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Abstract

Anthracene in ethanol shows an unusual temperature dependence of the fluorescence quantum yield and lifetime: both fluorescel
parameters pass through a maximum at approx. 180K but they follow the usual Arrhenius kinetic when anthracene is dissolved i
2-methylpentane or other hydrocarbons. In literature, several models of explanation have been presented but no decision has been m
which may be the right one. We present new data about the temperature-dependent fluorescence propentiepaatidn of anthracene
in ethanol. On the basis of these data, we conclude that a modified kinetic scheme with a deactivating channel via an exciplex betwe
excited anthracene and ethanol rationalizes the findings best. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction fluorescence intensity could lead to maxima or minima de-
pending on the values & andEz (maximum if E; > E3,

The normal temperature dependence of fluorescence ofminimum if E; < E3). The parent anthracene in ethanol as
anthracene derivatives in ethanol shows an increasing fluo-a solvent is a special case. Bowen found a normal temper-
rescence intensity and lifetime when the temperature is low- ature dependence of the fluorescence intengityin this
ered. For example, for meso-anthracenes the fluorescencesolvent between-30 and—50°C which he could describe
guantum vyields and fluorescence lifetimes vs. temperatureby (1/®F — 1) = 11 exg—890 cal mott/RT).
follow an s-shaped dependence and reach a constant value But when Pantke and Labhart [12] and at the same time
at low temperatures. This constitutes Arrhenius behavior. Bréauchle [13] extended their measurements of the fluo-
Arrhenius parameters have often been used in locating therescence quantum yield of anthracene in ethanol to lower
position of excited energy levels [1-11]. Surprisingly, the temperatures they found that the fluorescence quantum yield
parent substance anthracene shows an unusual temperatuiscreases in this solvent from 0.28 at room temperature to a
dependence of the fluorescence intensity in various solvents maximum value of 0.37 a+93°C (180 K) and decreases to

Bowen [1] who was the first to investigate the temperature 0.33 at—153’C (120 K). This is in sharp contrast to the flu-
dependence of the fluorescence intensity of anthracene anarescence quantum yield of anthracene in 2-methylpentane
derivatives found negative and positive temperature coeffi- and in other alkanes where the yield increases in an s-shaped
cients in different solvents betweeY0 and—70°C. He pro- dependence from 0.30 at room temperature to a constant
posed a kinetic scheme (see Scheme 1) in which a complexvalue (0.53 at 130K in 2-methylpentane), thus showing
(A*...S) between excited anthracene*{fand a solvent  Arrhenius type behavior.
molecule (S) is formed which requires an activation energy  Pantke and Labhart explained this strange behavior of an-
on dissociationEy). This type of excited complex was later thracene in ethanol with a constant activation enégyput
termed “exciplex”. In a purely formal manner (no values for with energy-dependenyST,, transition probabilitiesy (E).
the activation energies, no spectral evidence for the existencelVhereas they take in the systems exhibiting Arrhenius be-
of excited anthracene—solvent complexes), Bowen showedhavior the transition probability as(E) = 0 below theEg
that with the assumption of two further processes which threshold andv(E) = A for E > Eg they introduce an ad-
need an activation energy, namely the intersystem crossingglitional transition probability at low energies for anthracene
of excited anthraceneEf) and excited anthracene—solvent in ethanol. Withw(E) = %AforE < 0.85Eq, w(E) =
complex E3), the overall temperature dependence of the 0for0.85Ep < E < Ep andw(E) = Afor E > Ep, and
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. ki > w(E) and the threshold energy vall® (Pantke/Labhart
A xS ‘T (A....8) model) should be a characteristic feature of the vibrational
N / levels of the $ term of anthracene in ethanol and the shift
hv ke 3 Ky of S with temperature (Brauchle model) should be visible
/ in the UV spectra.
As Pantke/Labhart, Brauchle and Tanaka/Osugi assume
A that only fluorescence and intersystem crossing are active

