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Evidence of adiabatic channels in the singlet photoisomerization of
cis-1,2-diarylethenes: a fluorimetric study
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Absfract

The deactivation of the first excited singlet state (S1) of some cis isomers of 1,2-
diarylethenes was studied by fluorimetric and photochemical measurements. When at least
one of the aryl groups is a large polycyclic group of low 8; energy (as in the case of
pyrenyl and anthryl derivatives) the minimum at 90° (typical of stilbene) in the polential
energy curve as a function of the twisting coordinate may disappear. This leads to an
unusual fluorescence emission at room temperature and favonrs the adisbatic leis* —
lirang* isomerization mechanism instead of the well-known diabatic pathway, which
impHes internal conversion to the ground state from the 1perp* configuration.

INTRODUCTION

Based on the behaviour of the model compound, stitbene (S), the photophysics and
phetochemistry of 1,2-diarylethenes (DAEs) have been widely investigated in the last
decade,

The fluorescent trans isomers have been studied more extensively and were found to
genesraily follow the same photoisomerization mechanism widely accepted for stilbene.
Twisting about the central double bond in the first excited singlet state §; (with an energy
maximum: at the perpendicular, 90°, configuration) and an upper excited state Sy
{probably, a doubly excited state with a minimum at 90°) leads o an (avoided) crossing
which offers the system an activated lirans* — lperp* pathway towards the energy
nainimum at ca. 90° from which Lperp* - Gperp internal conversion to the ground state
surface and partitioning to the trans and cis isomers takes place [1]. It has been found that
the relative exient of the radiative and reactive deactivation of the Sy state and the
predominance of a singlet or iriplet reaction mechanism depend strongly on the size and
the nature of the aryl groups linked to the ethenic centzal bond [2,3].

When the aryl groups have low 81 and Tj energies, the energy position of the lowest
excited singlet and triplet states (1,3trans* and 13cis*) decreases thus making the crossing
with the apper S, curve less probable. As a consequence, the activation energy for twisting
increases and the potential energy may pass through a maximum at 90°. Figure 1 shows a
qualitative sketch, based on theoretical and experimental data 3], of the potential energy
curves for twisting about the centzal bond in the lowest excited singlet state of some typical
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DAEs. When the barrier is higher than ca.12 kcal/fmol, the isomerization to ¢is in Sj at
o0 tempcramre is inhibited and the only way to cis is inmtersystem cressmg (ISC) io

the energy barriers are generally smaller and the diabatic (trans* - perp*
- perp - cis) or adiabatic (3trans* — 3cis* — Gcis) mechanisms can be
favoured. 'I'he mms -+ cis isomerization becomes completely inhibited (“one way"
isomerization, only from cis 10 trans [41) when the barrier for twisting is also high in T).
Thus, by choosing the suitable nature of the aryl groups linked o the ethenic double bond
of DAEs, one can gradually tune the trans -» cis pathway proceeding from a net singlet to a
net triplet mechanism and/or from a high o 2 negligible quantum yield.
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Figure 1. Skeich of the potential energy curves for the twisting around the ethenic double
bond of some typical DAES in the first excited singlet state.

The sitvation has been investigated less for the cis compounds, which are very short-
lived and generally do rot emit in fluid solutions at room temperature §1], moreover, they
may also photocyclize to polycyclic arenes [5]). The lcis* —» 1 perp* twisting, not activated
in 8 [1], may present a barrier in DAEs bearing large polycyclic arenes thus opening the
way {0 ISC and to an easier twisting in T). In any case, the torsional energy barriers are
always relatively small, compared with those from the trans side. When only a shallow
minimum (or no minimum at all) is present at ca. 90°, as mentioned above for the trans
compounds lejs* (and 3cis* t00) has w overcome easy slopes isomerizing directly to
Lirans* (or Strans*) via an adiabatic mechanism. Tokumaru's group has demonstrated that
adiabatic isomerization of cis isomers in the triplet manifold takes place in the alkyl and
aryl derivatives of vinyl-pyrene and vinyl-anthracene [4]. Until recently, litle clear
evidence of adiabatic isomerization in the singlet manifold could be found in the lilerature.
To explain the observation of a bi-exponential decay, Sandros and Becker [6] proposed that
such a mechanism is operative for cis-9-styrylanthracene (cis-9-StAn) but a different
hypethesis of two ciseid species has been proposed by Girer [7]. Recently, Saltiel et al,
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[81, using an elegant statistical method (principal component analysis, PCA} succeeded in
resolving the ernission following excitation of cis-S in the cis and trans contributions, thus
demonsirating that, in stilbene itself, a very minor part of the cis isomerization (less than
1% of the overall isomerization yield) takes place by a direct photoconversion &0 Lirang®.
This interesting resuit appears o0 be at the limits of reliability, even if the parailel
photocyclization reaction does not seem to interfere with the fiuorescence measurements,
Recently, we reported clear evidence of singlet adiabatic phetoisomerization for cis-1-
styrylpyrene (cis-1-StPy) [9]. On the basis of these results, it scemed justified to assume
that this adiabatic photoprocess is a relatively general phenomenon in DAEs, To verify this
hypothesis, we examined some DAEs containing the naphthyl (N), phenanthryl (Ph),
pyrenyl (Py) and anthryl (An) groups. The results obtained by a fluorimetric and
photochemical study show that, in the presence of large aryl groups of low 5S¢ and Ty
energies, the adiabatic mechanism may become a common isomerization pathway, not only
in the triplet [4] but also in the singlet manifold.

