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Uno and Machida on imide conformers. A reanalysis 
of the 3500-500-cm-1 spectrum (Table VII) is com
pletely consistent with formimide being cis-trans in 
the liquid state, in agreement with the gas-phase micro
wave data. 
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Abstract: The triplet lifetimes of several specifically deuterated anthracenes are measured in glassy solution at 
770K by monitoring the decay of triplet-triplet absorption after flash excitation. The derivatives studied com
prise the 9,10-di, 1,4-dt, 2,3-d2, l,4,5,8-d4, 2,3,6,7-dt, 1,2,3,4-di, and dK compounds. Their triplet lifetimes show a 
significant dependence on the position of substitution. This dependence is interpreted theoretically, and the ratio 
of triplet deactivation rates for isomers containing the same number of deuterium substituents is calculated and 
compared to the experimental lifetime ratios. It is pointed out how this comparison might be used to further 
elucidate the theoretical interpretation of radiationless transitions. 

The observation of a deuterium effect on the triplet 
state lifetimes of aromatic hydrocarbons has pro

vided an important stimulus for the development of 
theories of radiationless processes.2'3 The first effects 
were observed by Hutchison and Mangum4 for naph
thalene and by Wright, Frosch, and Robinson5 for ben
zene. In each case a large increase of the triplet state 
lifetime was observed (2.1 to 16.9 sec for naphthalene 
and 16 to 26 sec for benzene). These results were ex
plained by the Robinson and Frosch theory of radia
tionless transitions6 in terms of the Franck-Condon 
factor associated with the rate k of a radiationless tran
sition according to the simple Golden Rule formula of 
time-dependent perturbation theory. 

k = (2 T /K) pJF(E) (1) 

Here p is the density of final vibrationally excited states 
and / is an electronic integral coupling the two states. 
The Franck-Condon factor F(E) is the well-known sum 
of products of vibrational overlap integrals. Deu-
terating aromatic hydrocarbons increases their triplet 
lifetimes due to an increase in Franck-Condon factors. 
This can be understood on the basis of the decreased 
overlap of the lower frequency CD modes relative to 
CH modes for the same energy gap. This effect is now 
well established experimentally7 and the involvement of 
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Franck-Condon factors has received extensive theoreti
cal verification from the calculations of Siebrand.78 

More recently a different type of deuterium effect on 
triplet lifetimes was observed by Hirota and Hutchison9 

and by Watts and Strickler10 for naphthalene and by 
Simpson, et ah, for biphenyl.11 In both molecules the 
triplet lifetime showed a dependence not only on the 
number of deuterium substituents but also on the posi
tion of substitution. In the naphthalene experiments, 
the authors compared the triplet lifetimes of derivatives 
having numerically the same but positionally different 
deuterium substituents. If the deuterium effect was 
due solely to an effect on the Franck-Condon factor 
associated with the vibrational modes, which have an 
equal a priori probability for accepting the electronic 
energy, then two such isomers would show essentially 
the same triplet decay rate. However, in the extensive 
series of naphthalene isomers investigated by Watts, 
et al.,10 the differences were substantial and consistently 
demonstrated that deuterium substitution in an a posi
tion had a greater lifetime increasing effect than deu
terium substitution in a /3 position. The possibility 
that the observed effect is due to an effect on the radia
tive decay probability is remote because of the minor 
contribution of this channel to triplet deactivation.12 

The roughly additive nature of the effect observed by 
Watts, et al., implies that it must be local in character. 
An explanation of the results based on this observation 
has been given by Henry and Siebrand.1314 Starting 

(8) W. Siebrand, ibid., 46, 440 (1967); W. Siebrand and D. F. Wil
liams, ibid., 49, 1860(1968). 

(9) N. Hirota and C. A. Hutchison, Jr., ibid., 46,1561 (1967). 
(10) R. J. Watts and S. J. Strickler, ibid., 49, 3867 (1968); T. D. 

Gierke, R. J. Watts, and S. J. Strickler, ibid., 50, 5425 (1969). 
(U) J. D. Simpson, H. W. Offen, and J. G. Burr, Chem. Phys. Lett., 

2, 383 (1968). 
(12) J. Langelaar, R. P. H. Rettschnick, and G. J. Hoijtink, J. Chem. 

Phys.,S*,\ (1971). 
(13) B. R. Henry and W. Siebrand, Chem. Phys. Lett., 3,327 (1969). 
(14) B. R. Henry and W. Siebrand, J. Chem. Phys., 54,1072 (1971). 

