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Effect of Solvents on the Photoenolization ob-Methylanthrone at Low Temperatures.
Evidence for H-Atom Tunneling from Nonequilibrating Triplets

Alla Gamarnik, Brent A. Johnson, and Miguel A. Garcia-Garibay*
Department of Chemistry and Biochemistry, bbisity of California, Los Angeles, California 90095

Receied: Nawember 3, 1997

The reactivity of 1,4-dimethylanthrone (1,4-MAT) and 1,4-dimethylanthrdy@-4-DMAT) toward hydrogen
transfer was investigated in methylcyclohexane (MCH), ethanol (EtOH), and 2,2,2-trifluoroethanol (TFE) by
comparing their triplet-state emission spectra and lifetimes with those of compounds witha@utnisiayl
substituent. A predominantly a* lowest triplet state in nonpolar solvents such as MCH changes toward a
less reactiver,7* configuration in polar solvents such as EtOH and TFE. In EtOH, 1,4-DMAT exhibits a
temperature-dependent dual emission while the corresponding protio compound (1,4-MAT) decays by reaction
at all temperatures analyzed (ca—190 K). Although compounds without tlemethyl group also presented

dual emission, their relative intensities and lifetimes were shown to be temperature-independent, indicating
the lack of thermal equilibration between the two triplets below 90 K. In the case of 1,4-DMAT in EtOH,
an Arrhenius plot based on the data from the short-lived component (mairtfyand detection of the enol
between 19 and 80 K revealed that deuterium transfer occurs by quantum-mechanical tunneling (QMT). In
agreement with results in MCH where a short-lived*nstate predominates, the D-tunneling rate constant
was estimated to be ca. (:3.5) x 10° s'1. The phosphorescence of anthrone derivatives in TFE was
long-lived, with a strongz,z* character, and highly heterogeneous, but not dual. A large isotope effect on
phosphorescence is assigned to the isotope-dependent tunneling reaction from a predomiirstate.

Introduction SCHEME 1

The photoenolization ofo-methylaryl ketones has been ao.H.giH HH
studied in detail by several authdrs® The reaction occurs )
adiabatically on the triplet surfag& 1416 by transfer of a ku Qs
hydrogen atom from the-methyl group to the carbonyl oxygen T
(kn), and it is completed by intersystem crossing to the ground- T ©
state enol Ksc, Scheme 1§.467817°21 The photoenol is a
thermodynamically unstabfequinodimethane that rearomatizes 1) hv 1 | kp + krs
to the starting ketone in a proton-transfer reactigny) to 2) kisc
complete an overall cyclic proceds. Although much of the
initial interest in the reaction came from the complex kinetic T ‘\'”"‘/ Enol
behavior of conformationally flexible compounds such as &H
o-methylacetophenod& 8121415 and  o-methylbenzo- s
phenoné,;249-11.13recent studies by &% 2% and other&27with CH,
conformationally locked compounds have shown that both 14-MAT
H-transfer reactions may occur by quantum-mechanical tun-
neling mechanisms. The involvement of quantum-mechanical tunneling was unam-

Work from our group has focused on the excited-state H-atom Piguously established by curved Arrhenius plots, by detection
transfer ofo-methyl-substituted benzocycloalkanones such as Of the photoenol at temperatures as low as-26 K, and, in
anthrone and tetralone. In contrast to other studies wherethe case of deuterated DMT, by excellent agreement between
reaction rates as a function of temperature were determined byflash-photolysis results published by El-Soufi et*&land
analysis of the spectra of overlapping laser-flash-photolysis €Mission results from our laboratoty.
transientg®2” we determined the rates of triplet reactidd)(

3Enol
kisc 1 Ha

OH CH,

by emission spectroscopy at very low temperatédfe®.28\We Kgec = Ky + (Ko + Krg) 1)
calculated reaction rateky, eq 1) from the total triplet decay
rate kded by subtracting contributions from radiativie) and In the non-deuterated compoundsl, transfer ky > ~107)