RESULTS

Flucresceace ernission by cis-DAEs has been observed in the past for stilbene [10]
and naphthyl-analogues [11] in viscous media at low temperatures when the
phetoreactivity is inbibited and the singlet lifetime becomes relatively longer. We now
extended the investigation to a series of styrylarenes of decreasing 8 energy, The DAEs
investigated were prepared for previous works [3). Details about the photophysical and
photochemical measurements are given elsewhere [9]. The measured ¢y and 7 values
have an ancertainty of 6% but the error can be higher for the derived parameters at room T
for the intrinsic guantum yields of fluorescence, ¢F¢ (10%), and singlet adiabatic
isomerization, 1.4 {20%). Table 1 contains some photophysical parameters measured

Table 1

Fluorescence parameters of some cis-DAEs in a rigid matrix of MCH-3MP at 77 K.
compouad Amax/tin OFF TR/ns k108 51
S 435 0.804 5.0b 1.6
1-StN 430 0.75 4.1 1.9
1-StPh 435 0.56 3.8 1.5
1-8tPy¢ 445 0.58 39 1.5
1,1'-NPyE 480 0.56 34 1.6
2-StAn 407, 431, 459 0.45 %0 0.05
9-StAn 425 0.57 54 1.06

& at 85 K (from refs 10,11); b from ref. 12: € a1 150 K {from ref. 9).

at low temperatures for these compounds in methylcyclohexane/3-methylpentane 9/1 (v/v)
{(MCH-3MP) and also imcludes stilbene for comparison purposes. The fluorescence
lifetimes are on the order of 4 ns for all the various cis isomers; the only exception is 2-
StAn which has a longer lifetime (90 ns). The corresponding quantum yields (¢gC) are
relatively high, but remain substantially below unity, indicating the competition of non-
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radiative deactivation. S and 1-StN have the highest values while their analogues have
smaller yields of radiative decey being characterized by a substantial mriplet population.
Given the small changes in lifetime and quantum yield, the radiative rate constant kg lies in
the range 1 t0 2 (108 &) except for 2-StAn (5x106 s-1). This low value and the
anthracene-like vibronic structure._in the observed emission spectrum at low T (usually
broad for cis isomers) indicate that the excitatior is largely localized in the anthryl
chromophore in this DAE. The kg values obtained at low temperature were particularly
nseful since they allowed the intrinsic emission yield at room temperature 0 be
approximately evaluated even in the presence of singlet adiabatic processes (see below).

Until very recently, the cis isomers were considered to be non-emitting in fluid
solutions at room temperature [1]. Even though fluorescence emission from the cis isomers
of § and n-8¢N ai low temperatures and high viscosities was reported long ago [10,11],
studies in fluid media at room T were unsuccessful, probably because of the very low yield
and the competition of the twe photoreactions, isomerization to trans [i] and
dehydrocyclization to  phenanthrene and benzophenanthrenes [5], respectively. As
mentioned above, Saltiel et al. [8] succeeded in resolving the emission following excitation
of cis-§ into cis and trans coniributions and estimated that 0.2% of the excited cis
molecules isomerize to the trans through an adiabatic pathway, Moreover, the value kg =
1.6x108 51 of Table 1 allowed a rough estimation of ¢p=10-4 from the recently
reported lifetime of =1 ps at 293 K [13].

