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The I/I ‘borobenzoylacetonide” chelate forma- 
tion, in 8% (V/V) H,SO,/EtOEt solvent, has been 
investigated in the presence of Ag’, Cd2’, Hg”, TI’, 
under continuous Iigand excitation at its ICT band. 
It is shown that the above metal ions (M”‘) affect 
both ground-state and excited-state (T,) interactions 
of benzoylacetone (BZA) with boron species. 
Ground-state influences are found to be attributable 
to BZA EDA complexes with M”’ formed most 
probably by the two-way actions: n2(benzenc,ing) or 
n3 to s A.O. (Ag’, Cd’+, Hg2+) and to 6pA.O. (Tl’) 
and dnY A. 0. to 7$(benzene,fng) electron donation. 

T +-+ S crossings of the BZA ‘s conjugate chelate 
form are found to be enhanced by all the above 
metal ions. Influences of these enhancements, on the 
3BZA interaction with boron species, are quantita- 
tively analysed. 

Introduction 

Since it has recently been shown [I] that enhance- 
ment of spin-reversal processes of benzoylacetone 
(BZA) by the heavy-atom molecule CaHsI affects the 
rate of its lowest triplet state complexation by boron 
species, our interest was centered on the influence of 
heavy-metal ions on this excited-state complexation. 

General effects of inorganic molecules [3-51, 
anions [6-9] , metal ions [IO-I 51 , metal complexes 
[16-211 and organometallics [22-241 on an organic 
compound, are quenchings of its lowest excited states 
by a number of mechanisms depending on the 
electronic structure and spectroscopic properties of 
both organic compound and perturber. 

Electronic energy transfer to, assisted (heavy- 
atom) spin-reversal* by, or electron transfer to, or 
from, the perturbing species, are the most common 

*It may appear not to be necessary to dissociate this 
mechanism from the CT (electron transfer) one. However, 
since indirect S, T mixing via perturbed-perturber CT states 
does not seem to be the unique S t+ T enhancing route 
and since no heavy-atom perturbers also assist S +-+ T 
crossings [25, 261, we may maintain this distinction. 

routes for depleting the lowest excited states of an 
organic molecule, while direct population of its 
lowest triplet may be considerably assisted by 
“organic compound-inorganic or organic compound- 
organometal complex” CT states [17, 18, 241 . 

When undertaking the present investigation on 
possible effects of some heavy-metal ions in the 
complexation of boron species by 3BZA [l, 21, the 
following starting assumptions were made: 

a) Heavy-metal ions (HMI) are expected to en- 
hance T +--+ S processes of BZA and therefore modify 
the 3(borobenzoyJacetonide) yield. 

(b) HMI with relatively pronounced oxidative 
tendencies are also expected to produce analogous 
modifications by ’ Or 3BZA-to-metal ion electron 
transfer and therefore more active T +-+ S crossings 
of the loose ’ Or 3EDA complexes. 

c) Possible ground-state BZA-to-metal ion co- 
ordination or even weak EDA interaction, are ex- 
pected to result in ‘BZA static quenching and there- 
fore to decrease the yields of 3BZA and 3(B-BZA) 
complexes. 

d) Possible ’ Or 3BZA energy transfer to metal 
ion is also expected to result in a decrease of the 
above triplet yields, while the presence in the metal 
ions of unpaired electrons is expected to favour the 
’ Or 3BZA crossings. 

In order to avoid possible paramagnetic effects 
and electronic energy transfer, the present inves- 
tigation of the borobenzoylacetonide l/l chelate 
formation under ligand excitation [ 1, 21 was carried 
out in the presence of Ag’, Cd’+, Hg2+ and Tl’. 

To our knowledge, effects of foreign metal ions 
on photo-induced or photo-assisted complexations 
have not as yet been investigated. In the present 
paper, we report and discuss results of such an 
investigation. 

Experimental 

Reagents were purified and solutions prepared 
as described in part J of this work [2] . Ether was of 
“Uvasol” quality Merck. Metal ion solutions in SE 



M. Marcantonatos 

Fig. 1. Observed rate constants of the l/l borobenzoyl- 
acetonide chelate formation, without irradiation (D and 
C) and under continous ligand excitation (B and A) in 
the presence of TI’: o-, of N03K (10m4 M) l -- and without 
Tl’ C+ (A and C). BZA = lo-‘. 

solvent (sulfuric (96%) acid/EtOEt (8% V/V)) were 
always prepared from fresh sulfuric solutions (con- 
taining 2.5% Hz0 (V/V)) of Ag’ and Tl’ (5 X 10e3), 
Cd*+ and Hg*+ (5 X 1 Om4). 