Journal of the American Chemical Society / 95:9 / May 2, 1973 



2783 

LOW-TEMPERATURE 
DEVWR-CELL 

MONOCHROMATOR 

100 

Figure 1. Flash apparatus. 

from pure spin Born-Oppenheimer functions as zero 
order states, they predict three principal mechanisms 
for intersystem crossing. The third of these mech
anisms, which is expected to predominate for the T1 -»• 
S0 transition in naphthalene, is governed by a matrix 
element #io(3) of the form14 

[H10^ = ^(E){£(£W°YWA X 
k 

X(Ei - £o)-1[<So|#.o|T<>(r,|5/de*|TI) + 
i 

<So|d/dg)t|S4)<S1|Jr/so!T1)]}
2 (2) 

Here wk and /xk are the frequency and the reduced mass 
of the inducing vibrational mode k. The dominant 
contributions to #io<3) are made by intermediate states 
T1 and S4 of mixed <nr character.14,15 Thus, since both 
S0 and Tx are 7rir states, the inducing vibrational modes 
k will be out-of-plane bending modes and it is these 
modes that lead to the position dependent isotope 
effect. Both the spin-orbit and vibronic matrix ele
ments in //io(3) are dominated by one-center terms and 
are proportional to the local w electron density and to 
the out-of-plane bending ajnplitude, respectively. Sub
stitution of H by D will lead to a reduction in the CH 
out-of-plane bending amplitude and thus will reduce 
the rate of the radiationless transition. The effect will 
be largest for those positions where the TT electron co
efficient has the largest absolute value. This is in agree
ment with the results observed in naphthalene where 
the T electron coefficient at a carbons is greater than at 
/3 carbons. Moreover, calculations based on this ap
proach have accounted quite accurately for the mag
nitude of the effect.13'14 

It is of interest to extend both experimental observa
tions and theoretical calculations of the partial deu
terium effect to other molecules. Hopefully, it will 
serve as a continuing catalyst for the development of the 
theory of radiationless transitions. To this end, we 
have performed experiments and calculations on the 
partially deuterated derivatives of anthracene. A pre
liminary report containing the results of two of the seven 
deuterated derivatives studied has been published else
where. 16 

Anthracene has some advantages for a study of this 
type. Unlike biphenyl, its planar structure makes it 
amenable to calculations. Its long radiative lifetime 
(180 sec)12 and low triplet energy ensure that even for 
the totally deuterated molecule the triplet decay is al
most exclusively nonradiative. Thus, the effect we 
are observing is most certainly an effect on the radia-

(15) B, R. Henry and W. Siebrand, J. Chem. Phys., Sl, 2396 (1969). 
(16) J. L. Charlton and B. R. Henry, Chem. Phys. Lett., IS, 369 

(1972). 
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Figure 2. Reproduction of the oscilloscope display recorded 
during flash excitation of a sample of anthracene-9,/0-rf2 in EPA 
at 77 0K. 

tionless decay rate. Since it has three distinct CH sites 
compared to two for naphthalene, the number of pos
sible isomers containing the same number of deuterium 
substituents is increased and comparison with theory is 
facilitated. 

Experimental Section 
Materials. AU but the 9,10- and perdeuterioanthracenes were 

synthesized by preparing Diels-Alder adducts of the appropriately 
deuterated butadiene and either p-benzoquinone or 1,^naphtho
quinone. These adducts were subsequently converted to the an
thracenes by successive oxidation and reduction. The 9,10-di 
derivative was prepared by acid-catalyzed hydrogen-deuterium 
exchange. All of the synthesized derivatives were purified by 
column chromatography (Woelm alumina) and/or recrystalliza-
tion from chloroform. A detailed description of the syntheses 
will appear elsewhere." Perdeuterioanthracene was obtained 
from Dr. D. F. Williams of the National Research Council of Can
ada and used as received. 

The isotope ratios of the final products were determined by low 
voltage mass spectrometry (Finnigan 1015, 8 eV) and were accurate 
to approximately ± 2 %. 