Our attempts to show fluorescence emission from the naphthyl and phenanthryl
derivatives at room temperature have been unsuccessfnl so far. In fact, these compounds
have a relatively low torsional barrier to Iperp* where a (shallow) energy minimem
favours the diabatic isomerization mechanism. A value AE; ,4=2.7 kcal/mol was derived

for 1-StPh from the temperature dependence of the fluorescence quantum yield and even
smaller values are expected for StNs which do not emit at room temperature either,

First reports of substantial room T fluorescence appeared recently for 1-StPy [9,14] and
9-StAn [6,7,15] where the photoreactivity was stowed down and the lifetime was longer.
Our investigation was then extended to some new compounds in order to gain more insight
on the photophysical behaviour of cis-DAEs.

The procedure used in the following examples was based on the measurement of the
pure cis emission (¢« and ) at low T where the adiabatic process in S was inhibited
and the fluorescence speciral shape became T-independent The kg could them be
calculated from these low-T parameiers and assume the same value at room T. From the g
value measured at room T, one could thus obtain the intrinsic fluorescence quantum yield
of the cis isomer ($pC) at the same T. An alternative procedure was the deconvolution of
the spectrum of the cis + trans mixture into the separaie components, thus evaluating the
unknewn cis contribution [3].

Pyrenyl derivatives

Table 2 shows some measured and derived parameters for the geometrical isomers of 1-
StPy and its paphthyl derivative, the 1-(1-pyrenyi),2-(1"-naphthylethene (i,1'-PyNE) at
room temperature. Both trans isomers have a very small photoreactivity; it is practicaily
negligible for 1-StPy because the main deactivation pathway is the radiative one. The
observed flucrescence spectrum after excitation of the cis isomer at room temperature is
clearly indicative of a tiwo-component emission, showing a substantial contribution of the
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adiabatically produced trans isomer. The coniribution was larger in 1-StPy because ef the
higher intrinsic emission yield of ltrans* and a larger yield of its production from lcis*.
From the temperature dependence of 7f, the barrier to twisting was slightly higher for the
naphthyl derivative, thus explaining its smaller isomerization yield in the singlet manifold
and indicating a higher non-radiative and non-reactive deactivation.

Table 2
Photophysical and photochemical parameters of 1-styrylpyrene and 1,1-pyrenylnaphthyl-
ethene in de-acrated MCH-3MP at 298 K.

1-StPy 1,1-PyNE
parameters
trans@ cish trans@ cis

o5 0.94 0.19 0.85 0.19
rR/ns 4.4 1.3 3.6 1.2
kp/108 51 2.1 1.5 24 1.6
AEjqomfkeal mol-l 512 1.7 10.6 9.1
Sisom <0.01 0.5 0.004 0.25
LIS, 0.58 0.24

@ From ref. 3; ¥ from ref. 9.

cis-I-styryipyrene. The fluorescence spectrum of pwre cis-1-StPy in MCH-3IMP was
detectable at 180 K or below and the corresponding lifetime was 3.8 ns. Above this
temperature, the decay became bi-exponential following the equation

Ip=Ajexp(-tr; } + Agexp(-tiry) {n

At room temperature (298 K) the following parameters were obtained: 73 = 1.3 and 13 =
4.4 ns, A1=-0.09, Ap=0.14. The shorter lifetime, 7}, assigned to leis*, decreased with
increasing T because of the competitive isomerization (AE; 4=7.7 kcal/fmol) while o
remained essentially constant. The negative pre-exponential factor indicated that the
longer-lived species was lirans* which is directly formed by irradiation of the shorter-lived
one through adiabatic isomerization. The trans lifetime was practically independent of
temperature because of the high torsional barrier which prevented isomerization to cis
("ome-way" isomerization}. The decrease of 7q above 200 K was accompanied by a change
in the shape of the fluorescence specimum towards the more intense and resolved trans
spectrum, thus confirming the occurrence of photoconversion. By kp=¢p/rp=1.5x108 s-1
measured at 180 K, where only the cis emission was observed (one-component system), a
¢FC value of 0.19+0.03 was estimated for the cis isomer at room temperature by assuming
that k does not change with T. The experimental $p°PS vatue measured in MCH-3MP at
298 K was 0.74, which is the sum of two coniributions, from the Icis* directly excited and
the ltrans* produced by adiabatic isomerization in Sy:

¢Fobs = QSFC + ¢le I¢C°"’l )
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Figure 2. (a) Absorption (1,2) and fluorescence (3,4) spectra of pure trans {(— — —) and ¢is
{ ) isomers of 1,1-PyNE in MCH-3MP; (b) Observed fluorescence spectra after
excitation of cis-1,1-PyNE at different temperatures (T=354, 295 and 235 K for curves 2,
3 and 4, respectively) in the same solvent. Spectrum 1 (—) is the absorption spectrum
of the cis isomer; star symbols show the fit of the fluorescence excitation spectrum at 295
K with the cis absorption (1).