as deactivation channels, whereas Bowen suggests an ad-
ditional radiationless deactivation channel via the excited
anthracene/solvent complex, one should be able to discrim-
with A = 2.14 x 10°s~1 and Eq = 27 kcal mol!, Pantke inate between the models by measuring the triplet popula-
and Labhart can simulate a maximum curve. No physical evi- tion vs. temperature. A maximum value of the fluorescence
dence or concept for this low energy ISC probability is given. quantum yield should be accompanied by a minimum of
Brauchle assumed that the triplet terms shift against the the triplet population at the same temperature if the Pan-
singlet terms when the temperature is lowered which should tke/Labhart, Brauchle and Tanaka/Osugi models are right,
result in temperature-dependent activation energies. He pro-but not, if Bowen’s model is right.
posed two models: (1) a lowering of the activation energy In order to clarify this situation we decided to measure
forthe § — Tj process and an increasing activation energy (i) the shift of absorbance and fluorescence bands (test of
for the § — T2 process with decreasing temperature and term shifts), (ii) the fluorescence lifetimes (test of term in-
(2) a constant activation energy for the ISC process betweenversion) and (iii) the population of the; Tstate of anthracene
room temperature and 200 K, and between 200 and 100K ain ethanol down to very low temperatures.
lowering of the activation energy to half of its value at 200 K.
Tanaka and Osugi [14] explained the strange solvent and
temperature dependence of the fluorescence of anthracend. Materials and methods
by the fact that the energy gap betweanaid T, is in the
order of vibrational quanta. In systems with small energy 2.1. Materials
gaps the density of states in the final state is small and thus
the vibrational overlap (Franck-Condon factors) is sensitive ~ Anthracene (99.9%) from Aldrich and anthracene-d
to the energy difference of initial and final states. Thus, from Merck were used as received. Zone-melted anthracene
depending on the value of the gap betweeai®l T, at room gave identical results. Spectroscopic grade solvents (Aldrich,
temperature the lowering of the temperature aneigergy Fluka or Merck Uvasol) were used as received. Triacetin
could result first in decreasing then increasing (maximum in (glyceroltriacetate) from Aldrich was refluxed in acetanhy-
@) or always decreasing FC factoBi increases steadily).  drid before use in order to esterificate the remaining free
We recognize that four models have been proposed: (i) OH groups and subsequently distilled at low pressure.
the exciplex model by Bowen, (i) a model assuming con- ~ Anthracene solutions ranged from 2 10-°to4 x
stant activation energies but additional transition probabil- 10°°moll=* and were degassed by at least five freeze—
ity at low energy (Pantke/Labhart), (iii) a model assuming pump-thaw cycles. A cryocooler (Cryophysics Model 21)
an energy gap variation leading to temperature-dependentor a CryoVac liquid nitrogen cryostat allowed to adjust
activation energies (Brauchle) and (iv) a model assuming constant temperatures-{ K) which were determined by a
an energy gap variation leading to changes in the FC fac- gold—iron thermocouple which was placed in a thin glass
tors (Tanaka/Osugi). We may add a fifth explanation: at tube in the solutions or by a Pt-100 resistance.
room temperature the weakly absorbitg,-state lies ap-
prox. 1100cm?! above the strongly absorbinta-state ~ 2.2. Spectroscopic measurements
[15]. Newer vibrational resolved two-photon spectroscopy
places the'lLp-state of the free anthracene molecule only  Absorption spectra at room temperature were recorded
350cnt! above thell ,-state [16,17]. A maximum in the with a Zeiss (DMR 10) spectrophotometer. Absorption
fluorescence quantum efficiency vs. temperature could thusspectra at low temperatures were registered with a Beckman
be explained if théL p-state shifts at low temperatures below (M V1) spectrophotometer with an attached low temperature
the 1L o-state. This term inversion should result in different unit (CTC 250).
natural fluorescence lifetimes at high and low temperatures. For the determination of fluorescence spectra a fluorimeter
Itis obvious that the attempts of Pantke/Labhart, Brauchle of Farrand (type MK1) was used which was maodified to
and Tanaka/Osugi to explain the unusual temperature de-accept for low temperature fluorescence spectra the head of
pendence of the fluorescence intensity of anthracene inthe Cryophysics cryocooler. The fluorescence was detected
ethanol are based on pure simulation parameters and, ifat right angles at 420 nm.
right, should be supported by the specific molecular proper- The fluorescence lifetimes were determined with the
ties of anthracene and ethanol: The transition probabilities time correlated single photon counting (SPC) technique. A

Scheme 1.
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No-filled thyratron gated flashlamp (Edinburgh instruments T
model 199F, half-width ca. 3ns) in combination with the
optical unit of the model 5000U of IBH was used to ex-
cite the solutions at 337 nm. The lamp profile was sampled
by scattering the lamp with an aqueous solution of LU- sk
DOX at room temperature and taken to be the same for -
all temperatures. Analysis of the data was performed with
the reconvolution software of IBH and the quality of fit

for a monoexponential decay was checked by the reduced
x2-values which were below 1.2 in the temperature range 1o
between room temperature and 130K but increased steadily
at lower temperatures (e.g. 1.8 at 110K) and fits for bi-
exponential decays became possible with slightly smaller
x2-values. A biexponential decay can be caused by exciplex
kinetics (see Section 5). However, the increased density of 05
the frozen medium causes scattering of the exciting light
pulse. This also may lead to a biexponential decay with a
71 value comparable to the of the flashlamp.