EPA (5:5:2 ether, isopentane, ethanol) was obtained as an espe
cially purified glass-forming solvent from the American Instru
ment Co. Isopentane and methylcyclohexane were purified by 
the method of Potts.18 

Lifetime Measurements. The rates of triplet deactivation were 
measured by monitoring the decay of triplet-triplet (T-T) absorp
tion. The technique has been described by Porter19 and the 
present experimental arrangement is a modification of his original 
design (see Figure 1). The light source consisted of a source 
lamp (General Electric CPR 18A, 6 V) powered by a 6-V battery. 
The collimated beam passed through an 8-cm quartz sample cell 
built into a quartz dewar (Kontes/Martin M203908). The sample 
was prepared as a 10~4-10~6 M solution in EPA or IM4 (1:4 iso
pentane, methylcyclohexane) and cooled to a glass at 770K. The 
transmitted beam was monitored with a 0.25-m Jarrell-Ash grating 
monochromator set to the anthracene T-T absorption maximum 
at 425 m/j and by a phototube (Hamamtsu R106) whose amplified 
signal was fed to an oscilloscope (Fairchild 766 H/F). The sample 
was flashed with an electronic flash gun (Honeywell Model 65C) 
with the polystyrene filter removed, and attenuation of the trans
mitted light was recorded photographically from the oscilloscope 
trace. A typical trace is reproduced in Figure 2. 

Treatment of Data. The relative concentrations of triplet 
molecules are given by log (XoIX1) where X„ is the 100% transmis
sion signal and X, is the transmission at time t. Thus, since the 
decay should be first order, a plot of In log (X0JXt) vs. t was fitted 
to a straight line using a least mean squares analysis. The nega-

(17) R. Agagnier and J. L. Charlton, to be submitted for publication. 
(18) W. J. Potts, Jr.,/. Chem.Phys., 20, 809 (1952). 
(19) G. Porter in "Technique of Organic Chemistry," Vol. VIII, 

Part II, S. L. Friess, E. S. Lewis, and A. Weissberger, Ed., Interscience, 
New York, N. Y., 1963, p 1056. 
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Figure 3. A first-order analysis of the transmission data recorded 
during triplet decay of anthracene-2,i-rf2 and anthracene-9,/0-rf2. 

tive reciprocal of the slope yielded the lifetime. Three samples 
of each deuterated molecule and four samples of anthracene were 
prepared, and ten measurements were made on each sample. There 
were no significant variations in lifetime from sample to sample 
nor was there any discernible trend in the measured lifetime for 
a given sample. All lifetimes were averaged for each molecule 
and the standard deviation determined. We also calculated the 
correlation coefficient r which is a measure of the fit of the data 
to a straight line.20 r = — 1 corresponds to a perfect correlation 
and r = 0 to no correlation. The average value of r for each of 
the isomers fell in the range —0.9996 to —0.9998 which indicated 
an almost perfect first-order fit. 

Results 

The triplet lifetimes are given in Table I along with 

Table I. Measured Triplet Lifetimes for Anthracene and 
Its Partially Deuterated Isomers 

Anthracene 

A 
2,3-d, 
1,4Hh 
2,3,6,7-d, 

1,2,3,4-d, 
9,10-dt 
1,4,5,8-d, 
dio 

Purity, % 

86 
91 
74 
77 
88 
86 
95 

T, msec 

36.3 
40.5 
42.5 
43.8 
45.7 
47.3 
51.8 
53.0 

117.8 

Std dev, msec 

0.9 
0.4 
0.8 
0.9 
0.7 
0.9 
0.8 
0.9 
1.8 

the measured isotopic purities and the standard devia
tions obtained from the averaging of 30 lifetime mea
surements (40 for anthracene d0). The mean lifetimes 
for anthracene-rfo and anthracene-/,4,5,S-^4 measured 
in IM4 were 37.8 and 54.0 msec, respectively. Two 
values of the triplet lifetime of the 2,3,6,7-di isomer are 
given in Table I. Some difficulty was encountered in 
the synthesis of this compound17 and thus the isotopic 
purity of these samples is substantially lower than in 
the other cases. The two samples whose lifetimes are 
reported in Table I were obtained in two different at
tempts at its synthesis. The compound with the 43.8-
msec lifetime (A) had as its principal impurities d3-
(~17%) and of2(—8%) isomers with partial substitution 
occurring in the 2,3,6,7 positions. The compound 

(20) J. E. Freund, "Mathematical Statistics," Prentice-Hall, Engle-
wood Cliffs, N. J., 1962. 

with the 45.7-msec lifetime (B) had as its principal im
purities c?5(~15%) and rf3(~8%). In the dh contami
nant, the extra deuterium is most probably in the 1 
position. Thus, compound A, because it contains less 
deuterium than the desired isomer, forms a lower bound 
for the triplet lifetime of the pure 2,3,6,7-di isomer. 
Similarly, the B compound forms an upper bound. 
Therefore, we take r for this isomer to be 45.0 msec. 