AgNOs, TlNOa, 3CdS04*8H20 and HgS04 
were of “pro analysi” quality Merck. 

Irradiations (1; = 4 X lo-’ Nhv/min) of solu- 
tions at 20 “C were performed under the same con- 
ditions as previously [2], in an apparatus assembly 
described in part I [2] of this work. 

Results and Discussion 

Ground and Excited Ligand Interaction with Boron 
Species in the Presence of Heavy-metal Ions (HMI) 

As shown in parts I [2] and II [I] , the relevant 
rate parameters for the chelate formation under 
continuous ligand excitation at its ICT band (310 
nm) are*: 

*For notations see parts I and II. 

,‘obs 
Ir ,A 

0.11 

0.06 .' 

/c 

Fig. 2. (For caption see opposite.) 

ks4asTeRV- ‘GIL k;sk:s tir = __ 
k;z + ks4 

+-------- =M+W (1) 
k;z + ks4 

<jr = k34b~W:k,2[/H+l 
P’ =__ = N (2) 

(kL2 + k34) (k2, - ~**e&V-‘GIL) 

kQbS = [CM + N [Al o) [RI o - Ul [Xl i’ , If (3) 

U = (3k[3R] + 3k’[3RH])/(k;z + ka4) (3a) 

Moreover, it could be shown [l, 21 that the above 
expressions arc informative of ligand Si- T (eq. 
(1)) and Tr --, Se (eq. (3)) crossings and ligand, other 
than Sr* T, degradations and reversible interactions 
with solvated proton (eq. (2)). 

As can be noticed from the comparison of A and 
B graphical representation: of k$” ~rs. [A] e in Figures 
I to 4, kir are-higher a:d kir lower in the presence of 
HMI but as klr and krr are functions of overall 
forward (k34 k2a kr k-j kr2 [H’l /(k;2 + k34)kzr) and 
reverse (kk2 k(1s/(k;i + k34)) ground-state rate 
constants, the influence of HMI on dark chelate for- 
mation was first investigated. 

Ground-state h?fluences 
Surprisingly enough, forward rate constants “k of 

dark chelate fomration have lower values (compare 
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Pigs. 3 and 4. Observed rate constants of the l/l borobenzoylacetonide chelate formation, without irradiation (D and C) and 
under continous ligand excitation (B and A). BZA = lo-‘. 

C and D in Figures I to 4) in the presence of HMI, 
and in the case of Cd*+ both d and? are affected. 

Any possible irreversible BZA interaction with 
these metal ions can safely be disregarded, since not 
only all kinetics followed in an absolutely normal 
manner reversible 1/ 1 chelate formation (linear 
regression coefficients for semilogarithmic plots 
being in all cases higher than 0.999), but also the 
310 absorbance of BZA in the presence of HMI did 
not show any deviation from its initial value, within 
periods of time largely exceeding the time of boron- 
BZA chelate equilibrium atteignment. This also ex- 
cludes the possibility of any catalytic action of HMI 
on BZA and as will be noticed later on, radiative 
lifetimes of BZA-HMI species are significantly dif- 
ferent. 

The remaining most plausible possibility is a non- 
rate-determining reversible interaction between BZA 
and metal ion. This can be kinetically justified by 
the following*: 

*See also ref. 2. 

For Tl’ , Ag’, Hg*+ (M”+): 

k: k; 
RtB,,Y \ X 

k4 k:z 

RtM”‘, 
PM -R-M”+ 

d[Xl = k:k: [Al o PI k’,k’,[X] 

dt k’_,+k; - k’_,+k; ’ 

(Plo s [RIO) 

(4) 

= k;k’, [Alo([Rlo - 1x1) k’, k’_, [X] 

(1 +fihl[Mn+])(k!_I tk;) - k’_, tk; 

=%I +hW”+l)-’ [Alo([Rlo - lXl)-~[Xl 
and 

kobs =i’k, [A] o tt (5) 

with 

-k’, =i& +fl,[M”+])-’ <f (6) 

where R = BZA, B = boron species*, Y = non chelate 
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Fig. 5. Absorption spectra of BZA (R): lo-” (a) and BZA (lo-‘) + metal ion (lo4 Ag+ and Tl’, 1 O-’ Cd*+ and Hg*+). (b) Absorp- 
tion spectrum of the borobenzoylacetonide chelate ([BOsHa] o % [BZA] o and these concentrations stand for complete complexa- 
tion). (c) After addition of 1 O-’ Cd*+. 

intermediate, X = chelate, ]A],, = initial boric acid 
concentration*. 