The value 1¢, 4 = 0.58+0.11 thus obtained overestimates the singlet contribution being
higher than the measured overall (singlet + triplet) yield (¢c4=0.510.02). This is
probably due to the uncertainty in the measurements of the intrinsic photophysical and
photochemical parameters . However, the value clearly indicates the large contribution of
the adiabatic singlet mechanism to isomerization and points out a very small contribution
of the triplet mechanism in dilute solutions (at higher concentrations, 3¢, .¢ increases
because of the chain mechanism induced by 3trans* + Ggis —» Gtrans + 3cis* energy
transfer [4]).
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cis-1,1-pyrenylnaphthylethene. A similar behaviour was fourd for cis-1,1'-PyNE using the
same procedure. Figure 2a shows the spectral characteristics of the two geometrical
ispmers while 2b shows the two-component emission spectra observed at three
ternperatures and the excitation spectrurz which fits the sbsorption spectruin of the cis
isomer very well. The latter behaviour clearly indicates that the overall Gis + trans emission
originates from a unique excited state {Icis*). Data in Table 2 show that the intrinsic
fluorescence parameters are nearly the same as the pheny! analogue while the
photoisomerization yield is markedly lower. The value of 0.1940.02 obtained for ¢ was
roughly confirmed by the results obtained convoluting the separate spectma of the two
coraponents into that of the mixwmre at room T. By using eq.2, a quantum yield of 0.24+
0.05 was derived for the singlet adiabatic isomerization, compared with an overall yield of
0.25+0.01, which includes the consequently small triplet contribution (the triplet yield was
found <0.03 [16)). Since the sum HF° + Po g (0.19 + 0.25) is substantially below unity, a

non-negligible internal conversion yield must be inferred to account for the absorbed
quanta. This is probably due to the relatively high torsional barrier found for the singlet
isomerization (9.1 kcal/mol} and the relatively scarce triplet population. Little deactivation
via side photoreactions {&.g., cychization) was also observed by HPLC.

Anthryl derivatives

The behaviour of n-StAns is significantly different from that described for the pyrenyl
derivatives. Due 1o the low 8 energy of anthracene, the torsicnal barriers are expected to
be higher and then the singler adiabatic isommerization would not be favoured.

cis-9-styrylanthracene. Table 3 collects the parameiers measured in MCH-3MP at room T
for the two geometrical isomers, including the optical depsity (AOGD) measured for the T;
-+ Tp, ransient of the cis compound. The fluorescence spectrurn of cis-9-StAn was recorded
in a rigid matrix of MCH-3MP at 77 K. The cormesponding lifetime was 5.4 ns, Under our
experimental conditions, no sign of singlet adiabatic isomerization was found at room T,
whereas Sandros and Becker [6] estimated a singlet adiabatic vield of 8% in r-hexane. The
emission decay remained mono-exponential until almost 310 K; above this temperature,
clear signs of two decay components were obtained (at 353 K, r{=0.46 ns,73=2.72 ng). As
in the case of the pyrenyl derivatives, the shert, T-dependent, lifetime (r{) was assigned to
the cis isomer while the Ionger one was close to that of the trans isomer. We conclhuded
that, at room T, isomerization takes place predominantly in the triplet manifold and that
only above room temperature a small fraction of molecules can overcome the high
torsicnal barrier in Sy thus isomerizing.