The standard deviations given in the table are typi
cally less than 2%. 

In Figure 3 we have plotted —In log (X0/X1) vs. time 
for single runs of the 2,3- and 9,10-d2 isomers. Both 
the excellent linearity of the data and the change of slope 
for the two isomers are readily apparent. 

Calculations 

As with naphthalene,1314 we will attempt to account 
for the results on the basis of triplet deactivation in 
anthracene being governed by mechanism 3, i.e., by 
matrix elements of the type given in eq 2. This con
tention is supported by spin-polarization studies in 
anthracene,2122 which show that 97% of the triplet 
decay occurs via the in-plane triplet sublevels Tx and r„ 
as is predicted by a mechanism 3 type deactivation.14 

The main possible competing mechanism, which in
volves 7T7r* states as intermediate states,14 would lead 
to deactivation via the out-of-plane rt sublevel. 

As mentioned in the introductory section, the mech
anism described by eq 2 gives rise to an isotope effect 
through the factors involving the reduced mass and 
frequency of the inducing vibrational mode. If we take 
the ratio of these factors for C-D and C-H oscillators 
and use the harmonic approximation to replace the 
ratio of reduced masses by a frequency ratio, we obtain 
an isotope factor of the form 

5 = (u w /«*) V ' (3) 

where i labels the heavier isotope. In anthracene the 
CH bending modes that induce deactivation from the 
x triplet sublevel have biu symmetry. These modes 
have an average frequency of 857 and 693 cm - 1 for the 
normal and deuterated isomers, respectively.23 These 
values yield 

s = (693/857),/! = 0.73 (4) 

Since these frequencies are close to those observed for 
the modes which induce deactivation from the y triplet 
component and since on the basis of spin polarization 
measurements21,22 decay from Tx is twice as important 
as decay from T„, we use only this single value of s. 

The evaluation of the matrix elements in |//V3)1 
leads to a spin-orbit, vibronic product of the form1416 

fii2 + gc2
2 + hcs

2, where cu c2, and c9 are Tr-electron 
MO coefficients and / , g, and h are constants effectively 
determined by the geometry of the system for both the 
x and the y triplet components. For anthracene fx = 
— Igx and hx = - Igx, while fy = hv = 0 and gv = 
~{yh)gx- Thus, if we consider two isomers of an
thracene containing the same number of deuterium sub-
stituents N and take the number of 1,4,5,8 or a deu
terium substituents to be Na and NJ, respectively, the 
number of 2,3,6,7 or /3 deuterium substituents to be Np 

(21) M. Schwoerer and H. Sixl, Chem. Phys. Lett., 2, 14 (1968); 6, 
21(1970); Z. Naturforsch. /!,24,952(1969); 25,1383(1970). 

(22) R. H. Clarke, Chem. Phys. Lett., 6, 413 (1970). 
(23) S. Califano, J. Chem. Phys., 36,903 (1962). 

Journal of the American Chemical Society / 95:9 / May 2, 1973 



2785 

k E{[4 + (s - I)NJfnC1* + [4 + (S- I)A^nC2
2 + [2 + (S- I)(N - Na - Np)JknC,*]' 

T' = £{"[4 + (S- \)Na']fncS + [4 + (s - \)N$']gncS + [2 + (S- I)(N - Na' - Np')]hnc^ 
n 

,fc ?2Ci4 + M2C2
4 + P2C9

4 - /MCi2C2
2 - MDC2

2C9
2 + 2/PCi2C9

2 

k' ~ (T)2Ci4 + (V)2C2
4 + (p')2c9

4 - ?'M'CI2C2
2 - u'v'cSc* + 2f'p'ci2c9

2 

and Ng', respectively, and thus the number of 9,10 or y 
deuterium substituents to be TV — Na — Np and N — 
Na' — Np', respectively, we obtain, for the relative 
ratios of triplet deactivation in the two isomers, eq 5 
where n = x, y. Substitution for f, g, and h as given 
above yields eq 6 where t = 4 — 0.27Na, u = 4 — 
0.21Np, and v = 2 - 0.27(/V - Na - Np). 

Using Hiickel coefficients for the c's, we obtained the 
four independent ratios given in Table II, where we 

Table II. Calculated and Observed Rate Constant Ratios for 
Triplet Decay in Partially Deuterated Anthracene Isomers 

Rate ratios Obsd Calcd 

/t(9,10)/«2,3) 0.78 0.72 
«l,4)//t(2,3) 0.95 0.84 
£(1,4,5,8)/A:(2,3,6,7) 0.85 0.70 
A:(l,2,3,4)//t(2,3,6,7) 0.95 0.84 

have also listed, for comparison, the observed rate con
stant ratios. 