thermal processesk{fs), which were assumed from model dominates the triplet decay at all temperatures analylzger¢
compounds lacking the-methyl group?® It was shown that ky > kp) and no emission has been obser¥edt is known
deuterium transfeikg) in dg-1,4-dimethylanthrone (1,4-DMAT)  that an increase in polarity slows the rate of hydrogen abstraction
and indg-5,9-dimethyl-1-tetralone (DMT) at very low temper- in Norrish type-1F%-33 and photoreductici3°reactions of triplet
atures (ca. 1590 K) is slow enough to compete with radiative aryl ketones. The same effect may be expected in the
and thermal decay [i.ekp = 10?—10° s~ tandkp < (ke + krs)]. photoenolization of the-methyl-substituted compounds. Since
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SCHEME 2 anthrone (Bz-AT) and 10-benzoyl-1,4-dimethylanthrone (Bz-
(a) ®) © 1,4-MAT). From the compounds selected for this study only
1,4-MAT, 1,4-DMAT, and Bz-1,4-MAT can undergo a photo-
xx* _—T1 enolization reaction. AT and 2,3-MAT have no hydrogen-
. T, donatingo-methyl groups and were an_alyzed to e\_/aluate the
,_% nx "':‘—: M'__/_Tz effect of solvents on the photophysical properties of the
T, o T, chromophore. The benzoyl group in Bz-1,4-MAT was intro-
RS — duced as an intramolecular triplet sensitizer to address the
T, possibility of singlet-state deactivation in 1,4-MAT. The effect
Solvent Polarity of the benzoyl group in the anthrone chromophore was explored
=S with Bz-AT. Measurements were carried out between 15 and
80 K.
CHART 1
R, O R, Ry Ry=H (AT) Experimental Section
R, g:fﬁ‘;’;%%?‘l{:;ﬁ‘&_mn Methylcyclohexane, ethanol, and acetone were of the highest
O Q Rl=CH3.R2=H:R3=H (1,4MAT) quality commercially available and were used as received.
R; R; =CDy,R; =D, Ry=H (1,4-DMAT) 2,2,2-Trifluoroethanol was filtered through calcium sulfate and
R, Rs R, = CHy, R; = H,R,=COPh (Bz-1,4-MAT) sodium bicarbonate prior to use. The syntheses of anthrone

(AT), 2,3-dimethylanthrone (2,3-MAT), 1,4-dimethylanthrone
the effect of solvents on the photophysical behavior of aromatic (1,4-MAT) and dg-1,4-dimethylanthrone (1,4-DMAT) were
carbonyls at low temperatures has been extensively in- previously describe:>*10-Benzoylanthrone and 10-benzoyl-
vestigated®43 a correlation between photophysical measure- 1,4-dimethylanthrone were prepared by the method of Camaioni
ments and photochemical behavior would be highly informative. @nd Alnajjar®> Fluorescence and phosphorescence spectra and
Changes in the rate of hydrogen transfer reflect perturbationsPhosphorescence decays were obtained as previously reported
along the reaction coordinate, and the identification of activated for MCH glasse$®>* Solutions of anthrone and anthrone
and tunneling processes may give valuable insights into the derivatives were freshly prepared in MCH, EtOH and TFE at

reaction potential. To accomplish this, the effect of solvents concentrations of ca. (310) x 10> M. Excitation was carried
can be analyzed in terms of changes in the electronic config- out at 309 nm. Solutions of 1,4-MAT and 1,4-DMAT in 10%

uration of the lowest trip|et Surface7 which may be gi\/en in acetone/ethanol had concentrations of ca. 0.1 M. Excitation
terms of zero-order n* and 7,7* configurations (Scheme 2).  Was carried out at 295 nm. Glasses of high optical quality were
It is known that po]ar solvents stabilize the re|ative|y po-j-a[* obtained for EtOH, EtOH/acetone mixtures, and MCH. Frozen
triplet (in heavy lines in Scheme¥y744while the close-lying TFE solutions appeared polycrystalline. Phosphorescence emis-
n,* state is either destabiliz&tor unaffected. Itis also known  sion spectra were shown to be independent of the excitation
that nsz* states are much more reactive tham* states toward ~ Wavelength. Decay spectra of TFE samples were obtained point
hydrogen-transfer reactions, and their energetic proximity results by point by changing the delay in 0.01, 0.1, 0.5, or 10 ms steps,
in interesting kinetic behavior. A strong vibronic interaction With detection windows similar to the step size. Between 50
between the zero-order states may result in the formation of and 300 pulses per point were accumulated and180 data
mixed states, T1 and T2 (Scheme 2), which may display hybrid Points were typically collected per decay. Our system for low-
properties:45 It has been suggested that ketones with a lowest temperature measurements has been described Béfarans-
triplet state that has a dominantz* configuration (Scheme parent glassy films of about 1 mm thickness were obtained when
2c) may owe their reactivity to their residuakt,character647 ethanolic samples were deposited at 19 K.
However, Wagner has showvifr,>2 and others confirmegf,34.45
that reaction occurs in most cases from equilibrium populations Results
of the state with greater, and often nearly pure;*rcharacter. The phosphorescence emission of several anthrones in
In rare examples, reactions from a T1 with a predomingnt methylcylohexane has been reported befdfé. The spectra
character have been documented, suggesting the validity of theof all compounds in the nonpolar solvent are well resolved and
former modef?>3 The case of naphthyl ketones, where possess vibrational structure and lifetimes characteristic of nearly
activation barriers are smaller than the energy required to pure ng* states ¢ < 3 ms). Spectra obtained in ethanol and
populate the m*-rich T2, reported by Hammond and Leer- trifluoroethanol were more complex. A summary of spectral
maker$® and by DeBoer et af3are among the best-documented  gata obtained at 20 K is shown in Table 1. Phosphorescence
examples. Rates of hydrogen abstraction in those cases argjecays were fit to monoexponential functions, as described in
100-1000 times slower than those observed in ketones with eq 2, or to biexponential functions as described in eq 3. In the
ngr* states. latter case, average lifetimes were calculated according to eq 4
In this paper we explore the effect of solvents on the with 7; = 1/k; andz; = 1/k;:
photophysical properties and chemical reactivity of 1,4-DMAT

