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Abstract 
(Dibenzoylmethanato)boron difluoride (DBMBF2) was found to form with benzene 

(B) and its methylated derivatives (MB) in cyclohexane two types of ground state complexes. 
The first complexes with low stoichiometries 2:1, 1:1 and 1:2 do not fluoresce when they are 
excited. On the other hand, the ground state complexes with high stoichiometry, 
DBMBF2:(B)n or DBMBF2:(MB)n (with n>>2), exhibit a strong fluorescence in their excited 
states. These findings differ from the previous works, where the strongly fluorescing 
complexes have been argued to be the 1:1 and 1:2 exciplexes, complexes of the singlet 
excited state of DBMBF2 with one or two B or MB molecules. These differences are 
discussed in terms of the solute-solute and solute-solvent interactions when DBMBF2 and 
MB are solutes in cyclohexane or when MB is a co-solvent of cyclohexane in binary mixtures 
of DBMBF2. We also argue that the use of well-suited analytical methods is important for the 
determination of the nature of the various complexes. Furthermore, to understand the nature 
of the interactions between benzene and DBMBF2 molecules, we attempt to predict the sites 
of interaction between DBMBF2 and benzene molecules by determining theoretically the 
structure of the 1:1 complex. 
 
1 Introduction 

In order to elaborate BTXs (benzene, toluene and xylenes) sensors for measurements 
of air quality [1], we have been seeking fluorescent probe molecules able to interact with 
monocyclic aromatic compounds. Thus, (dibenzoylmethanato)boron difluoride (DBMBF2) 
appeared to be a good candidate, since previous works reported its ability to form highly 
fluorescent exciplexes with monocyclic aromatic compounds in cyclohexane [2-4] or 
acetonitrile [5] solutions. Moreover, these exciplexes were found to display fluorescence 
spectra which shift to the red with increasing number of methyl groups on the benzene ring 
[2,3]. One could make use of these particularly interesting properties to obtain a good 
selectivity for a sensor. For this particular application, the DBMBF2 molecules were 
incorporated under vacuum into a porous matrix. Upon exposure of the matrix to gaseous 
benzene or toluene diluted in nitrogen, we were expecting to observe the formation of the 
fluorescent 1:1 and 1:2 exciplexes. In contrast to our expectation, we observe small alteration 
of the DBMBF2 absorption bands and the extinction of the fluorescence of DBMBF2 
monomer, but no new fluorescence. These intriguing results prompted us to look more 
carefully at the previous data. In particular, we noted that, in previous works, very high 
concentrations of the aromatic compounds were needed to be able to detect the exciplexes. In 
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cyclohexane solutions, the minimum amount of benzene compound to be added to the 
solution in order to detect the exciplex fluorescence is 0.094 mol.L-1 and corresponds to a 
molar ratio aromatic:DBMBF2 of 9400 [3]. With such concentrations, the aromatic 
compound becomes a co-solvent of cyclohexane and the properties of DBMBF2 correspond 
to those of DBMBF2 in binary mixtures. These considerations had prompted us to revisit 
these systems with a new eye. In a first step, we want to reproduce the previous experiments 
with DBMBF2 in binary mixtures of cyclohexane and benzene (or toluene). Then, in a 
second step, we will study the interactions between DBMBF2 and benzene (or toluene) 
molecules, when both are solutes in cyclohexane. To this end, we will make use of the Job 
method [6] and its extension to fluorimetric titration [7], two analytical methods suited to low 
concentrations of reactants, which will enable the determination of ground state complexes of 
DBMBF2 with the aromatic compound in cyclohexane. From the Job plots in absorption and 
from the study of the variation of the total fluorescence of the mixtures, one can obtain the 
stoichiometry of the complexes and their association constant. Moreover, we also attempt to 
predict the sites of interaction between DBMBF2 and benzene by determining the geometry 
of the ground state 1:1 complex in vacuum, using semi-empirical quantum chemistry 
calculations.  
 

The outline of the remainder of this paper is as follows. After the experimental 
section, we report and discuss the results obtained with benzene and toluene, using two 
analytical methods of titration of DBMBF2 with the aromatic compound, a first one which 
reproduces the previous experimental conditions of the literature (high concentration of the 
aromatic compound) and the Job method from which are extracted the stoichiometry of the 
complexes and their association constants. We then discuss the structure of the three isomers 
of the 1:1 complex of DBMBF2 with benzene predicted from the calculations and finally 
conclude on the nature of non-fluorescent and fluorescent complexes. 
 
 
2 Experimental section  
2.1. Chemicals 

(Dibenzoylmethanato)boron difluoride was prepared according to the procedure 
described by Brown and Bladon [8] and re-crystallized three times from ether giving a yellow 
powder: mp: 194-196 °C. The compound was analyzed via proton NMR and 19F NMR in 
CDCl3. All chemicals are of spectroscopic or analytical grade and are used without further 
purification. Benzene free cyclohexane (≥99.5%) for UV spectroscopy is from Fluka and 
toluene of spectrophotometric grade (99.5%) is from Aldrich. Ethanol (EtOH) of Uvasol 
grade is from Merck.  