The particular behaviour in the presence of Cd*+ 
can also be kinetically explained by assuming: 

k; 
R+B-,Y 

k; 
FX 

k-r k:2 

1 11 

Pb, M”+ (7) 

k’a --X-M”+ 

so that: 

dPl_ k;k; [Alo([Rlo- [Xl) 
dt (1 +&[Mn+])(k:r+k;) - 

k’,(k’,+ k’,&r[M”+])[X] 

k:, tk; 

=G, [Alo([Rlo- [Xl 1 -%IxI 
and 

k Ohs =i&[AIO t:, 

with 

(8) 

i;M =<(I + &[M”+])-’ <i; (9) 

LkM=(k!lk’-2 +kl,k’,p~[Mn+j)/k’,+k’,>~ 

(10) 

Electronic absorption spectra of BZA in the 
presence of HMI are shown (Fig. 5) to be distorted 

_ 
*See also ref. 2. 

in the region of 240 nm*, where metal ion solutions 
were found to have negligible contributions. As 
checked by BZA + KNOs solutions the counter 
NO; (in the case of Tl’ and Ag+) did not cause any 
modification in the BZA absorption spectrum, nor 
had any influence on the kinetics of dark or under 
irradiation chelate formation (see Fig. IA and C). 
However, boron-BZA chelate spectrum shows 
modifications in the presence of Cd*+ and this may 
account for the X-M ‘+ interaction assumed in the 
scheme (7). 

As will be seen later, the BZA-M”+ species can be 
revealed by their 77 “K Sr + Se, Tr + So emissions 
and their radiative lifetimes. They cannot, however, 
be unambiguously defined, since either EDA com- 
plexes or keto-enolate ones seem plausible. Never- 
thcless, the following observations are in favour of 
EDA species formation. 

First, there is neither hyperchromic, nor red shift 
in the BZA 310 ICT band, as one would expect if 
BZA were coordinated to the metal ion in a keto- 
enolate complex. On the contrary, benzene ring 
transitions are affected as expected** if electron 
donation to a A.O. of the metal ion from a low 
energy bonding benzene M.O. orbital takes effectively 
place. 

Furthermore, Sr -+ Se and Tr + Se emissions of 
the BZA-M”+ species are vibrationally structured in 
roughly the same way as BZA, while one would 
expect, on keto-enolate complex formation, loss or 

_ 
*The 205 nm distortion comes from the metal ions, which 

significantly absorb in this region. 
**This point will be discussed in more detail from quanti- 

tative data, in a further publication. 



69 Photoaction during Chelate Formation 

10 
9, 

.3 

Fig. 6. In& (formation constants of the BZA-M” species) vs. the inverse of ionisation potentials I, (1st Ag and Tl, 2nd Cd and 
Hg). E, elkctron affinity. 

at least blurring of this vibrational structure which is 
due to the 1,3-enolone cycle of BZA [27] . 

Moreover, Franck-Condon maxima of the S1 -+ S,, 
and T1 + So emissions of BZA-M”” are correlated 
to the inverse of the 1st (for Tl’, Ag’) and 2nd 
(for Cd*+, Hg*+) ionisation potentials (Ip) of the 
elements as roughly expected for EDA complexes 
[29,30]. 
~ Finaly, calculated values, of &,, by comparison of 
k with kM (see (6)), are also correlated to the inverse 
of the 1st (for Tl’, Ag+) and 2nd (for Cd*+, Hg*+) 
ionisation potentials of the elements and, inter- 
estingly enough, this correlation extends to the 
electron affinity of iodine for PC H I * calculated 
from data in part II of this work (Fii. 6). 