However, the situation is complicated in this solvent because a concurrent photoreaction
led to a not well identified compound (X, probably a photocyclization product} above 200
K, which became the predominamt product above room T. Due to the complications
introduced by this photoproduct, we preferred to investigate the behaviour in acetonitrile,
There are indications in the literature that the torsional energy barrier in Sy decreases in
polar solvents, probably because of the stabilization of lperp* which has 2 zwitterionic
character. This should facilitate both the diabatic and adiabatic pathways in Sy. The results
obtained in acetonitrile confirmed the expectation. A further advantage of the polar solvent
was that the X formation became practically negligible.
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Table 3
Photophysical and photochemical parameters of 9-SiAn in de-aerated solvents at room
iemperature.

trans cis

parameters

MCH-3MP  CH;CN MCH-3MP  CH;CN
¢F 0.44 0.45 0.16
R /ns 36 43 2.4 0.11
kp/108 g1 1.2 1.0 0.66
bisom 0.19 0.41
&x 0.27 0.04
lgeas <0.02 0.11
AOD4g0 0.08 0.043

An approximate l$o. value of 0.11 was derived from the ratio between the overall

$5OPS (0.05) and the intrinsic value of the trans isomer ($p'=0.45) at room T, where the
fluorescence spectrum of cis-9-StAn is practically overlapped to that of the trans isomer. In
acetonitrile, it was not possible to obiain kp of the cis isomer since at the minimym T
which can be reached in this solvent (below 230 K a non-transparent glass was formed) the
fluorescence spectrum stil showed the presence of both geometrical isomers, Fn this
selvent, the fluorescence emission intensity decreased markedly and an even greater
decrease was observed in lifetirne while the partially coupled isomerization to trans (ihe
singlet contribution) increased (the overall yield more than doubled while the triplet yield
decreased [16]). The fluoresceace decay in this solvent was already bi-exponeniial at 240
K, with a T-dependenti short-lived component and a practically constant longer-lived
component. The latter was clearly assigaed to the ltrans* species on the basis of its lifetime
{4.3 ns, equal to the value obtained by direci irradiation of the trans isomer) and of the
emission spectral changes.

cis-2-styrylanshracene.  Figure 3 shows the speciral behaviouwr of this compound as a
function of T. Above room temperature, the fluorescence spectrur observed by excitation
of this isomer is practicaily coincident with that of the B conformer {17-19] of the wans
isomer {specira 4 and 3 of Figure 3). The lifetime was found to be bi-exponential (r1=2 us,
=064 ns}), the longer value corresponding to the lifetime of the B conformer of the wans
isomer in the same solvent. For 2-StAn, contrary to 9-StAn, the singler adiabatic
isomerization is the predominant deactivation pathway of 8. A reasonable explanation for
such behaviour, unexpected at least in non-polar solvents, lies in the very small kg value
(5x106 s-1) which makes the lcis* — 3cis* and lcis* » ltrans* processes more
competitive with the radiative deactivation. In fact, a high overall isomerization quantum
yield (0.43) was found for this compound in MCH-3MP and a similar value was found in
acetoniirile. The experimental findings point out a substantial singlet contribution on the
basis of the triplet yield experimentally observed (<0.1{16]) and the huge change of = on
going from 77 K (90 ns) to reom T (2 ns). However, a quantitative separation of the singlet
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and triplet contributions cannot be achieved at this stage owing to the complexity of the
systern. In fact, the longer-lived B conformer of the trans isomer produced from Leis* is
characterized by 2 dual emission from two neighboring {equilibrated) singlet states {20]. A
complete fluorimetric analysis of this three-component system in this solvernt would then
require a rigorous spectral deconvolution based on the PCA method.

Relative intensity

Figure 3, Normalized absorption {1,2) spectra of pure trans (——-) and cis (- — -} isomers
of 2-StAn in MCH-3MP at room T and corresponding fluorescence spectra ai hoyc=250
nm (3, 4 and 6) obtained by excitation of the cis isomer at different temperatures [T=354 K
{4}, 298 K (3) and 120 K (6)]. Spectrum 5 is the emission spectrum of trans isomer; star
symbols show the fit of the fluorescence excitation spectrum at 298 K with the cis
absorption {1}.

CONCLUSIONS

Adiabatic isomerization appears to be a relatively common phenomenon for cis-1,2-
diarylethenes. When at least one of the aryl groups of DAEs is a large-size polycyclic
group of low §; energy, leig* ligs in an energy minimum. Then, its twisting becomes more
or less activated and fluorescence of ns duration becomes detectable even at room T.
Moreover, the funnel at the perp configuration may dissppesr leaving 3 maximum in the
potential energy curve. In such cases, adiabatic isomerization may be favoured in the decay
pathway of Sp, possibiy competing with the better known diabatic isomerization. The
efficiency of the adiabatic process depends on the pature of the aryl groups and the solvent;
both can affect the torsional energy barrier and the shape of the curve at 90°.