 
2.2. Titration methods 

Two titration methods were used depending on the concentration range of benzene 
and toluene. When the aromatic hydrocarbon concentration is high enough to be considered 
as a co-solvent of cyclohexane, two mother mixtures of DBMBF2 10-5 mol.L-1 in 
cyclohexane and DBMBF2 10-5 mol.L-1 in benzene (or toluene) were prepared. Various 
mixtures were then prepared from these two mother solutions to provide various 
concentrations of the aromatic, while the DBMBF2 concentration was always kept constant 
and equal to 10-5 mol.L-1. On the other hand, when the analytical method of Job [6,7] was 
used, two solutions of DBMBF2 in cyclohexane and benzene (or toluene) in cyclohexane 
with a ratio of concentrations [Aromatic]/[DBMBF2]> 10, at least, were prepared. Addition 
of small aliquots of the benzene solution in cyclohexane then gave new mixtures where 
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DBMBF2 and the aromatic hydrocarbon remained solutes over the whole range of 
concentration of the added compound. 
 
2.3. Steady-state absorption and fluorescence and time-resolved fluorescence.  

The UV and visible spectra were recorded with a Perkin-Elmer Lambda 900 
spectrometer. The extinction coefficient values of DBMBF2 in the various solvents are 
collected in Table 1. Fluorescence spectra of DBMBF2 in the binary mixtures were recorded 
with a 1 cm path length fluorimeter cell over the UV-visible domain. The excitation source of 
the SPEX-Fluorolog fluorimeter is a 450 W XBO Xenon lamp. When the DBMBF2 
concentration is higher than 10-5 mol.L-1, optical cells with 2 or 1 mm path length were used 
to collect in a front-face configuration the fluorescence spectra of the solutions. The 
fluorescence spectra were corrected for the monochromator and photomultiplier response 
over the 250-750 nm range. Similarly, the excitation spectra of the mixtures were collected 
and compared with the absorption spectra of the same mixtures. DBMBF2 fluorescence 
quantum yield, Φf, in cyclohexane, benzene and toluene were determined (see Table 1) with 
very dilute solutions of DBMBF2 using as standard the Quinine sulfate dihydrate [9].  

 
Table 1: Optical properties of DBMBF2 in various solvents 

 Cyclohexane Benzene Toluene 
Abs    

λ/nm λ1 = 269±1 
λ2 = 360±1 λ = 366±1 λ = 367±1 

ε/L.mol-1.cm-1 ε1 = 8800±600  
ε2 = 38700±2900 ε =33250±1550 ε=30450±1500 

Fluo    

λmax/nm λf1 = 389±1 
λf2 = 409±1 λf1 = 425±1 λf = 440±1 

Φfluo/a.u. 
a0.046 
b0.057±0.005 

a0.44 
b0.55±0.05 

a0.68 
b0.68±0.07 

τS/ns 
a0.14 
b0.17±0.03 

a 2.1 a 4.1 
a :ref 3, b :present work 

 

2.4. Calculations of the potential energy surface of the DBMBF2:benzene 1:1 
complex. 

Prior to the investigation of the complexation sites of the DBMBF2 via calculations of 
the potential-energy surface of the DBMBF2:benzene system, the geometries of the most 
stable isolated DBMBF2 and benzene were first investigated. For DBMBF2, the crystal 
structure known from the literature [10] was compared with the geometries of the different 
isomers that we generated using the semi-empirical quantum chemistry method [11] by 
varying the spatial arrangements of some chemical groups, namely the BF2 group and the 
aromatics cycles. From this procedure, various geometries with local minima were obtained 
among which the two lowest were kept and optimized at the B3LYP/6-31G** level [12] 
using the pseudo-spectral method of Jaguar 4.1 package. This procedure led to a single 
geometry in agreement with the X-rays structure [10], corresponding to the symmetrical 
isomer, which was finally refined at the MP2/6-31G** level using Gaussian 98 [13]. The 
geometry of benzene was optimised first at the B3LYP/CC-pVDZ [14] level using the 
pseudo-spectral method of Jaguar 4.1 [15] and then refined at the MP2/6-311G (2d, 2p) [16] 
level using Gaussian 98 [13]. 
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The potential assumes intramolecular geometries to be frozen and the number of 
degrees of freedom were six (three translations and three rotations, Euler angles). Based on 
the exchange perturbation theory, it contains electrostatic, polarization, repulsion and 
dispersion contributions. The electrostatic interaction was calculated as a sum of all two-body 
multipole-multipole interactions. The multipolar distribution for each molecule (a charge, a 
dipole, a quadrupole on each atom and bond center) was derived from the wave function 
obtained by an ab initio calculation at the MP2/311G** [16] level using Gaussian 98 [13] and 
according to the method of Vigné Maeder et al [17]. The dipole polarization interaction 
results from a self-consistent iterative procedure during which additive site polarizabilities on 
each molecule respond to the electric field created by the (permanent and induced) moments 
on all other molecules. The dispersion and repulsion terms were calculated as the sum of 
atom-atom terms. The repulsion term is expressed by an exponential form. The dispersion 
terms contain terms up to C10/R10 as well as an exchange contribution. As the repulsion and 
dispersion parameters of the boron atom and the polarizabilities of the B–O and B–F bonds 
were not available, they were respectively replaced by the parameters of the carbon and the 
polarizabilities of the C-O and C-F bonds. 

 
The potential-energy surface of the system DBMBF2:benzene was then investigated 

using a global optimisation method [18] based on the simulated annealing method [19]. The 
exploration of the potential-energy surface was carried out in two steps. First, a random 
search on the surface is performed using the Metropolis algorithm [20] associated with a 
controlled temperature parameter, which is decreased according to an annealing schedule. 
Secondly, the configurations obtained from this exploration are sorted out and finally the 
resulting configurations are optimized with a local minimization method, a quasi-Newton 
method-type, the BFGS method [21]. Among the different configurations obtained, we select 
the three lowest potential energy configurations, the other configurations lying at 
significantly higher energy.  
 