For excitation of anthracene in triplet—triplet transient
absorption measurements we used the radiation at 337 nm
(half-width: ca. 7ns; pulse energy: approx. 9mJ) of an fig. 1. Absorption spectra of anthracene in ethanol-fifioll %) at
excimer laser (Lambda-Physics EMG 500) filled with a different temperatures.

He/Np-mixture. The light source for the detection of the

T1-T, absorption of anthracene (detection light) was a . )

pulsed (discharge of capacitors of an Applied Photophysics M2 shift to longer wavglengths at lower temperature. At
module model 411) Xe lamp (Hanovia 250 W). Unfortu- 337 nm the absorbance is nearly constant, a consequence of

nately, the anthracene fluorescence and theT;T absorp- the compensating effects of the increase of the density of
tion occur in the same wavelength range. Although great ethanol and the shift of the absorption when the temperature

care was applied in order to separate the radiation of the'S lowered. The fluorescence maxima also shift to longer
two sources it was not possible to measure the transientVavelengths at lower temperature but to a lesser degree

absorption within the first microsecond after the laser flash. than the absorption maxima (Fig. 2).
An estimation of the possible loss of triplet concentration - _
during the first microsecond can be made by analyzing the 3.2 Fluorescence lifetimes of anthracene in hydrocarbons

01

! ) 1
320 330 340 350 360 370 380 30 W/mm

1
310

following processes: and alcohols

1. Deactivation of T molecules by ground-state anthracene
via a triplet-excimeP(AA)*. Fig. 3 shows the experimental fluorescence lifetimes

2. Deactivation of T molecules by triplet-triplet annihila-  of anthracene in 2-methylpentane which we determined by
tion. SPC as monoexponential decays, and the fluorescence quan-

3. O is a very effective quencher of triplet molecules.

A detailed analysis of these processes shows that they
can decrease the initial triplet concentration by not more ]
than 1%. Thus, T concentrations were determined from 26600 -
the transient absorbance capd after the laser flash.
Due to the constancy of the absorbance at the exciting
wavelength of 337 nm (see Fig. 1), it is not necessary to _ 26501
apply a temperature-dependent density correction to the
triplet—triplet absorbancies.

1/A Icm
N
b4
3

3. Results
3.1. Temperature dependence of absorption and 26250 4+ . ; . :
fluorescence spectra 50 100 150 200 250

TIK

Fig. 1 shows the absorption spectra of anthracene infig. 2. wavelength shift of the absorption bandll)(and fluorescence
ethanol at different temperatures. The vibrational max- bands @) of anthracene in ethanol vs. temperature.
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Fig. 3. Fluorescence quantum yields: (ll ) [12] and fluorescence lifetimes- (@) of anthracene in 2-methylpentane vs. temperature.

tum efficienciesdr measured by Pantke and Labhart [12] A strong increase of the viscosity of ethanol begins
in 2-methylpentane at different temperatures. The s-shapedat the temperature of the maximum of the fluorescence
graphs are parallel and we call this the normal behavior lifetime and one may suspect an interdependence. There-
which is also observed in methylcyclohexane/isopentane fore, we investigated this possible influence by measuring
(1:3 (viv)). T in triacetin (glyceroltriacetate) which has a strong in-
In Fig. 4, the same fluorescence parameters of anthracen&rease of the viscosity at ca:20°C (Fig. 5) and forms a
(@r from Pantke and Labhart or Brauchle) are shown for an- glass. But Fig. 5 reveals no maximum at the glass point
thracene in ethanol (max. 5 vol.% water). Also in this solvent of triacetin. So the fluorescence feature is no viscosity
the variation intg with temperature parallels the temper- effect.
ature dependence dfg and both parameters pass through  This strange behavior seems to appear only in alcohols.
a maximum at approx. 180 K. Addition of water (10vol.%) As we need solvents which transform to glasses at low tem-
to ethanol yielded a maximum afof 6.5 ns at 190K. peratures (rigid solvents) we could not use methanol. How-
To study the intensively discussed influence of the refrac- ever, propanol-1 is a suitable solvent. In Fig. 5, the fluores-
tive index on the fluorescence lifetimes [18—24] we multi- cence lifetimes vs. temperature of anthracene in propanol-1
plied thet-values by(nzT/n%%), whereny is the refractive are included and they also pass through a maximum (6.3 ns
index at temperatur@ and npgg at 298 K. This correction at 190 K).tf of anthracene-g in ethanol passes through a
leads to highet -values but the maximum ing still exists. very flat maximum oft = 5.8 ns at ca. 220K.