Figure 6 shows a positive &,, deviation for Tl’ 
and a better correlation (r = 0.999) without the Tl’ 
point, but it may be argued that this is insignificant 
for such rough correlations. Nevertheless as will 
be shown in part IV** of this work, striking devia- 
tions from mechanistic correlations for BZA S c---, T 
crossings occur for Tl’. 

It must be pointed out that although for the 
other metal ions used in this work the accepting 
orbital is an s A.O., in the case of Tl’ it is the 6p 
A.O. which, owing undoubtedly to its larger expan- 
sion, matches better one of the weakly bonding (n2 
or n3) [3 l] M.O. of benzene. 

From Herman and Skillman [32] calculations, 
radii of maximum densities are: Ag 4d: 0.99 a.u., 5s: 
2.56; Cd 4d 0.95, 5s 2.39; Hg Sd: 1.13, 6s: 2.46; Tl 
5d: 1.07,6s: 2.28,6p: 2.87. 

Undoubtedly, the values of &,,, for the BZA-M”+ 
species (compare the rather satisfactory analogy of 

*It is noteworthy that & H I = 0.196 for BZA-C2HsI is 
quite close to the value of = 8.13 for the benzene-12 complex 
[=I. 
**To be published. 

log /3,(Ag+) = 2.78 with the /3 of the benzene*Ag+ 
complex, log /3 = 1.66 [33]) are suggestive of metal 
ion “two-way action”*** with dry ~4.0. matching 
the weakly antibonding nt benzene-ring M.O. 

Because of the inertness of the filled 6s Tl A.O., 
6s-to-n:+ donation may not be possible and as one 
observes close orders of the Hg and Tl d expansions, 
the departing behaviour of Tl’ is to be primarily 
attributed to the accepting 6p A.O. 

S1 and T, Species of BZA in the Presence of HMI 
and Excited-state Influences 

As shown in Figures 7 and 8, 77K fluorescence 
emissionst of BZA, from clear solvent matrices, 
are perturbed in the presence of metal ions. The same 
happens to occur for phosphorescence emissions 
(Fig. 9), while T1 + So emissions decay non expo- 
nentially. 

InP vs t curves, where P stands for the photo- 
multiplier response, clearly show two-component 
[l, 21 emissions (Figs. 10 to 12) and the following 
analysis: 

1nP = ln(Pye-“71 + Pte-t/72) 

= 1nPz - K , for about t > 1.5 to 3.5 set, 
72 

In (P - Pie-‘/72) = 1nPy - t/T1 

leads to the values of 71 and 7*. 
Normalisation of the S1 + So and T1 + So emis- 

sion intensities at the O-O’ bands of BZA (Figs. 7 
to 9) give differences which are the emissions of the 
BZA-M”+ species. 

*As already pointed out in part I [2] of this work, room- 
temperature fluorescence yield of BZA is very low. 

?These emissions are in fact total emissions, but for the 
slit widths and sensitivity of apparatus used, phosphores- 
cences were negligible. 
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Figs. 7 and 8. 77 K fluorescence spectra from clear solvent matrices of BZA (R): 1O-3 and of BZA-M”+ species (Ag’, Tl’: 10e4; 
Cd*+, Hg2+: 5 X lo-‘). I: photomultiplier response. 

380 L20 460 500 5L0 560 380 120 660 500 5LO 580 "In 

Fig. 9. 77 K phosphorescence spectra from clear solvent matrices of BZA (R): 5 X 10e4 and of BZA-M”’ species (Ag’, Tl’ 
10e4; Cd’+, Hg2+: 5 X lo-‘). I: photomultiplier response. 

As frequencies of F-C maxima of these emissions 
are well correlated to the inverse (I;‘) of the first 
ionisation potentials of silver and thallium, and of the 
second I, of cadmium and mercury, (Fig. 13) and as 
there is vibrational structure of the emissions, these 
spectra, in addition to our other previous arguments, 
are plausibly attributed to (BZA-M)“+ EDA com- 
plexes. 

Radiative lifetimes 7, and 72 are then attributed 
to BZA and (BZA-M)“+ and, interestingly enough, 

rr shortens in the presence of the HMI, as expected 
for perturbations caused by the HMI. 