260

ACKNOWLEDGEMENTS

Thanks are due to Dr. F. Elisei for the flash photolysis measorements and his interest in
this work and to the Italien Consigho Nazionale delle Ricerche and Ministero per
I'Universith e 1a Ricerca Scientifica e Tecnologica for financial support.

REFERENCES

I I. Saltiel and J.L. Charlton, in P. de Mayo (ed.), Rearrangements in Ground and Excited
States, Vol.3, Academic Press, New York, 1980, p.25; J. Saltiel and Y.-P. Sun, in H.
Dur and H, Bouas-Laurent (eds.), Photochromism: Molecules and Systems, Elsevier,
Amsterdam, 1990, p.64.

2 U. Mazzucato, Pure Appl. Chem., 54 (1982) 1705; Gazz. Chim. Ital,, 117 {1987) 661.

3 G. Bartocei, U. Mazzucato, G. Orlandi, G. Poggi and A. Spelletti, J. Chem. Soc. Faraday
Trans., 88 (1992) 3100 and references therein.

4 T. Arai, T. Karatsu, H. Misawa, Y. Kuriyama, H. Okamoto, T. Hiresaki, H. Furuuchi, H.
Zeng, H. Sakuragi and K. Tokumarn, Pure Appl. Chem., 60 (1988) 989; K. Tokumara
and T. Azai, J. Photochem. Photobiol. A: Chem., 65 €1992} 1 and references therein.

5 K.A Muszkat, Top. Curr. Chem,, 88 (1979) B9,

6 K. Sandros and H.-D, Becker, J. Photochem. 39 (1987) 301; 43 {1988) 291.

7 H. GBrner, J. Photochem. Phaotobiol. A: Chem., 43 (1988) 263,

8 J. Saltiel, A. Waller, Y.-P. Sun and D.F. Sears, Ir., J. Am. Chem, Soc., 112 {1990} 4580;
J. Saltiel, A.S. Waller and D.F, Sears, Jr., J. Photochem. Photobiol. A: Chem,, 65
£1992) 29,

9 A. Spalletti, G. Bartocci, U. Mazzucato and G. Galiazzo, Chem. Phys. Lett., 186 (1591)
297.

10 H. Stegemeyer, J. Phys. Chem., 66 (1962) 2555; H. Stegemeyer and H.H. Perkampus,
Z. Phys. Chem. {(Munich), 39 (1963} 125; 8. Malkin and E. Fischer, J. Phys. Chem., 68
(1964) 1153; D. Gegiou, K.A. Muszkat and E. Fischer, J. Am, Chem. Soc., 90 (1968)
3907; S. Sharafy and K. A. Muszkat, J. Am. Chem. Soc., 93 (1971} 4119,

11 1. Klueger, G. Fischer, E. Fischer, Ch. Goedicke and H. Stegemeyer, Chem. Phys. Lett,,
8 (1971) 279; T. Wismontski-Knittel, G. Fischer and E. Fischer, J. Chem, Soc. Perkin @
{1974} 1930.

12 K. Yoshihara, A, Namiki, M. Sumitani and N. Nakashima, J. Phys. Chem., 71 (1979)
2982,

13 D.C. Todd, J.M. Jean, 8.J. Rosenthal, A.¥. Ruggiere, D. Yang and G.R. Fleming, J.
Phys. Chem., 93 (1990) 8658.

14 N.P. Kovalenko, A.T. Abdukadyrov, V.I. Gerko and M.V. Alfimov, J. Photochem., 12
{1980) 59.

15 G. Galiazzo, A. Spalletti, F. Elisei and G. Gennari, Gazz. Chim. Ital., 119 {1989) 277.

16 F. Elisel, private communication.

17 U. Mazzucato and F. Momicchioli, Chem.Rev,, 91 (1991) 1679,

18 G. Bartocei, F. Masetti, U, Mazzucaio, 1. Baraldi and E. Fischer, J. Mol. Struct., 193
(1989) 173.

19 A, Spalletti, G. Bartocci, F. Masetti, U. Mazzucato and G. Cruciand, Chem. Phys., 160
{1992) 131. .

20 G. Bartecei, U. Mazzucato, A. Spalletti and F. Elisei, Spectrochim. Acta, 46A (1990)
413,