 

3 Results and discussion 

3.1. Binary mixtures of benzene and cyclohexane containing DBMBF2 

3.1.1. Studies in absorption 
We first try to reproduce the literature data with binary mixtures. In these mixtures, 

the lowest concentration of benzene (0.094 M) corresponds to a benzene/DBMBF2 molar 
ratio of 9400 and the molar fraction of the two co-solvents is varied from 0 to 1. The spectral 
evolution of DBMBF2 in the binary mixtures of benzene and cyclohexane over the UV 
domain is shown in Figure 1. As the concentration of benzene increases from 0.088 to 0.794 
mol.L-1, the absorption maximum remains unchanged, while at higher concentrations up to 
11.25 mol.L-1 (pure benzene), a continuous red shift of the absorption band is observed for 
the lowest transition of DBMBF2. Moreover, two isobestic points at 318 and 371 nm clearly 
appear during the titration over the whole concentration range of benzene. These observations 
are different from the literature data which mentioned no significant change in the absorption 
bands and no presence of any isobestic point [5]. 
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Fig.1  (a): Spectral evolution of DBMBF2 10-5 mol.L-1 in cyclohexane containing various benzene 
concentrations (left to right): 0, 0.088, 0.200, 0.300, 0.395, 0.494, 0.596, 0.794, 0.996, 1.194, 
1.492, 1.994, 2.981, 3.980, 5.978, 7.909, 11.252 (pure benzene) mol.L-1. (b): Zoom on the 
isobestic point at 318±1 nm, Abs(318 nm) = 0.074±0.002. (c): Zoom on the second isobestic 
point at 371±2 nm, Abs(371 nm)= 0.335±0.004 
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In the present case, the presence of the isobestic points argues for the existence of the 
equilibrium between two ground state species in solution, the DBMBF2 monomer and a 
complex formed with benzene molecules. On the other hand, the gradual red-shift of the 
position of the maximum of absorption, λmax, of the lowest S0→S1 transition of DBMBF2 as 
a function of the molar fraction of benzene could be due to a gradual change of the complex 
solvation shell induced by the replacement of cyclohexane by benzene molecules (Fig. 2). As 
a matter of fact, the red shift starts to be significant when the mole fraction of benzene 
becomes bigger than 0.1. This hypothesis will be strengthened with the coming fluorescence 
data. 
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Fig.2 Evolution of the position of the maximum of absorption of the S0→S1 transition of DBMBF2 as a 

function of the molar fraction of benzene XB. See Table 2 for the precise values of max. and XB. 
 

 

3.1.2. Fluorescence studies 
By exciting DBMBF2 in the binary mixtures of benzene and cyclohexane at the 

isobestic wavelength (318 nm), we can study the properties of the excited states of the two 
species in equilibrium in the ground state. We can note, similarly to the literature data [2,3], a 
red shift of the maximum and broadening of the fluorescence band of DBMBF2 with 
increasing benzene concentration (see Fig.3). Similarly to the spectral variations in 
absorption, the red shift of the fluorescence band becomes significant when the molar fraction 
of benzene becomes higher than 0.08 (see Fig.4). On the other hand, we can observe for the 
first time the existence of an isoemissive point at 386 nm, which argues for the presence of an 
equilibrium between two fluorescing species (Fig. 3).  

To demonstrate that the equilibrium in the excited state reflects the one in the ground 
state, one should collect the excitation spectra at the same fluorescence wavelength, 386 nm, 
corresponding to the isoemissive point. However, in such a case, the excitation spectra would 
be limited to the 250-365 nm domain. Therefore, we collect the excitation spectra at the same 
fluorescence wavelength, 440 nm. The excitation spectra normalized to the fluorescence 
intensity at 440 nm, display two isobestic points at 303±2 and 378±2 nm. When comparing 
the absorption and excitation spectra, we can note that: 

• The spectral evolution of the absorption and excitation spectra is very similar. A slight 
difference is observed for the ratio of the absorbances at 360 and 380 nm. This ratio, 
which is high for DBMBF2 in pure cyclohexane and is less important in pure 
benzene, could reflect the proximate environment or salvation shell of DBMBF2 in 
the mixtures. 

• The positions of the two isobestic points (303 and 378 nm) are different from that of 
the absorption spectra (318 and 371 nm). This difference reflects the weight of the 
two fluorescing species in equilibrium, which contribute to the fluorescence intensity 
at 440 nm, and is consistent with the difference of shape dicussed above. Note that we 
would have obtained the same isobestic points at 318 and 371 nm for the excitation 
spectra if it were possible to collect the entire excitation spectra at the isoemissive 
wavelength, 386 nm.  