Noteworthy is also the fact that for [Ag’] /[BZA] 
= 0.02, T, = 1.0 which is close to the radiative life- 
time = 1.2 set [27] of the imperturbed BZA, but as 
the [Ag’] / [BZA] increases to 0.1, 71 falls to 0.86 sec. 

Now, in order to discuss our kinetic data (Figs. I 
to 4), the combined thermal and photo-excited 
kinetic scheme for the boron species-BZA inter- 
action given in part I [2] has to be completed, in 
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Figs. 10 to 12. Semilogarithmic phosphorescence decay 
plots for BZA in the presence of Ag’, Tl’: 10-4; Cd*+, Hg*+: 
5 x 10-5. 
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Fig. 13. Wavelengths of Franck-Condon maxima VS. inverse 
of ionisation potentials (1st Ag, Tl; 2nd Cd, Hg). 
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kP(RM) 
L 

‘(RM)“+ 
kTS(RM) 

La (RM)“’ 
3kQ(RM) IQ1 T 

(17) 

An analysis of the B-BZA interaction scheme in 
the presence of a heavy-atom perturber has been 
given in part II [l] of this work. This analysis is also 
applicable to the present case, with the exception 
that, for the HMI concentrations used (10m5 to 10m4), 
kinetic terms: 

1 oI3k -Ml ’ Or 3R] [M”‘] (18) 

are negligible compared to the others. 
For example: 

d[‘Rl - = Ia- (kF(,,+kc(R,+ lkQ(R)[Ql + 
dt 

+ kaTM(n) + ‘k,,[H+] - ‘kz1[‘RHl [‘RI -’ + 

t lk_MIMn+] - ‘k&RM)“+] [‘RI -‘)[‘R] 

= Ia - (F tki + ksr,(u,) [‘RI 

df3Rl 
dt 

= ksTM(n) - (k,r,qn, + kTSivr(n) + 

t ‘kQ(n)[Q] + 3k12[H+] - 3kzr [3RH] [3R] -’ + 

t 3k_M[Mn+] - 3kM[3(RM)“+] [3R] -‘)[3R] 

= ksTM(n) - (? 3ki + ksTM(R) + kPM(nr) 13RI 1 

where: 

F ‘ki = kF(R) ’ kC(R) + ‘kQ(R)[Ql + ‘k,,W+l - 

- rkz,[‘RH] [‘RI -’ (19) 

F 3ki = 3kQ(R)[QI + 3k,z WI - 

_ 3kz, [“RH] [3R] -’ (20) 

kaTM(n) and kTaM(n): for Si”--* T and Tr- Se 
crossings of BZA in the presence of metal ion. 
The triplet yield of the conjugate chelate form (R) 

of BZA* in the presence of HMI, is then given by: 

@STM =ksT~/(F'ki~ksTrd 0.1) 

and expressions (1) (2) and (3) lead to (see also parts 
I and II): 

*Any influence of HMI to the S - T crossings of the 
protonated form RH of BZA can be disregarded, since CT 
states intervening in external perturbations are improbable. 

LkirM -“k k34%.mRV-‘&v& 

GM = kEM = (k;* + k34)(l t flM[M”+]) 

(22) 

i&, -t&, = - &&RrrV-lGMIbk&,rk;; (23) 

k$$n = [(MM + NN [Alo) [RIO - UMI K ' (24) 

L 
where kGM and koM: ground-state reverse and 
forward overall rate constants for the “B-BZA” 
chelate formation in the presence of HMI. 

ii i GM = G(1 + PM W’l I-’ (25) 

GM: a constant (to be defined below) 

@p = [(l t @&)/(l + ‘kZl ‘k&‘)]-1 (26) 

c#& = ‘k,2[H+] [‘R] MI;i (27) 

‘kh = kF(nrr) + kc(nrr) + ‘kQ(nrr) [Ql + kSTM(RH) 

(28) 

I,, = (3kM [3R] + 3k’[3RH])/k;z + k34 

and: 

(29) 

3kM = kPM(n) + 3k, [Ql + hM(R) (30) 

If there is any enhancement of the BZA’s Sid Tr 
crossing, the ratio (compare (22) with (1)): 

(LkirM -~GM)(J + OW’I )G ‘&TM 

&ir-kG)GM = __ @ST 
(31) 

(where zi;ir, TG> G refer to “B-BZA” complexa- 
tion in the absence of M”?, must be higher than 
unity. 