- 0.4

t/ns

03

100 150 200 250 300
T/K

Fig. 4. Fluorescence quantum yielés (H) [12,13] and fluorescence lifetimeas (@) of anthracene in ethanol vs. temperature.
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Fig. 5. Fluorescence lifetimes of anthracene in triacetinl]) and in
propanol-1 @) vs. temperature{()) viscosity of triacetin vs. temperature.
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3.3. Fluorescence lifetimes of anthracene in mixtures of
2-methylpentane and ethanol |

1 | |
400 420 440 460

Aom —*

So far g of anthracene vs. temperature shows a max-
imum in ethanol but not in 2-methylpentane. What is the Fig. 7. Triplet-triplet absorption spectra of anthracene in ethanol vs.
effect of mixing these solvents? We determingdof an- temperature.
thracene in three different mixtures of 2-methylpentane and
ethanol with mole fractionSetanol(Se€ Fig. 6) of 0.57,0.63  (at 428 nm) or first an increase and then a decrease with a
and 0.70. It is obvious that the maximum of shifts to ~ Maximum at 260K (at 420 nm) or with a maximum at 200 K
higher temperatures and becomes flatter when the amounfat 432 nm). The reason for this strange temperature depen-
of ethanol is increased. dence became clear when we measured §hd T spectrum
between 400 and 450 nm at several temperatures (Fig. 7).

It is obvious that at lowering the temperature the bands
shift to longer wavelengths and the width decreases which
leads to a strong increase af.ax and dependent on wave-
length, anincrease or decrease afTherefore, single wave-
length measurements are deceptive and we determined the
areas under the spectra representing as relative-state popu-
lation or @ sc. These areas relative to room temperature are
depicted in Fig. 8 together with the calculated temperature

3.4. Triplet—triplet absorption of anthracene in ethanol vs.
temperature

When, on cooling, we measured the-T,, absorbance of
anthracene in ethanol at single wavelengths (6.4 nm band-
width) we found either a constant increase of absorbance
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Fig. 6. Fluorescence lifetimes of anthracene in mixtures of ethanol and  Fig. 8. Triplet—triplet absorption of anthracene in ethanol vs. tem-
2-methylpentane vs. temperature at different mole fraction§ ethanol: perature: @) experimental values relative to room temperatur®) (
(V) xethanol= 0.57; (O) Xethanol= 0.63; (@) Xethanoi= 0.70. (1 — &p(T))/D293) Vs. temperaturedg-values from Pantke/Labhart).
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dependence of the triplet population assumingt @sc = 4.3. Temperature-dependent triplet population of
1 and using the>g-values of Pantke and Labhart. The dis- anthracene in ethanol
crepancy is evident.
Instead of decreasing with lower temperatures and run-
ning through a minimum as requested by the demand that

4. Discussion the sum of fluorescence quantum yield and triplet quan-
N tum vyield be 1 [28], the triplet population increases from
4.1. Temperature-dependent term positions room temperature to 180K by ca. 14%. This increase of

triplet yield which is accompanied by an increase of the
The energy gap betweery &nd T, of anthracene lies  fluorescence quantum vyield when the solution is cooled
between 650 and 800 cm [25-27] at room temperature. can only be rationalized if the sum of triplet yield and
The temperature-dependent shifts of the absorbance andjyorescence quantum yield at room temperature is smaller
fluorescence maxima are much smaller (at most 150'cm  than 1. This is confirmed by the measurements of Compton
between 298 and 80K, Fig. 2). Thus, itis very unlikely that et al. [29] who determined the triplet quantum vyield for
in the relevant temperature region the-Sate falls below  gnthracene in ethanol as 0.58 at room temperature which