These results strongly support the hypothesis of the existence of the equilibrium 
between two species formed in the ground state and which both fluoresce when they are 
excited.  
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Fig.3 (a): Fluorescence spectra of DBMBF2 10-5 mol.L-1 in the binary mixtures of benzene and 
cyclohexane. Benzene concentrations (left to right): 0, 0.088, 0.200, 0.300, 0.395, 0.494, 0.596, 
0.794, 0.996, 1.194, 1.492, 1.994, 2.981, 3.980, 5.978, 7.909, 11.252 (pure benzene) mol.L-1.  
(b): Excitation spectra obtained at λem=440 nm and normalized to the fluorescence intensity. 
(c): Zoom on the isobestic point of the excitation spectra at 303±2 nm. (d): Zoom on the second 
isobestic point at 378±2 nm. 
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From data of figures 2 and 4, we calculate the Stokes shift value corresponding to the 
lowest transition of DBMBF2 for each binary mixture (see Table 2). The Stokes shift 
dramatically increases when the benzene molar fraction becomes higher than 0.08 and 
remains approximately constant for higher values up to 1. The observation of a jump in the 
Stokes shift value and broadening of the fluorescence band is in favor of the formation of a 
charge transfer complex, CT, of DBMBF2 and benzene. Over a benzene molar fraction of 
0.1, the red shift of the fluorescence band could be attributed to the change in the solvation 
shell of the charge transfer complex, due to the replacement of cyclohexane by benzene 
molecules. The stoichiometry of this complex is presently questioned because when the 
molar fraction of benzene is equal to 0.08, there are actually 76000 molecules of benzene and 
860000 molecules of cyclohexane for one DBMBF2. 
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Fig.4 Evolution of the position of the maximum of fluorescence of DBMBF2 10-5 mol.L-1 in the binary 

mixtures of benzene and cyclohexane as a function of the molar fraction of benzene (XB). see Table 
2 for the precise values of max. and XB. 

 
 

Table 2: Absorption, fluorescence maxima and Stokes shift of DBMBF2 10-5 mol.L-1 in benzene-
cyclohexane binary mixtures 

[B] mol.L-1 [cHex] mol.L-1 XB Abs Fluo Stokes shift 
0 9.256 0 27778 25707 2071 

0.088 9.183 0.009 27778 25707 2071 
0.200 9.091 0.022 27778 25641 2137 
0.300 9.010 0.032 27778 25575 2203 
0.395 8.931 0.042 27778 25510 2268 
0.494 8.850 0.053 27778 25575 2203 
0.596 8.766 0.064 27778 25510 2268 
0.794 8.603 0.085 27778 24155 3623 

0.9961 8.437 0.106 27739 24213 3526 
1.194 8.274 0.126 27739 24096 3643 
1.492 8.029 0.157 27701 23923 3778 
1.994 7.616 0.207 27701 23810 3891 
2.981 6.803 0.305 27624 23585 4039 
3.980 5.982 0.400 27548 23641 3907 
5.978 4.339 0.579 27472 23529 3943 
7.909 2.750 0.742 27397 23529 3868 

11.252 0 1 27322 23529 3793 
Abs, Fluo and Stokes shift units are expressed in cm-1, XB is the benzene molar fraction B

 

The present findings differ from previous data reported by Chow et al. on many points: 

For the binary mixtures of cyclohexane and benzene containing DBMBF2, these authors did 
not observe any isobestic point in the spectral evolution of DBMBF2 and concluded to the 
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absence of ground state complex in solution. They however mentioned that bright yellow 
crystals of DBMBF2 could become colorless when in contact with benzene vapor and 
recover their yellow color when exposed to air [4] and attributed this effect to the formation 
of a ground state complex of the two reactants, which is unstable towards oxygen. On the 
other hand, the same authors reported the existence of ground state complexes between 
DBMBF2 and various electron-rich or electron-donor compounds such as quadricyclene, 
trimetylamine, cyclohexadiene or trans-anethole (1-methoxy-4-propenyle benzene) in 
acetonitrile [4]. With trans-anethole, the absorption spectrum of DBMBF2 develops a new 
absorption which extends beyond the longest wavelength edge from 420 to 520 nm [4]. This 
new absorption also appears, though in a lesser extent over 420-435 nm (~820 cm-1), in 
ternary systems with DBMBF2, p-xylene and ethylene diamine (EDTA) in acetonitrile [22] 
and was assigned to a ground state charge transfer complex of DBMBF2:p-xylene stabilized 
in the presence of EDTA. In this last case, the red extension of the DBMBF2 absorption band 
appears to us very similar to the one we presently observe over 390-400 nm (~640 cm-1) for 
DBMBF2 in cyclohexane upon addition of benzene. If we applied the same reasoning than 
these authors, our present observations would support the existence of a ground state CT 
complex between DBMBF2 and benzene. 

Because they did not observe the presence of any isobestic point in the absorption 
bands of DBMBF2 in the binary mixtures, to collect the fluorescence, Chow et al. [2,3] have 
excited DBMBF2 either at 389 [3] or 366 nm [4], two wavelengths close to the position of 
the maximum of the lowest transition of the DBMBF2. As it can be seen from Figure 1, the 
intensity of this transition continuously varies upon increasing amount of benzene in the 
mixtures and therefore the number of photons absorbed by the solutions was not kept 
constant. This effect could be important in particular at 389 nm in the red tail of the 
absorption band as the absorbance varies from 0.044 to 0.208 (Fig.1). The total fluorescence 
area measured by these authors fluctuates with the absorbance change of the mixture and can 
not be simply normalized. Therefore the validity of the model involving the existence of two 
charge transfer exciplexes with 1:1 (DBMBF2:benzene) and 1:2 (DBMBF2:(benzene)2) 
stoichiometries [3] is questioned. 

In the present work, the similarity between the absorption spectra of the binary 
mixtures and the corresponding excitation spectra recorded from fluorescence measurements 
at 440 nm (compare Fig. 1(a) and Fig.3b), strongly supports the existence of ground state 
complexes. Both series of absorption and excitation spectra display a set of two isobestic 
points at 318 and 371 and 303 and 378 nm, respectively. Note again that the difference of the 
position of the set of isobestic points is due to the fact that the excitation spectra were 
collected at 440 nm and not at the isoemissive point, 386 nm. These results clearly indicate 
that the fluorescence spectra correspond to the two emitting species which are in equilibrium 
in the ground state. Such isobestic points would not be observed if the broad fluorescence 
corresponds to exciplexes. However, at this point, the nature of the fluorescent complex is not 
yet elucidated and further experiments are needed.  

