore,
not surprising that no fluorescence was observed from the
DCA-DMH exciplex in acetonitrile.

The upward curvature in the Io/l Stern-Volmer plot,
Figure 6, is probably due primarily to the formation of
ground state complexes, eq 25 and 26, as suggested by the

K

DCA + DMH = (DCA - DMH) (25)
hy

(DCA - DMH) — |(DCA - DMH) (26)

subtle changes in the absorption spectra of acetonitrile solu-
tions of DCA as DMH is added. With respect to the active
sphere model for quenching, it should be noted that the cur-
vature is apparent at 0.04 M DMH where very few excited
DCA singlets are expected to form in the presence of a
diene nearest neighbor molecule if the diene molecules were
randomly distributed in the solution.34-3¢ This model could
account for some of the curvature at concentrations higher
than 0.1 M since in this solvent k. is very close to the diffu-
sion-controlled limit. If all the curvature is assigned to
ground state complex formation, eq 25 and 26, a maximum
value of K. < 1.85 M~! can be calculated using eq 27,
which is derived by assuming that the extinction coeffi-
cients of monomer and complex are the same at 340 nm.

_ (1 + kermp[DMH])(1 + K.[DMH])
1+ (1 = p)K.[DMH]

The small deviation between the initial slope of the Io/I

Io/1 7
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Figure 6. Stern-Volmer plot of the quenching of DCA fluorescence by
DMH in acetonitrile; ®. degassed solutions: A, air-saturated solutions.
The dashed line represents the initial slope.

| ]
0 0.5 1.0

— [omHo], M x 10® —

Figure 7. The effect of DMH on the observed fluorescence lifetime of
DCA in acetonitrile. The dashed line is the same as in Figure 6.

plot, 106 M~1 and the slope of the 7o/t plot, 89 M~!, may
be indicative of some reversibility in exciplex formation de-
spite the short exciplex lifetime. It could also be due to the
fact that the Ip/I measurements were obtained at a lower
temperature, 23°, than the ro/7 measurements, 25°.57 De-
viations between the Io/I and Io/Iox values are small, Table
I, being almost within the range of experimental uncertain-
ty, and thus provide no evidence for reversibility in exciplex
formation (see discussion concerning eq 22). Since, further-
more, only a limit has been placed on 7. in acetonitrile, ap-

Pplication of the procedure used to obtain the value of p from

the data for benzene solutions does not seem justified. How-
ever, it is important to recognize that if p were less than
unity, the diene-concentration-dependent quenching of the
exciplex would cause p to increase with increasing diene
concentration thus providing an additional mechanism for
explaining the upward curvature of the Io/I plots in Figure

Photochemical Considerations. Exciplexes are often pos-
tulated as intermediates in photochemical reactions.5® In
the above, spectroscopic evidence has been described indi-
cating the presence of singlet (DCA-DMH) exciplexes in
benzene and acetonitrile and (DCA.DMH>) triplexes in ac-
etonitrile. While the photochemistry of these systems has
not been thoroughly studied,® it may be appropriate at this
time to consider implications of preliminary findings in ace-
tonitrile. The results in Table II can be converted to quan-
tum yields for DCA disappearance, ¢_pca, using the quan-
tum yield for anthracene disappearance, ¢—o = 0.17, in the
actinometer.? The ¢_pca values are 0.23, 0.24, 0.29, and
0.24 for [DMH] = 0.075, 0.150, 0.299, and 2.09 M, respec-
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tively, and the uv spectra of the reaction mixtures are re-
markably similar indicating that the same major reaction,
probably the formation of a new anthracene system, is oc-
curring in each of the four solutions. Since exciplex forma-
tion is essentially complete (290%) throughout the selected
concentration range, while efficiency of triplex formation
varies from ~25% at 0.075 M DMH to ~90% at 2.09 M
DMH, a strong dependence of ¢_pca on [DMH] might
have been expected. This is especially so since in benzene,
where a long exciplex lifetime is observed, preliminary ob-
servations indicate that there'is little or no loss of DCA in
the presence of DMH under conditions for which large
amounts of anthracene dimer are produced in the anthra-
cene-trans, trans-2,4-hexadiene (A-HD) system.!®%! The
observed insensitivity of ¢_pca to [DMH] in acetonitrile
may therefore suggest that a significant decay pathway of
the triplex involves reversal of step 21 and reaction of the
exciplex in the polar medium. This interpretation seems
preferable to one which would require identical product for-
mation efficiencies for both !(DCA-DMH) and (DCA-
DMH,). Finally, the possibility must now be considered
that the ultimate electronically excited intermediate leading
to enhanced anthracene dimerization in the A-HD system
is an {(Ay-HD) triplex.!®