Discussion 

The data of Table I clearly indicate that a position-
dependent isotope effect is present. This is most 
dramatically indicated for the 9,10-dz isomer whose life
time is longer than two of the three rf4 isomers. The 
other striking observation about the lifetimes in Table 
I is that they correlate with the qualitative concept given 
in the introduction. The T electron coefficients in 
anthracene lie in the order c9 > ci > C2, and the measure
ments indicate a similar trend for the magnitude of life
time lengthening upon deuterium substitution. 

The calculated relative rate constants given in Table 
II show semiquantitative agreement with the observed 
rate ratios. However, the calculations do seem to over
estimate the effect. We repeated them using ir-electron 
coefficients generated by a CNDO program.24 How
ever, these calculated ratios are virtually identical with 
those obtained with Hiickel coefficients, the largest 
difference being 0.01. 

Most probably the overestimation in the calculations 
which also occurred in the naphthalene case13,14 is 
mainly due to two causes. In the theory, a very simple 
symmetry adapted form is adopted for the CH and CC 
cr orbitals used in the formation of o-x* and TG* inter
mediate states. A more detailed knowledge of these 
a coefficients is possible through MO calculations such 
as INDO.24 However, inclusion of these coefficients 
renders the theory much more numerically complex 
and does not appear to change its qualitative predic
tions but only affects the quantitative details.25 It was 

(24) P. A. Dobosh, Program No. 141, Quantum Chemistry Program 
Exchange, University of Indiana, Bloomington, Ind. 

(25) B. R. Henry, unpublished work. 

our hope that by calculating ratios of the type given in 
Table II such errors would largely cancel. It would 
appear from the approximate agreement that this is so; 
however, this effect still probably contributes to the 
lack of quantitative agreement. 

The second reason follows from the fact that in our 
earlier work14 we maintained that in mechanism 2 cou
pling existed solely between n-ir* states and that matrix 
elements between irir* and mixed air states cancelled. 
This is based on a one-center approximation but it is 
also possible that two-center terms in these matrix 
elements could lead to nonnegligible contributions. 
Since mechanism 2 is inherently stronger,14 these 
higher order terms could be significant here whereas 
the same terms would be negligible in mechanism 3. 
These terms would dilute the local character of the cal
culated isotope effect and would generally cause calcu
lations neglecting them to overestimate it. The partial 
deuterium effect could be used in this regard as a means 
of comparing the relative contributions of two-center 
terms in mechanism 2 to mechanism 3. Although the 
experimental data for any one series of derivatives 
might not be sufficient to give a meaningful answer, 
studies of the partial deuterium effect in a series of aro
matic hydrocarbons could give valuable insight into this 
theoretical problem. 

As pointed out by the referee, anharmonic coupling 
and Fermi resonance involving the anthracene vibra
tional modes have been neglected in our calculations. 
These effects will lead to an error in the s factor of eq 
3 and 4 and, to a lesser extent, in the relations between 
the f, g, and h coefficients. We would expect such 
effects, although significant, not to be as important as 
the two causes of error mentioned above. 

The measurements in IM4 indicated, as expected, 
that only small changes in lifetime are encountered in 
going from a polar to a nonpolar medium. 

Finally, we note the possible extension of theories of 
radiationless transitions into the much more compli
cated areas of photochemical reactions. Studies of 
the partial deuterium effect lead to an elucidation of 
the role played by the inducing vibrational mode and 
thus improve our presently held conceptions of the 
manner in which electronic excitation is distributed in 
molecules.26 

Acknowledgment. We are grateful to Dr. D. F. 
Williams for the gift of anthracene-rf10 and to Mr. R. 
Agagnier for work on the synthesis of the partially 
deuterated isomers. We are grateful also to Mr. R. 
Tennenhouse for technical assistance in analyzing 
the data. 

(26) After submission of this article, we received a preprint of work 
by Dr. F. Metz and collaborators (F. Metz, S. Friedrich, and G. Hohl-
neicher, Chem. Phys. Lett., 16, 353 (1972)) which stresses the importance 
of two-center terms in mechanism 2 in the radiationless decay of the 
lowest triplet state of aromatic hydrocarbons. We are grateful to Dr. 
Metz for making his work available to us before its publication. 

Henry, Charlton / Position-Dependent Deuterium Effects on Anthracene 