 

3.2. Determination of the stoichiometry of the complexes in cylohexane solutions  

3.2.1. The Job method 
To determine the stoichiometry of the complexes, we use the analytical method of Job 

[6] and cyclohexane solutions in which the two reactants, DBMBF2 and benzene (or toluene) 
are solutes. The method of Job [6] and its extension to fluorimetric titration [7] have been 
commonly used to experimentally determine the stoichiometry of the ground state complexes 
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and were successfully used for tetrapyrrole systems [7]. It relies on the fact that the 
absorbance of a mixture of chromophores A (=DBMBF2) and B (=benzene or toluene) which 
do not interact with each other is the sum of the absorbances of each chromophore.  

doideal = εA CA l + εB CB l        [Eq.1] 

where εi is the molar absorptivity of the compound i at a given wavelength, Ci the 
concentration of compound i and l the optical pathlength. doideal can also be expressed as a 
function of the molar fraction, x,  of compound B: 

doideal = CT l [εA (1-x) +  εB x]        [Eq.2] 

with x = CB/CT  and  CT being the total concentration of compounds A and B. 

Conversely, if A and B react together to form a complex AB, the absorbance doread will differ 
from doideal. Departures from the additivity, F(x), as the composition of the mixture is 
continuously varied, can be calculated:  

BA
T

read

xx
lC

doxF εε −−−= )1()(        [Eq.3] 

The Job plot corresponds to the plot of F(x) as a function of x. When a ground state complex 
is formed, its stoichiometry can be deduced from the composition at which the deviation from 
additivity, F(x), is a maximum.  

 

For fluorimetric titration, two main hypotheses are required: i) the two chromophores, 
A=DBMBF2 and B=benzene (or toluene), can fluoresce but their concentration is low 
enough to prevent from long distance quenching; ii) the ground state complex AB formed is 
not fluorescent or displays a very different fluorescence spectrum.  

A + B ⇔ AB 

The intensity of fluorescence (or fluorescence area) of a species i may be written as 
Fi[i], where [i] is the concentration of fluorophore i and Fi a proportionality factor which 
depends on the quantum yield of fluorescence and on the excitation wavelength. Consider an 
initial solution of A at concentration C, to which n equivalents of B have been added. As long 
as the value of n is not close to unity, the above reaction is completely displaced to the right 
and the formation of the complex AB may be considered quantitative. The overall 
fluorescence intensity (or area) from the solution may be written as: 

For n<1:   I1(n) = C[(FAB-FA)n + FA]       [Eq.4] 

For n>1:   I2(n) = C[FAB +(n-1)FB]       [Eq.5] 

In a first approximation, the variation of the total fluorescence intensity as a function of n will 
consist in two linear regimes which intersect at n=1. 

The choice of the excitation wavelength is very important when the concentrations of the 
reactants and product continuously vary during the titration. One needs to keep a constant 
number of absorbed photons during the whole titration. The ideal case is to excite the 
mixtures at a wavelength for which the absorbance of the mixtures remains practically 
constant or constant such as an isobestic point. 

For both analytical methods in absorption and fluorescence, the two reactants, DBMBF2 and 
benzene (or toluene), must be kept at low concentration in the same solvent, cyclohexane.  
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3.2.2. Application to mixtures of DBMBF2 and benzene (or toluene) in cyclohexane 
Two experiments were performed: the first one corresponds to the titration of a 

DBMBF2 solution (10-5 mol.L-1) with a benzene solution (1.8 10-3 mol.L-1) in cyclohexane. 
To increase the probability of complexation, the second titration was performed with a more 
concentrated solution of DBMBF2 (10-4 mol.L-1). 

Figure 5 displays the spectral variation of DBMBF2 10-5 mol.L-1 in cyclohexane upon 
addition of small aliquots of a solution of benzene 1.8 10-3 mol.L-1 in cyclohexane. A 
decrease of the absorbances centered at 360 and 269 nm corresponding to DBMBF2 
monomer concomitant with the increase of the absorbance over 200-264 nm and the presence 
of an isobestic point at 264 nm argue for the existence of an equilibrium at least between two 
absorbing species. The plots of Job diagrams at two wavelengths, 360 and 269 nm (Fig.6), 
give x values for which F(x) is optimal. The three values of x equal to ~0.35, ~0.5 and ~0.67 
correspond to the (DBMBF2)2:benzene, DBMBF2:benzene and DBMBF2:(benzene)2 
complexes, respectively. 
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Fig.5 (a): Spectral evolution of DBMBF2 10-5 mol.L-1 in cyclohexane upon addition of small aliquots of 
a mother solution of benzene 1.8 10-3 mol.L-1 in cyclohexane. Starting volume: 4 cm3, the 
concentration of benzene varies from 9 10-7 – 1.25 10-4 mol.L-1. (b): Zoom on the isobestic point at 
264 nm, Abs(264 nm) = 0.083±0.002. 
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Fig.6 Job plots obtained from the titration of  DBMBF2 (10-5 mol.L-1) with a mother solution of benzene 
(1.8 10-3 mol.L-1) in cyclohexane. Starting volume: 4 cm3, the concentration of benzene varies from 
9 10-7 – 1.25 10-4 mol.L-1. XB is the benzene molar fraction. 