and 1,4-MAT (Chart 1). It is expected that the lowest triplet I =1l,exp(kyt) wherek= 1/t 2
of the anthrone chromophore may be switched from a predomi-
nantly ngz* configuration in MCH to a T that is richer inz,m* I =1, exp(=kjt) + l,exp(kst) 3
character in polar solvents such as EtOH and TFE (Scheme 2).

We compare results from anthrone (AT), 2,3-dimethylan- Toe= Tl 7/(17, + L)l + oL /(lt + 1,75)]  (4)
throne (2,3-MAT), 1,4-dimethylanthrone (1,4-MAT), and 1,4-
dimethylanthronedg (1,4-DMAT) in ethanol (EtOH) and 2,2,2- Phosphorescence of AT, 2,3-MAT, 1,4-MAT, and 1,4-

trifluoroethanol (TFE) to those previously reported in methyl- DMAT in Ethanol (EtOH). The phosphorescence emission
cyclohexane (MCH). We have also analyzed 10-benzoyl- of all anthrones in EtOH at 19 K is blue-shifted by-@ nm
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TABLE 1: Phosphorescence Parameters of Anthrone and ° 2 4 ¢ s 10
Derivatives in Methylcyclohexane (MCH), Ethanol, and T T T T
2,2,2-Trifluoroethanol (TFE) |
A-o), other maxima, lifetime 20 K, g
compound solvent nm nm ms |
AT MCH 403 431, 465, 503, 5467, = 1.6 (75%) k i
2= 4.4 (25%) ? 380 4ve 480 560 50 600
AT EtOH 397 424,456,492, 5347 = 2.0 H i T—
AT TFE 398 423,453, 491, 52971 = 2.1 (19%) .
7= 44 (81%) r i
2,3-MAT  MCH 400 429,462,498, 5417, = 1.75 (90%) ~
7, = 0.50 (10%) 2
2,3-MAT  EtOH 396 423, 456, 490, 531r; = 13 (75%) e
7= 2.1 (25%) 3
2,3-MAT TFE c ¢ 71 = 169 (99%) =
72 =9 (1%)
1,4-DMAT MCH 413 443, 479, 518, 5657, = 0.46 (77%)
7, = 0.085 (23%)
1,4-DMAT EtOH 411 439,473,511, 5567, = 0.61 (77%)
7, = 0.13 (23%)
1,4-DMAT EtOH c ¢ 71 = 35 (11%) . L . L
7, = 330 (89%) 0 100 200 300 400 500
1,4-DMAT TFE c c 71 = 31 (14%) Time (ms)
7, = 413 (86%)
1,4-MAT MCH d d d Figure 2. Phosphorescence decay of aiM solution of 1,4-DMAT
1,4-MAT  EtOH d d d in ethanol at 22 K: (top) maximum delay time is 10 ms, and increment
1,4-MAT  TFE d d d and detection windows are 0.1 ms (top inset, corresponding emission);
A ) o b ) (bottom) maximum delay time is 500 ms, and increment and detection
Short-lived component (acquisition-& ms).” Long-lived com- windows are 10 ms (bottom inset, corresponding emission).
ponent (0-500 ms).¢ Broad spectrum with no vibrational resolution.
4 No emission detected.
r CD; 0O
D
0]
1 H,cm) . Dm)
= CDs
? 23 K H,C £}
5 0.0 - 10.0 ms 2 4K
.é T 8- 18 ms >
< Z .t GK
> 3
= ]
gl -
& 83 K
~= A A i L
350 400 450 500 559 600
Wavelength (nm)
350 400 450 500 5§50 600 Figure 3. Phosphorescence emission of a31® solution of 1,4-