the Tp-state. adds up to 0.86 together with the fluorescence quantum
yield of 0.28 measured by Pantke/Labhart. Thus, a further
4.2. Fluorescence lifetimes temperature-dependent process is operating. We, there-
fore, have to add a radiationless deactivation process from
4.2.1. Radiative lifetimes of anthracene in ethanol S1 with an activation energ¥, in the kinetic scheme of
The radiative lifetimes calculated by = ¢/ ®r of an- Bowen. This direct IC process is already frozen at 260 K.
thracene in ethanol using our experimentalvalues and the The further increase of triplet yield which we observe

@-values determined by Pantke and Labhart (see Fig. 3) liewhen the temperature is lowered below 180K can only oc-
between 18.9 and 20.7 ns, after correction with the square ofcur at the expense of the fluorescence yield. Therefore, the
the refractive index between 20.5 and 22.2 ns. The variation fluorescence yield and the fluorescence lifetime must run
is within the error of£2 ns, the sum of the individual errors  through a maximum at 180 K!

of the quantum efficiencies and lifetime measurements. This  The kinetic analysis of the scheme on the assump-
means that a term inversion betwekn, andL, does not  tion of steady-state conditions for the concentration of
take place. A term inversion should result in a great change anthracene—ethanol-exciplexes leads to the following ex-
of the 7,-values because the two states have very differ- pression for the temperature dependence of the fluorescence
ent transition moments. There is another argument againstifetime:

a term inversion: no new band is visible at the long wave-
length side of the low temperature absorption spectra (seew =
Fig. 1).

1
kg + kisc e E1sc/RT 4k, @ Ea/RT kikz/ (k2 e(E3—E2)/RT 4 fq)

(@)

4.2.2. Fluorescence lifetimes of anthracene-th ethanol This is Bowen’s [2] expression faPr = kg With kisc =

In general, the fluorescence lifetimes become longer kq, but with the additional ternis exp(—E4/RT). Provided
on deuteration of a fluorescing molecule as the FC fac- thatE> > E3, i.e. exciplex formation is exothermic, Eq. (1)
tors of the radiationless internal conversion (IC) become describes a maximum ing vs. temperature.
less favorable. The smaller lifetimes of anthracepng-id
solutions in ethanol and the maximum at higher tempera-
ture compared to anthracengshdemonstrates an inverse 5. Conclusions
deuterium effect [27]. The rate of intersystem crossing
is greater in anthracenagl than in anthracene:b be- In Section 1, we have listed five attempts to give a ratio-
cause the Franck-Condon vibrational overlap between nale for the unusual temperature dependence of the fluores-
states in $ and T is larger for the per-deuterated com- cence of anthracene. On the grounds of the small shifts of
pound. This finding is in favor of the Tanaka/Osugi [14] the  — S; and Ti—T,, absorption as well as the S> S

model. fluorescence bands we can exclude the propositions based
on an energy shift of the;Sand T, states, i.e. the term inver-

4.2.3. Fluorescence lifetimes of anthracene in sion model and Brauchle’'s suggestion. The Tanaka/Osugi

ethanol/2-methylpentane mixtures model cannot be ruled out as there even small shifts of

The observation of the variation of the temperature of state energies may cause considerable changes in the ISC
the te-maximum with the EtOH-fraction of the mixtures is rate and the deuterium effect is primarily on the FC fac-
taken as a hint to the existence of an equilibrium between ex-tors. The Pantke/Labhart approach is totally inaccessible to
cited anthracene—ethanol complexes and ethanol moleculesexperimental testing, it is a pure construct for fitting the
and is thus in favor of the exciplex model. data.
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The fact that the unusual temperature dependence of [3] E.J. Bowen, J. Sahu, J. Phys. Chem. 63 (1959) 4-7.

the anthracene fluorescence occurs only in alcohols and [4] W.R. Ware, B.A. Baldwin, J. Chem. Phys. 43 (1965) 1194-1197.
in mixtures with alcohol and not in other polar solvents is [®! R-G. Bennett, P.J. McCartin, J. Chem. Phys. 44 (1966) 1969-
the significgnt.pi_ece of evidence. Note also that the alpohol (6] é?g.z'um, 3D. Laposa, JM.H. Yu, J. Mol. Spectr. 19 (1966) 412
concentration is important: the temperature of the maximum =~ 45q.
of the fluorescence lifetime is the higher, the higher the [7] S. Schoof, H. Giisten, C. von Sonntag, Ber. Bunsenges. Phys. Chem.
alcohol content. This observation suggests that an exciplex 81 (1977) 305-309.
between excited anthracene and alcohol opens a new deac-{8! H- Dreeskamp, J. Pabst, Z. Naturforsch. A 36 (1981) 262-265.
tivating channel. Compared to the well-known exciplexes [9]'S. Hirayama, J. Am. Chem. Soc. 103 (1981) 2934-2938.