 

To favor the formation of the complexes, we increase the DBMBF2 concentration by 
a factor 10. Figure 7 displays the spectral variation of DBMBF2 10-4 mol.L-1 in cyclohexane 
upon addition of small aliquots of a solution of benzene 1.7 10-3 mol.L-1 in cyclohexane. A 
decrease of the absorbance at 360 nm corresponding to DBMBF2 monomer and the presence 
of an isobestic point at 213 nm argue for the existence of an equilibrium at least between two 
absorbing species. The plots of Job diagrams at 269 and 360 nm (Fig.8), give x values, for 
which F(x) is optimal, equal to 0.5 and 0.66. These values correspond to the 
DBMBF2:benzene and the DBMBF2:(benzene)2 respectively. 

 12



 

Wavelength /nm
200 250 300 350 400

A
bs

or
ba

nc
e

0.0

0.1

0.2

0.3

0.4

0.5
a

 

Wavelength /nm
208 212 216 220

A
bs

or
ba

nc
e

0.0

0.1

0.2

0.3
b

 

Fig.7 (a): Spectral evolution of DBMBF2 10-4 mol.L-1 in cyclohexane upon addition of small aliquots of 
a mother solution of benzene 1.7 10-3 mol.L-1 in cyclohexane. Starting volume: 4 cm3, the 
concentration of benzene varies from 8.7 10-6 – 1.09 10-3 mol.L-1. (b): Zoom on the isobestic point 
at 213 nm, Abs(213 nm) = 0.100±0.002. Optical pathlength: 1 mm 
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Fig.8 Job plots obtained from the titration of DBMBF2 (10-4 mol.L-1) with a mother solution of benzene 
(1.7 10-3 mol.L-1) in cyclohexane. Starting volume: 4 cm3, the concentration of benzene varies 
from 8.7 10-6 – 1.09 10-3 mol.L-1. XB is the benzene molar fraction. 
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We found similar results when benzene is replaced by toluene (see Fig. 9). Here 
again, the spectral evolution in absorbance, displaying a clear isobestic point at 222 nm, 
witnesses the existence of an equilibrium between the DBMBF2 monomer and a ground state 
complex. The Job diagrams plotted at 360 and 270 nm (Fig.10) clearly show the existence of 
three complexes, (DBMBF2)2:toluene , DBMBF2:toluene and DBMBF2:(toluene)2. 

 

 

Fig.9 (a): Spectral evolution of DBMBF2 10-4 mol.L-1 in cyclohexane upon addition of small aliquots of 
a solution of toluene 10-3 mol.L-1 in cyclohexane. Starting volume 4 cm3, the concentration of 
toluene varies from 2.5 10-6 – 5 10-4 mol.L-1. (b): Zoom on the isobestic point at 222 nm. Abs(222 
nm) = 0.045±0.005. Optical pathlength: 2 mm. 
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Fig.10 Job plots obtained from the titration of DBMBF2 (10-4 mol.L-1) with toluene (10-3 mol.L-1) in 
cyclohexane solutions. Starting volume 4 cm3, the concentration of toluene varies from 2.5 10-6 – 
6.4 10-4 mol.L-1. XT is the toluene molar fraction. 

 
 

3.2.3. Fluorescence titrations 

These findings are corroborated with the fluorimetric titrations. Below 250 nm, the 
intensity of the xenon lamp is very low and we could not excite the solutions at 213 and 222 
nm for the titration of DBMBF2 with benzene and toluene, respectively. By exciting the 
mixtures of DBMBF2 and benzene in cyclohexane at 255 nm, where the absorbances do not 
practically vary (0.055±0.003), we can follow the equilibrium between the DBMBF2 
monomer and the corresponding complex or complexes with benzene molecules. Note that at 
255 nm, the values of the extinction coefficient of DBMBF2 and benzene in cyclohexane are 
5400±200 and 205±10 mol-1.L.cm-1, respectively. Therefore, during the titration, the 
contribution of the benzene absorbance at 255 nm is negligible.  

 15



Wavelength / nm
400 450 500 550 600

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 / 
cp

s

0

1e+5

2e+5

3e+5

4e+5
a

 

Fig.11 Evolution of the fluorescence intensity of DBMBF2 10-4 mol.L-1 in cyclohexane upon 
addition of aliquots of a solution of benzene 1.7 10-3 mol.L-1 (a) and of toluene 10-3 mol.L-1 
(b). The concentration of benzene varies from 8.7 10-6 to 2.62 10-4 mol.L-1. λexc = 255 nm and 
the concentration of toluene varies from 5 10-6 to 2.35 10-4 mol.L-1. λexc = 253 nm 
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Figure 11 displays the change of the fluorescence intensity of the excited DBMBF2 
10-4 mol.L-1 in cyclohexane upon addition of small aliquots of a solution of benzene 1.7 10-3 
mol.L-1 in the same solvent. In contrast to the results obtained with DBMBF2 in the binary 
mixtures of cyclohexane and benzene, the position of the maximum of the fluorescence band 
remains unchanged and the intensity of fluorescence decreases continuously upon addition of 
benzene. This result strongly supports the hypothesis of the formation of ground state 
complexes which are non fluorescent in the excited state. We use the Job method extended to 
fluorescence titration [7] to determine the stoichiometry of the complexes: the fluorescence 
area is plotted as a function of the number of benzene equivalent, n, 
(n=[benzene]/[DBMBF2]) (Fig.12). The curve displays two linear regimes which intersect at 
a value equal to unity, which corresponds to the 1:1 stoichiometry of the complex. One can 
also note that even at high concentration ratio [benzene]/[DBMBF2], the total fluorescence 
area still decreases and no extra fluorescence band which could be attributed to the presence 
of any exciplex is detected over 360-750 nm. 