Wavel h DMAT in ethanol at 46, 63, and 83 K detected between 0 and 10 ms
avelength (nm) after the excitation pulse.
Figure 1. Phosphorescence emission spectra of & M solution of
2,3-MAT in ethanol at 23 an_d 8_0 K detecteq between 0 and 10 ms and emjssion of 1,4-DMAT depended not only on the delay after
between 8 and 18 ms. Excitation was carried out at 309 nm. the flash but also on temperature (Figure 3). Emission spectra
from its emission in MCH. The spectra present the vibrational detected with a 10.0-ms window between 19 and 83 K are fairly
progression characteristic of anti,electronic configuration,  intense and well resolved at low temperatures (ca-S®K)
but are broader than in MCH. The decay of AT was fit to a and are significantly weaker and with a greater contribution from
monoexponential function with a constant triplet lifetime of 2.0 the long-lived component at higher temperatures.
ms between 19 and 79 K. The spectra of the 2,3-MAT displays As suggested by the data shown in Figures 2 and 3, the
dual phosphorescence with a broader and red-shifted componenéexperimental acquisition of decay curves of 1,4-DMAT in
remaining at the later times (Figure 1). It is noteworthy that ethanol was not straightforward. Decays were collected point
the spectra and decays of 2,3-MAT are temperature-independentby point with pulsed excitation and gated acquisition after the
The decays were fit to a double exponential with lifetimes of 10us lamp pulse. Proper acquisition of the fast components
2.1-2.4 ms (25-29%) and 1+13 ms (71-75%), respectively (r < 2 ms) requires small delay increments (e.g., 0.01 ms), short
(see Figure 1). detection times, and multiple experiments per data point to
The phosphorescence emission of 1,4-DMAT in EtOH is also accumulate a reasonable intensity. However, if the same
dual. The shape of the emission collected at early times is well acquisition parameters were used to collect data for the long-
resolved and typical of a state with predominant*n;onfig- lived componentst(~ 100 ms), the large number of data points
uration (Figure 2, top frame). Spectra collected at longer decay required (up to 19 points) would make the experiment
times were structureless (Figure 2, lower frame). Unlike the prohibitively long. As a reasonable compromise, we decided
emission of 2,3-MAT, the shape of the phosphorescence to collect data with two different sets of acquisition parameters.
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Figure 5. Phosphorescence spectra of 48 solutions of anthrone

in TFE at 77 K detected between 0 and 10 ms and between 10 and 30
ms and of 2,3-MAT and 1,4-DMAT in TFE at 77 K detected between

0 and 10 ms.

Figure 4. Decays of 1,4-DMAT in EtOH with a maximum delay time
of 2 ms and with increment and detection windows of 0.01 ms at (a)
18.8, (b) 28.3, (c) 33.3, (d) 39.3, (e) 45.8, and (f) 53.9 K. The fits
corresponds td = I; exp(—kit) + l.exp(—kat).

TABLE 2: Double-Exponential Fitting Parameters from the SCHEME 3

Decay Data of 1,4-DMAT in EtOH Obtained with a o Me O
Maximum Delay Time of 2 ms and an Increment of 0.01 ms

in the 18.8-72.4 K Temperature Rangé

T (K) T1 (ms) T2 (ms) %P %rt,°
18.8 0.613 0.125 76.6 23.4 o Me (e}
19.3 0.623 0.128 74.7 25.3 PH Ph
21.1 0.612 0.127 74.4 25.6 Bz-AT Bz-MAT
ggg 8:2% 8132 ;2411 g?:g 5). Spectra detected between 0 and 10 ms have ah n,
33.3 0.564 0.118 68.7 31.3 vibrational progression but are significantly broader than those
39.3 0.512 0.105 65.7 34.3 observed in MCH and EtOH. Detection between 10 and 30
45.8 0.462 0.088 62.4 37.6 ms reveals a very broad emission (Figure 5). Triplet decay was
3.9 0.473 0.069 98.5 41.5 fit to a double exponential with lifetimes of 2.1 ms (19%) and
59.1 0.583 0.064 56.1 43.9 . . -
63.1 1.041 0.061 613 387 44 ms (81%), suggesting states with predominauit and sz,77*
72.4 1.167 0.046 81.8 18.2 character, respectively. Also shown in Figure 5, the spectra of
a - ) 2,3-MAT and 1,4-DMAT are broad and featureless, but we do
From fitting function | = 1; expt/zi) + 1. exp /72).°The