Experimental Section

Materials. 9,10-Dichloroanthracene, K & K, was twice recrys-
tallized from benzene, mp 208.0-208.9°. 2,5-Dimethyl-2,4-hexa-
diene, Aldrich, was bulb-to-bulb distilled under vacuum immedi-
ately prior to use. N, N-Dimethylaniline, Aldrich reagent, was pu-
rified by distillation over mossy zinc under reduced pressure, bp
90.2-90.5° (29 Torr). Benzene, spectral grade from Mallinckrodt,
Baker, or Fisher, was used without purification. Acetonitrile, spec-
tral grade, from Aldrich or Eastman, was used without purifica-
tion.

Fluorescence Measurements, Steady-state fluorescence measure-
ments were made using a Perkin-Elmer Hitachi MPF-2A spectro-
photometer. The instrument was employed in the ratio recording
mode. Pyrex cells constructed from | cm square tubing were em-
ployed. The cells were fitted to degassing bulbs equipped with
10/30 standard taper joints and grease traps. Solutions were de-
gassed using five to six freeze-pump-thaw cycles to about 107¢
Torr and the ampoules were flame sealed at a constriction. The so-
lutions were transferred from the degassing bulb to the square cell
and the cell was flame sealed at a second constriction. In obtaining
relative fluorescence intensities the emission from each of the four
cell faces was recorded for each sample and the average value was
employed. The maximum deviation in the four measurements was
2%. Fluorescence measurements were also made using air-saturat-
ed samples. Total fluorescence spectra were corrected at each
wavelength using the procedure described by Parker.5':62 Relative
fluorescence quantum yields were obtained by cutting and weigh-
ing Xerox copies of the spectra.

Fluorescence Lifetimes. Fluorescence decay profiles were deter-
mined by time correlated single photon counting. The excitation
source was a free-running spark lamp whose arc formed between
two sharpened tungsten or molybdenum wire electrodes separated
by 0.5 mm in air at atmospheric pressure. One electrode was con-
nected through a 66 MQ resistor chain to the —HV output of a
TRW Nanosecond Spectral Source apparatus and the other elec-
trode was grounded. The half-peak width of the excitation source
was ~2.5 nsec. The excitation flash was monitored with an RCA
1P21 photomultiplier and sample fluorescence was monitored with
an RCA 8850 photomultiplier operated at —2200 V. The 12th dy-
node output was amplified and analyzed for single-photon response
by a single channel analyzer (SCA). Conversion pulses from an
Ortec 457 time-to-pulse height converter (TAC) were allowed to
enter a coincidence pulse-gated TMC CN-1024 multichannel ana-
lyzer where the gating pulses were produced when TAC busy sig-
nals were coincident with SCA logic output pulses. Later in this
work an equivalent but simpler method was used, that of strobing
the TAC output with the SCA logic pulses (representing receipt of
single photons).