. . o [10] S. Hirayama, R.A. Lampert, D. Phillips, J. Chem. Soc., Faraday
between excited anthracene and amines (ionization energy  Trans. 81 (1985) 371-382.
for ethylamine: 8.9 eV) this exciplex is less stable (ioniza- [11] R.A. Lampert, D. Phillips, J. Chem. Soc., Faraday Trans. 81 (1985)
tion energy of ethanol: 10.5eV). This is in agreement with 383-393.

the observation of the exciplex only at high concentrations [12] E-R. Pantke, H. Labhart, Chem. Phys. Lett. 16 (1972) 255-259.

of alcohol and at low temperatures [13] Ch. Brauchle, Diploma Thesis, University of Tiibingen, Tlbingen,
: ) Germany, 1973.

The excited complex between anthracene and ethanol[14] F. Tanaka, J. Osugi, Chem. Phys. Lett. 27 (1974) 133-137.

which we postulate with Bowen in this work as a deactivat- [15] J. Michl, E.W. Thulstrup, J.H. Eggers, Ber. Bunsenges. Phys. Chem.
ing species does not emit and therefore its existence cannot 78 (1974) 575-586.
be proven by a direct observation. However, it should [16] J. Wolf, G. HohlIneicher, Chem. Phys. 181 (1994) 185-208.

. . . [17] G. Hohlneicher, J. Wolf, Phys. Stat. Sol. B 189 (1995) 59-65.
cause a hiexponential fluorescence decay. Indeed, a biex;

. . . [18] S. Hirayama, D. Philips, J. Photochem. 12 (1980) 141-145.
ponential fit of the fluorescence decay curves according 0 [19] F.J. Busselle, N.D. Haig, C. Lewis, Chem. Phys. Lett. 72 (1980)
I = A+ Biexp(—t1/t) + Baexp(—t2/t) is possible with 533-535.

711 = 14 0.3ns andr, mimicking the familiar maximum [20] M.D. Ediger, R.S. Moog, S.G. Boxer, M.D. Fayer, Chem. Phys. Lett.
curve (5.4ns at 296K, 6.7 ns at 210K and 5.8 ns at 134 K). ___ 88 (1982) 123-127.

. . . . . 21] F.J. Busselle, N.D. Haig, C. Lewis, Chem. Phys. Lett. 88 (1982
The B;-values are negative as required by exciplex kinetics [21] 128-129 9 y (1982)

[30]. However, thex?-values are essentially equal to those [22] S. Hirayama, Y. Shimono, J. Chem. Soc., Faraday Trans. 80 (1983)
of a monoexponential fit of the decay curves which has 941.

been favored in the course of this work. This does not mean[23] T. Shibuya, Chem. Phys. Lett. 103 (1983) 46-48.

exclusion of the existence of an exciplex, as Birks [31] has [24] S. Hirayama, Y. luchi, F. Tanaka, K. Shobotake, Chem. Phys. Lett.

i S . 144 (1990) 401-406.
shown that exciplex kinetics at high temperature can often [25] R.E. Kellogg, J. Chem. Phys. 44 (1966) 411-412.

be described by a single exponential and as in our SPCy2g] v.H. Meyer, R. Astier, J.M. Lecler, J. Chem. Phys. 56 (1972) 801—
measurements at low temperatures gRevalues are higher 815.

and less discriminative. Thus, the first suggestion published[27] E.C. Lim, H.R. Bhattacharjee, J. Chem. Phys. 55 (1971) 5126~

by Bowen, with a slight modification according to our work 5127. .
. [28] A.R. Horrocks, F. Wilkinson, Proc. R. Soc. A 306 (1968) 257—
is the most probable one. 273
[29] R.H. Compton, K.T.V. Grattan, T. Morrow, J. Photochem. 14 (1980)
61-66.
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