not consider their emission as being dual. The phosphorescence
decay of 2,3-MAT was fit to a double-exponential function with
Tshot= 9 MS andriong = 169 ms, but the long-lived component
The first set emphasized the faster component with a smallwas clearly the dominant one (96%). The phosphorescence
increment of 0.01 ms and a maximum de|ay of 2 ms for a total emission of 1,4-DMAT in TFE was also broad and featureless
of 200 data points per decay_ The second set of parametergl\/ith its /lmax diSplaCEd to the red and with lifetimes of 330 ms
was optimized to capture the long-lived component with a 5-fold (89%) and 35 ms (11%). Samples of 1,4-MAT in TFE exhibited
greater number of flashes per point to improve the Signa|-t0- avery weak emission Signal indistinguishable from that of an
noise ratio, an initial delay of 5 ms to eliminate the short-lived Otherwise insignificant impurity and are considered nonemissive.
Component, a maximum de|ay of 500 ms, and an increment Enol Formation. The formation of enols as a result of
between data points of 10 ms. Although the first set of hydrogen transfer could be easily monitored because of their
parameters produced Comp|ex decaysl the number of data point@fight-orange color and their characteristic fluorescence excita-
obtained was insufficient for analysis by complex fitting models tion and emissiof?®® Enols were readily observed in all the
and doub]e_exponentia| fits were emp|oyed as rough estimatesO'methyl-SUbStitUtEd compounds. Of the three solvents studied,
for triplet lifetimes. The limitations of these fits, as illustrated €nols could be accumulated only in ethanol. They are known
in Figure 4, become more severe when the short-lived emissiont0 be very short-lived in nonpolar MCH®* and in relatively
is weaker at the higher temperatures. Table 2 summarizes thes@cidic media like TFE263
results. The second set of acquisition parameters provided Sensitization StudieS.AttemptS to sensitize the trlplet state
essentially temperature-independent, but complex, data, whichof 1,4-MAT with acetone in ethanolic glasses were unsuccessful.
were fit to a double-exponential function with lifetimes of 31  Intramolecular sensitization was carried out in 10-benzoyl-1,4-
ms (14%) and 413 ms (86%). In contrast to 1,4-DMAT, neither dimethylanthrone (Bz-MAT, Scheme 3). The keto form of Bz-
1,4-MAT nor Bz-1,4-MAT showed any phosphorescence emis- AT gives a single-exponential anthrone-like emission in etha-
sion in ethanol. nol%* In contrast, Bz-MAT yielded no phosphorescence in any
Phosphorescence of AT, 2,3-MAT, 1,4-MAT, and 1,4-  solvent even though the corresponding photoenol could be
DMAT in 2,2,2-Trifluoroethanol (TFE). Although the spe-  rapidly accumulated in ethanol.
cific interactions between triplet ketones and TFE are still
controversial, broad spectra and longer lifetimes are indicative
of a substantial increase in ther* character of TP6-58 The Effect of Solvent Polarity and Methyl Substitution on
emission and decay of AT in TFE has dual character (Figure Triplet State Configurations. The effect of substituents and

contribution from each component was obtained from their lifetime-
weighted intensities, e.g., 86= l17/(l171 + 1212).

Discussion
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solvents on triplet emission and reactivity of aryl ketones has 100
been the subject of much wofR31.6568 Although the spectra

and decays measured in this study are generally complex, we

may reach some qualitative conclusions by considering their

vibrational structure, whether their lifetimes are dual, and their

temperature dependence. We will assume that solvents and % n,m*
methyl substituents affect the energy difference between the two ~ "behavior”
lowest triplets of a common anthrone chromophore.

The phosphorescence of AT in MCH and EtOH reflects a
triplet state with a dominant m* configuration. The spectra
have the characteristic vibrational progression and short-lived
decay that deviates little (MCH) or not at all (EtOH) from
monoexponentiality. The small effect observed when the
solvent changes from MCH to EtOH suggests that an increase
in polarity in this case is not enough to affect the behavior of Figure 6. Hypothetical variations of % 1 behavior in a given triplet
the lowest triplet, which remains with a dominanthcharacter. state as a function of its m} character.