Sample cells were constructed from 4 mm X 8 cm Pyrex tubing
which was flattened at one end and was formed into the shape of a
hemispherical lens at the other. A solution reservoir was laterally
attached at the flattened end. Samples were degassed using five to
six freeze-pump-thaw cycles to about 107 Torr and the ampoules
were flame sealed at a constriction. The spark lamp output was fil-
tered with a Corning 7-60 filter and was focused onto the flat end
of the cell with a TRW Model 38A Relay Lens System. Fluores-
cence detection was enhanced due to complete trapping of the exci-
tation light and partial trapping of the emission by total internal
reflection. The rounded end of the sample cell was positioned di-
rectly at the entrance slit (1 mm) of a Jarrell-Ash 1/4 M mono-
chromator. The emitted light was filtered with a Corning 3-72 fil-
ter mounted flush with the entrance slit. The RCA 8850 photomul-
tiplier was mounted at the exit slit of the monochromator. Life-
times were obtained from the slopes of first-order plots of the
decay of fluorescence intensity. Least-squares fit calculations were
performed on a CDC-6500 computer. With few exceptions (see the
Results section) first-order plots exhibited excellent linearity.

Absorption Measurements, Ultraviolet absorption spectra were
obtained using a Cary 14 recording spectrophotometer.

Irradiation Procedure. Quantum yield measurements were per-
formed using a Moses merry-go-round apparatus®? immersed in a
water bath thermostated at 30.0°. A 200 W Hanovia mercury
lamp in a Pyrex cooling probe was employed. The 366 nm mercury
line was isolated using Corning filters CS 7-37 and 0-52. Samples
(3 ml) of solutions containing the desired substrates were intro-
duced into 13 X 60 mm Pyrex ampoules equipped with grease
traps and 10/30 female joints. The solutions were degassed using
four freeze-pump-thaw cycles to about 1076 Torr, and the am-
poules were flame sealed at a constriction. Analyses were by uv.
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Transition State Energy Stabilization in the
Reactions Allyl + Propene and Methyl + 1,3-Butadiene
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Abstract: Critical energies (Eo) for reactions involving resonance stabilized reactants and/or products were measured by
studying the 3 scission decomposition of chemically activated alkyl and alkenyl radicals. For the reverse process, addition of
a radical to a double bond was obtained by microscopic reversibility. For these 3 scission decompositions, 67% of the TS sta-
bilization energy is obtained from the reactants and the remaining 33% from the products. It was found that the reaction
allyl + propene has a critical energy, Eo, approximately 6.8 & 0.3 kcal/mol greater than that for the reaction propyl + pro-
pene. The critical energy for the anti-Markovnikov addition of methyl to 1-butene relative to that for the Markovnikov addi-

tion is discussed.

The question has often been asked as to the amount of
stabilization which occurs in the transition state (TS) for
reactions involving either resonance stabilized reactants or
products. The inherent energy stabilization can only be
measured in the gas phase where solvent perturbations are
absent since solvent stabilization energies in solution may or
may not be equal in the reactant and transition states. Ener-
gy stabilization of either the reactant or the TS will directly
affect the critical energy of the reaction (Eg) which in turn
appears in the temperature dependence of the rate constant,
i.e., the experimentally observed activation energy. For a
given reaction, energy stabilization of reactants will in-
crease the observed activation energy while if only the TS is
stabilized the observed activation energy will decrease, The
absolute amount of stabilization in either reactant or TS
can be obtained by measuring the difference in critical en-
ergy of two analogous reactions, one of which involves sta-
bilization in either the reactant or product state.

* Presently on leave: Naval Weapons Center, Chemical Kinetics, code 6059,
China Lake, Calif, 93555,

The absolute amount of TS stabilization will depend on
whether the TS is best characterized by the reactant or
product state. Thus the position of the TS on the reaction
coordinate and the contribution of stabilization from reac-
tants and products can be determined from relevant activa-
tion or critical energy measurements. In this work the uni-
molecular decomposition of chemically activated radicals
(R*), produced by the addition of thermalized hydrogen
atoms to an olefin (Ol), results in the production of two
fragments: a smaller radical (R’) and olefin (OI).

H+ Ol — R* — R’ + Ol + AE

Rate constants relative to a standard reaction [the decom-
position of 2-methylbutyl-2 (2MB2)] were measured. The
observed unimolecular rate constant, k,, is related to the
following fundamental quantities: the energy of excitation,
the vibrational frequency pattern of the radical and decom-
position TS, and the critical energy for the reaction, by the
quantum statistical formulation of unimolecular reactions
developed by Marcus and Rice! (RRKM), The first three
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