Table I shows that this is indeed the case for all 
the metal ions used in this work and it can therefore 
be concluded that these ions enhance Si-u Tr 

crossings of the photoactive R form of BZA. 

TABLE 1. Triplet Quantum Yield Ratio (@~)sTM/*~T) of 
BZA in the Presence of Heavy-metal Ion.a 

Mn+ 

Ag+ 0.0636 0.0541 600 1.03 1.79 

Cd* 0.0737 0.0645 9500 1.04 1.81 

Hgz+ 0.068 0.0562 10000 1.04 2.33 

Tl’ 0.0643 0.0557 1800 1.05 1.84 

‘irr = 0.062,i~ = 0.0562 and G = 1.94 [2] for “B-BZA” 
chelate formation in the absence of M”‘. 
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Ghl was calculated by (see (2)): 

GM = 

1 _ ,-2.3031~I1+~q-1~~+~1E~~~1,+~E~~--E~~IAR1~ 

= (1 + (q-1)-Y+@% [RI,+ (EAR-ER)[ARl 

= 2.303 - 2.652 (1 + &)E, [RI, 

TABLE III. U Values for Unperturbed and Perturbed BZA. 
______ 

[Alo = 1.5 X 1O-3 a 

M”+ 0 Ag+ Cd*+ Hg*+ Tl+ 

ux lo7 1.1 1.3 0.4 1.0 0.9 

JAI, = 3.2 x 1O-3 

u x lo7 2.1 2.1 0.5 1.5 1.4 
______- 

where a [A] 0 = total boric acid concentration. 

6 = %R WW”+l /CR [RIO = [(m)“+l /PI o = 

-[RI, [M”‘] t fiti’: [([R],[M”+] t&‘)*+ 4[R],[M”+],]“’ 
____-_ -~ 

2Plo 

As shown in Table III, the U values obtained from 
(3) and (29) are insensitive to the HMI. 

This may be explained, on the basis of the 
mechanism below [2] , as follows: 

Starting from the rela$on (23), we can now ex- 
amme the lowering of kGM (forward chelate forma- 
tion rate constant in the presence of HMI) upon 
ligand excitation (compare D with C in Figs. 1 to 4). 

3k or 3kM H+ 3k’ 
Rc--- w 3R 3RH A 3RH 

Combining (23) with (26), we find: 
Ix , 

3kM[3R] in expression (29) is undoubtedly higher 
than the first kinetic term in (3a), since as was found, 
ksTM > ksT and rR diminishes (Fig. 12) in the 
presence of HMI. The more active degradation of 3R 
by the HMI results, however, in a higher competition 
of the 3R --, 3RH protolytic path, so that the increase 
in 3kM [3R] relative to 3k[3R] results in a simulta- 
neous decrease of 3k’[3RH] , making U insensitive to 
the HMI perturbation. 

= 1 _ u+dd 
(1 tlkzl’k&‘) I 

‘k 21 ‘k&’ - & 
= 

It’k ‘k’-1 21 M I 

k,; ERHV- ’ I’ 0 

k;; ERHV-‘I’ 0 (32) 

and since one can reasonably expect that ‘kh of the 
protonated form of BZA is very little or at all affec- 
ted by HMI (i.e. ‘ki, = ‘k’), QM must be higher than 
Q (in the absence of HMI), since, owing to a more 
active BZA Slw T1 crossing in the presence of HMI, 
[‘RI M (see (27)) must be lower than [‘RI. 

The values of Q and QM in Table II are, indeed, 
in agreement with the above “excited-state-process” 
expectations, so that the variations in bothkGM and 
LM under continuous ligand excitation clearly 
suggest a S1 9 T1 enhancement of BZA, which 
influences the rate of the 3(borobenzoylacetonide) 
[ 1, 21 excited-state complex formation. 

TABLE II. Q Values for unperturbed BZA and in the 
Presence of Metal Ions. 

M”+ 0 Ag+ Cd*+ Hg*+ Tl’ 
- 

“k 
,G 

17.9 16.9 16.4 16.3 15.2 

kir 15.2 14.0 8.1 10.4 11.0 

Q 0.092 0.11 0.548 0.303 0.207 

Finally, we may discuss the U functions, which 
(see (3a) and (29)) are informative of the T1 e So 
processes of BZA. 
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