In contrast, when measurements are carried out in TFE, a solvent TFE (Fi 5) while th di lifeti
significantly more polar and acidic than ethanol, one observes " (Figure 5) while the corresponding average lifetimes

a dual emission with short- and long-lived components. The phange from 13 to 170 ms. The high heterogeneity observed

spectrum changes from a relatively broad but vibrationally 'f:‘dTFE pt;)badb_ly TeI'e"tSt_ longer tf”plet t!'fet'mesd sz_atmplflfngt
resolved nz* emission at early times to a nearly featureless yadrogen-bonding interactions, conformations, and site effects

one as the detection window is delayed (Figure 5). The two more sensitively. The _Iack of temperature dependence_in AT,
components have lifetimes of 2.1 and 44 ms, respectively, which 2,3-MAT and the Iopg-llvgd component of 1’4'DMA.T indicate
are consistent with concurrent emission from states with that there is no equilibration between the two emitting states. It
predominant rr* (short-lived) andr,7* (long-lived) configura- is not clear what determines the relative populations of the two
tions. Although good overlap between the two spectra suggestem'tti'lr)'i?it Statf: r;/'\:hbeanUﬁl r?(rinII_SSI(I?r% E@Qb;ert\ﬁd’ ?#t one
an energetic proximity, neither the lifetimes nor the spectra possibiity putto yRaunha eermakerss that tney may
change as a function of temperature between 17 and 80 K’be determined by specific but heterogeneous environmental

1 1 2-74
indicating that no state equilibration occurs at those tempera- interactions such as hydrogen bondfg’
turess9.70 To account for the concurrence of what appear to be nearly

. . . pure ng* states andr,r* states having widely different degrees
In agreement Vl"th observations suggesting that methyl groups ot mixing, one may suggest that the kinetic and spectral behavior
stabilize thez7* states and/or destabilize thes, trip- of aryl ketone triplets is disproportionally influenced by their
lets31.3644.71the effect of increasing solvent polarity on the

v - - n* charactef* A qualitative representation of this model is
emission of the methyl-substituted compounds is more pro-

) . shown by line 1 in Figure 6 where the percentage of*n,
nounced. The dimethyl-substituted anthrones 1,4-DMAT and pepayior (e.g., vibrational structure, lifetime, reactivity etc.) is

2,3-MAT display dual phosphorescence in EtOH under condi- plotted against a measure ofa, mixing as given by the

tions where pure m* emission was detected in AT. Temper-  qeficientb? from the corresponding triplet wave functioify
ature-independent spectra and lifetimes in the case of 2,3-MAT _ aW(r,7*) + bW(ns*). States with a dominant m*

are also consistent with a static model with two nonequilibrating configuration b2 > 0.5) behave essentially as the zero-order
states giving rise to two types of emission. The temperature- giate with very short lifetimes and well-resolved carbonyl
dependence of 1,4-DMAT relates only to the short-lived \;prational frequencies. Complementarily, states with a domi-
component and is associated with an H-transfer reaction (vide nantr,7* character k2 < 0.5) may draw much of their behavior
infra). A further increase in polarity in TFE gave rise to broad om the ng* character that is mixed in. For instance, polarity
and long-lived emissions with lifetimes suggestive /oft*  changes from MCH to EtOH to TFE in the case of AT do not
triplets (Figure 5). Decays in TFE are not monoexponential, affect the lifetime of the short-lived component despite stabiliza-
and average lifetimes of 300 and 170 ms for 1,4-DMAT and tjon of thesr,7* state suggested by the appearance of the long-
2,3-MAT, respectively, are significantly longer than ther* lived component in the more polar solvent. Accordingly, the
component of AT in TFE (44 ms). short-lived component of methyl-substituted compound 3,4-
A small heterogeneity and similar lifetimes observed for the MAT remains unaltered in the MCH and EtOH despite
n,7* emissions of AT and 2,3-MAT in MCH and EtOH indicate  variations in the lifetime of the long-lived component in going
a small conformational and solvent-site sensitivity by this state. from EtOH (13 ms) to TFE (169 ms). This model implies that
The nz* spectra measured in MCH and EtOH, and which are experimental observables may be determined by the state
absent in TFE, have lifetimes in the-3 ms range. Thisisin  primarily responsible for the dynamics of the triplet state (i.e.,
great contrast with the widely different lifetimes and kinetic single-electron density at the oxygen n orbital and sqirbit
heterogeneity observed for the long-lived components in EtOH coupling) rather than a linear contribution from each state. This
and TFE, which suggests a mixed state with various degrees ofinterpretation may account for a very narrow distribution af‘n,
aromatic fL,)%" 41z, w* character. The average lifetimes of AT, lifetimes, while thes,z* lifetimes expand over 2 orders of
2,3-MAT, and 1,4-DMAT in TFE change from 36 to 170 to magnitude, for long-livedr,7* emissions with spectral shapes
300 ms. These may correlate with decreasing amountswfn, showing “residual” nz* vibrational structure and for dual
character mixed in a predominanttyz* lowest state. The emission displaying nearly “pure”an* states along with highly
spectra and lifetimes of the longer-lived component of a given heterogeneous and long-livedz* triplets.
ketone are also very sensitive to the medium. For instance, a A nonlinear dependence of hydrogen-abstraction reactivity
broad but resolved long-lived component from 2,3-MAT in on the amount of m;* state character mixed onsgsr*-rich T1
EtOH (Figure 2) changes to a completely unresolved spectrumwas critically analyzed by Wagner et ®l.as a possible