The same results can be obtained with toluene when the solutions of DBMBF2 in 
cyclohexane are excited at 253 nm, where the variation of absorbance is weak (0.050±0.003) 
(Fig.11). Here again, at 253 nm, the value of the extinction coefficient of toluene (170±10) is 
negligible when compared with that of DBMBF2 (4900±200 M-1cm-1). The position of the 
maximum of the fluorescence band remains unchanged and the fluorescence intensity of 
excited DBMBF2 decreases continuously upon addition of small aliquots of toluene. Here 
again, the plot of the total fluorescence area as a function of the ratio of concentrations 
[toluene]/[DBMBF2] gives two linear regimes which intersect at a value equal to 1 (Fig.12). 
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This value indicates the existence of a complex of stoichiometry 1:1 which is not fluorescent 
or whose very weak fluorescence cannot be detected. 

Fig.12 Plot of fluorescence area as a function of the number of aromatic per DBMBF2 molecule for 
benzene (a) and toluene (b). The fluorescence areas of mixtures are normalized to the average 
absorbance value at 255 nm for benzene (0.055±0.003) and 253 nm for toluene (0.050±0.003). 

 For benzene, n varying from 0.08 to 3.11 corresponds to a benzene concentration varying from 
8.7 10-6 to 2.62 10-4 mol.L-1. For toluene, n varying from 0.05 to 3.08 corresponds to a toluene 
concentration varying from 5 10-6 to 2.35 10-4 mol.L-1.  
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When analyzing the decay of the fluorescence intensity or area as a function of the quencher 
concentration [Q] using the Stern-Volmer equation [23], we assume the existence of a static 
quenching of DBMBF2 due to the formation of 1:1 ground state CT complexe, DBMBF2-
benzene.  

DBMBF2 + Q ⇔  DBMBF2:Q with  the equilibrium constant Kass

 

Such a model leads to the following equation  

[ ]QK
I
I

SV+=10          [Eq.6] 

where I0 and I are the fluorescence intensities in absence and in the presence of the quencher, 
respectively, Ksv , which is the Stern-Volmer constant, corresponds to the association constant 
of the complex for a static quenching, and [Q], the quencher concentration. 

The good fit of the experimental data of fluorescence titrations (Fig. 11) with equation 
6 argues for the accuracy of the chosen model (see Fig. 13). This allows to extract the values 
of the association constant for the 1:1 complex DBMBF2:Q for the two mixtures with 
benzene and toluene. 
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Fig.13 Stern-Volmer plots from the variation of the fluorescence intensity of DBMBF2 in cyclohexane 
upon addition of small aliquots of (O) benzene (a) and (�) toluene (b) __ Fit of the experimental 
data of Fig. 11 with equation 6, taking into account the change of the DBMBF2 concentration. 

  
 

For benzene, 

KSV = Kass(DBMBF2:benzene) = 1150±100 L.mol-1

 

and for toluene, 

K’SV = K’ass(DBMBF2:toluene) = 1550±200 L.mol-1

 

Our data indicates a better association of DBMBF2 with toluene than with benzene, 
which can be explained in terms of a higher electron donor ability of toluene as compared to 
benzene. One can also note that the values of the present association constants for the 1:1 
complex are much higher than those determined by Valat et al. from the deconvolution of the 
fluorescence spectra of DBMBF2 in binary mixtures of cyclohexane with benzene or with 
toluene, based on the assumption of the existence of two exciplexes DBMBF2:benzene and 
DBMBF2:(benzene)2 [3]. They found values of the association constant in the excited state 
equal to 2.7 and 14 L.mol-1, for benzene and toluene respectively [3].  
 

We noted that the model proposed by Chow et al. cannot explain all the data collected 
from many of their studies. For instance, the authors had recorded the fluorescence lifetime of 
DBMBF2 monomer (10-5 mol.L-1) in acetonitrile in the absence and in the presence of 
benzene. They found that the lifetime of excited DBMBF2, equal to 340 ps in pure 
acetonitrile, decreases to less than 30 ps (limit of their detection) in the presence of low 
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concentrations of benzene (~0.1 mol.L-1) and starts to increase above 1 mol.L-1 up to 0.65, 
1.15, 1.75 ns, in mixtures where benzene and acetonitrile become co-solvents with benzene 
concentrations equal to 1.02, 3.76 and 7.78 mol.L-1, respectively [5]. In pure benzene, the 
lifetime of the complex is 2.1 ns [5]. The same behavior was observed with toluene and 
xylene, but 3 and 6 mol.L-1, respectively, were needed to induce the same lifetime increase 
[5]. Applying the model of formation of exciplexes does not allow to explain why the lifetime 
of DBMBF2 first decreases and then increases upon addition of the aromatic molecules. 
Furthermore, it does not explain why the formation of the 1:1 and 1:2 charge transfer 
exciplexes would be more favorable for benzene than for its methylated derivatives which 
display higher electron donating ability.  
 
Our present results and the proposed model allow to explain all the results of Chow’s group: 

 

• e of the fluorescence lifetime corresponds to the presence of new ground 

 
.2.4. Nature of the high stoichiometry complex 

very high concentration of the aromatic 
compou

as compared to 3800 cm  for benzene (calculated from Table 1) observed for this system.  