Mixing Coefficient (b2)
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of the 2-ms acquisition data of 1,4-DMAT and the short-lived
component of 2,3-MAT in ethanol glasses from ca—88 K
454 2 is shown in Figure 7. The short-lived component of 2,3-MAT
A has the same decay value as the monoexponential decay of
a anthrone, which is also temperature-independent over the same
A temperature range. The temperature dependence of the decay
a A a & M rate of 1,4-DMAT (triangles) above ca. 480K is unique to
theo-methyl-substituted compound and is assigned to thermally
activated deuterium transfer. The single-exponential decay rates
° o o o of nonphotoenolizable AT and the short-lived component of 2,3-
25 T T T T MAT below 40 K are smaller than the short-lived component
0.01 002 0.03 0.04 005 0.06 of 1,4-DMAT. The difference may be assigned to contributions
UT (UK) from a quantum-mechanical tunneling reaction.

Figure 7. Arrhenius plots of triplet decay rate of the short-lived In EtOH, 1,4-DMAT emits fromr,7* and n;r* states and at
component of 2,3-MAT (circles) and 1,4-DMAT (triangles) in"t6& temperatures higher than 40 K the contribution of the*

104 M EtOH solutions. . . . .
solutions remains nearly unchanged while therhiriplet is depleted by

explanation for the reduced reactivity pinethoxyaryl ketones. the deuterium-transfer reaction. Keeping in mind 'the fact that
In that model, it was required that therr* state character had ~ the complex phosphorescence decay of 1,4-DMAT in EtOH was
a larger influence on chemical behavior than the*rsate for fit with limitations to a double-exponential function, we can
any given mixing values (Figure 6, line 2). This model was only estimate a tentative rate of tunneling for 1,4-DMAT in
found incorrect after it was shown that Boltzman populations EtOH. The rate of triplet decay of AT, which is the same as
of an ng*-rich T2 clearly dominate photochemical behavior the short-lived component of 2,3-MAT (& 10° s™'), can be
under conditions of kinetic preequilibriuf. A mixing model subtracted from the rate of decay of 1,4-DMAT in the tunneling
analyzed by Berger et &1.assumes that the chemical behavior region between 18 and 40 K. From the two components of the
of a given state may be linearly associated with its fractional short-lived acquisition parameters we can bracket this rate
ng* character as given by its mixing coefficient values (Figure between ca. 2x 10° st and 8 x 10° s'%. The resulting

6, line 3). Their model was refined to account for the thermal tunneling rate constant falls between %510° and 7.5x 10°
population of energetically close states and for higher reaction s %, which compares reasonably well with the rate constant of
barriers in the case of reaction framyz* states. In agreement  deuterium transfer calculated for triplet DMAT in MCH between
with Wagner’s observations, it was suggested that reactivity 18 and 30 K, i.e, 2x 103 s~1.24

could be dominated by a higher state that is richer i*n, It is significant that no temperature dependence was observed
character. In the nonequilibrating cases presented here, wheny, the decay of 1,4-DMAT in TFE where population fr*-
variations in spectral shapes and lifetimes are considered inyich, triplet states is postulated. This is consistent with a slow
terms of trends suggested by methyl substitution and solvents,qe terium transfer reaction that proceeds by quantum-mechan-
a situation such as that depicted by line 1 accounts for our results;.g, tunneling up to very high temperatures or with no reaction
without conflicting with data obtained at high temperatures. at all%® In contrast, the absence of emission in 1,4-MAT

Effect of Sor:vent lPoIarity lpn H)f/drogen Transfedr and suggests that hydrogen transfer in the protio compound is still
Quantum-Mec anica Tunneling o 1'4'DM.AT and 1,4- too fast to allow for phosphorescence to compete with triplet
MAT. The emission spectra of 1,4-DMAT in MCH possess decay?*?* Since equilibration ofr,7* and n;* states may be

:?,fnVgﬁﬂﬁgflaﬂggzzs'oTnhixﬁgﬁtrig gc;r ﬂﬁﬁfp;ai;lk is ruled out by analogy with the other compounds, reaction in this
P yzed. ' case must occur with a very high isotope effect from,a*

much sh_orter than tho;e of comp(_)unds W".d cAvethyl group, triplet. An alternative explanation would be that singlet-state

suggesting that deutc_arlur_n tunneh_ng contributes to the decay Ofdeactivation and low triplet yields are responsible for the lack

the ngt* triplet. Contributions to triplet decay from a thermally : o ; . : s
of triplet emission. This explanation requires a deactivation

activated process occur above ca—30 K, although formation hani ble of i ith int i . i
of the product is observed over the entire temperature range. |pmechanism capa %0 competing with Intersystem crossing a
a rate of about 10 s™1.7576 |t has been suggested that singlet

TFE, 1,4-DMAT behaves as a,n* ketone. The emission T i . .
spectrum is featureless and does not change as a function ofl€activation mv_olvw;g an avoided surface7;:£SSS|ng along the
delay, and its lifetime is 3 orders of magnitude greater than H-transfer reactioff-"*may be fast enough.”*% To test this

that in MCH. As mentioned above, lifetimes of 35 (11%) and POSSibility, we analyzed Bz-1,4-DMAT as a compound with a
330 (89%) ms may reflect the site-heterogeneity that gives rise PUilt-in triplet sensitizer (Scheme 8). Light absorption in this
to emitting states possessing different extents,af character. ~ compound should occur at the benzoyl and anthrone chro-
In EtOH, where bothz,7z* and n;* states were observed mophores with similar probabilities. Fast intersystem crossing
(Figure 2), the decay of 1,4-DMAT was too complicated to be and triplet-energy equilibratiddwould be expected to compete
described properly by a double-exponential function. Hetero- With singlet-state deactivation pathways unique to the
geneity in this case may be assigned mainly to contributions methylanthrone chromophore. The fact that no phosphorescence
from the two emissive states and concurrent chemical reactionswas observed in this compound under conditions where Bz-
and, second, to conformational and matrix effects. Given the AT emits strongly suggest that thes* triplet of o-methyl-
limitations of our data acquisition, a strict analysis of the total anthrones may be efficiently deactivated by a quantum-
decay rates as a function of temperature is essentially impossiblemechanical H-transfer tunneling reaction. Results in progress
To carry out a qualitative analysis of the reaction, we analyzed in our laboratory with indanones and benzosuberones also
data obtained with acquisition parameters that emphasize thesuggest the involvement of quantum-mechanical tunneling from
shorter-lived nz*-rich component (Table 2 and Figure 7). triplets with predominant,z* configurations2® We hope that

An Arrhenius plot constructed with the short-lived component further studies will help obtain a better understanding of the

dec

log k
()
n
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polarity on the emission and reactivity of several anthrone New York, 1980; pp 106140.

derivatives as a function of temperature between 15 and 90 K.  (30) Wagner, P. JJ. Am. Chem. Sod.967, 89, 5898-5901.

The effect of methyl substitution and solvents manifests itself 50(03.%7\’3\/6‘995?%2’303'_éélﬁémppa'nen’ A. B Schott, H.NAm. Chem.

on the presence of short- and long-lived components assigned (32) Rauh, R. D.; Leermakers, P. A.Am. Chem. So¢968 90, 2246~

to states with predominantst and r,7* character. Temper- ~ 2249. _ o _
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. P J. Am. Chem. Sod.983 105, 1856-1860.

cases with dual emission, suggest that the two states do not” (34) scaiano, J. CI. Am. Chem. S0d98q 102, 7747-7753.

equilibrate at the temperatures analyzed. It is suggested that (35) Yamaji, M.; Tanaka, T.; Shizuka, &hem. Phys. Let1993 202,

the spectral and kinetic behavior of a given triplet state may be 191-195.

disproportionally influenced by its n* character. Evidence (36) Kearns, D. R.; Case, W. Al. Am. Chem. S0d.966 88, 5087

for quantum-mechanical tunneling frommi,and ,7* states (37) Lamola, A. A.J. Chem. Phys1967, 47, 4810-4816.
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factors that control aryl ketone reactivity and quantum-mechan-
ical processes.
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