• The decrease of the DBMBF2 excited state lifetime (less than 30 ps) would be due to
the formation in the ground state of charge transfer complexes of low stoichiometry, 
which decay preferentially via non radiative pathways when they are excited. These 
are the 2:1, 1:1 and 1:2 ground state CT complexes solvated by acetonitrile or 
cyclohexane molecules, whose existence is demonstrated in the present work. Their 
association constant increases with the electron donating ability of the aromatic 
molecule. 
The increas
state charge transfer complexes of DBMBF2 with the aromatics with high 
stoichiometry, DBMBF2:(aromatic)n whose excited state have long lifetime and are 
highly fluorescent. The nature of these new ground state CT complexes and the reason 
why their formation seems to be less favorable with the methylation of the aromatic 
compound is now discussed. 

3
From our present findings, we know that 
nd is needed to form the high stoichiometry ground state complex: i.e. ~0.7 mol.L-1 

of benzene in cyclohexane for 10-5 mol.L-1 of DBMBF2 is needed for the formation of the 
complex. On the other hand, it is well-known from the literature data that benzene molecules 
in cyclohexane start to aggregate at similar concentration [24] and that the aggregates, in their 
excited state, display a wide and structureless fluorescence band extending from 265 to 360 
nm [25-27]. These considerations bring us to suggest that the interaction of benzene 
aggregates with DBMBF2 molecules could lead to the formation of stable charge transfer 
complexes in the ground state. The electron affinity of clusters of benzene could be very 
different from that of the isolated benzene and therefore the charge transfer character of the 
high stoichiometry complex could be enhanced. This assumption is based on the large Stokes 
shift value, 3800 cm-1, which is usually found for complexes with high CT character. In their 
excited state, these complexes seem to decay preferentially via a radiative decay pathway. 
The hypothesis of the participation of aggregates in the formation of the high stoichiometry 
ground state complex is strengthened by the fact that for toluene and xylene, very high 
concentrations, 3 and 6 mol.L-1, respectively, were needed for the observation of the 
fluorescent complex as compared to 1 mol.L-1 for benzene [5]. Because of the presence of the 
methyl group, toluene and xylene aggregates are less easily formed than benzene ones. 
Moreover, the formation of these aggregates should be easier in a non-interacting co-solvent 
such as cyclohexane, than in acetonitrile. On the other hand, the complex formed between 
DBMBF2 and toluene aggregates displays a stronger CT character than the complex with 
benzene aggregates, as witnessed by the large value of the Stokes shift, 4520 cm-1 for toluene 

-1
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The knowledge of the lifetime of the singlet excited DBMBF2 in the binary mixtures 

ould also bring some clues on the nature of the complexes. In their previous works, Chow et 
al. foun

d to the exciplex regularly increases with increased benzene concentration: τ  

2. 
reased benzene concentration: τ  

 
posed model if the CT complex were 

ore polar in the excited state than in the ground state. Harju et al., by studying the solvent 
viscosi

e difference of properties observed for the high stoichiometry complexes as 
ompared to the low stoichiometry ones must arise from the nature of the interactions 

betwee

omplex of DBMBF2:Benzene 

 with the two aromatic cycles 
ron atom and the BF2 group 

orthogo

c
d, that: 

1. in cyclohexane solutions, above 0.3 mol.L-1 of benzene, the fluorescence lifetime 
attribute s
= 0.35 ns ([B] = 0.346 mol.L-1), 0.40 ns (0.602 mol.L-1), 0.52 ns (0.994 mol.L-1) and 
0.63 ns (1.410 mol.L-1), 0.71 ns (1.824 mol.L-1) and 2.1 ns in pure benzene (11.2 
mol.L-1) [5]. The same phenomenon was observed with toluene: τs = 1.0 ns ([T] = 
0.273 mol.L-1), 1.3 ns (0.716 mol.L-1), 1.8 ns (1.335 mol.L-1), 2.5 ns (2.887 mol.L-1), 
3.2 ns (5.709 mol.L-1) and 3.7 ns in pure toluene [2]. 
in acetonitrile solutions, that above 1 mol.L-1, the fluorescence lifetime that they 
attributed to the exciplex regularly increases with inc s
= 0.65 ns ([B] = 1.02 mol.L-1), 1.15 ns (3.76 mol.L-1), 1.75 ns (7.78 mol.L-1) and 2.1 
ns in pure benzene [5]. The same phenomenon was observed with toluene above a 
concentration of 3 mol.L-1: τs = 3.5 ns ([T] = 4.67 mol.L-1), 6.2 ns (6.17 mol.L-1), 7.3 
ns (7.8 mol.L-1) but 4.1 ns in pure toluene [5].  

These variations can be explained with our pro
m

ty and polarity effects on the picosecond barrier crossing reaction of DBMBF2 in n-
nitrile and n-alcohols, had shown that the transition state of DBMBF2 monomer itself is 
highly polar with respect to the fluorescent state and that the subsequent solvation effects 
contribute to the reaction rates [29]. In the present case, if the CT complex were more polar 
in the excited state, the lifetime of the excited complex would strongly depend on the polarity 
of the solvent: the more polar would be the mixture, the longer would be the lifetime of the 
excited state due to its stabilisation via solvation of the charges. Because acetonitrile 
(dielectric constant εS= 35.94) is much more polar than cyclohexane (εS= 2.02) and benzene 
(εS= 2.27) or toluene (εS= 2.38) [28], the lifetimes of the CT complex measured in binary 
mixtures of acetonitrile and benzene (or toluene) are longer than the ones found in binary 
mixtures of cyclohexane and benzene (or toluene). For the same reason, the lifetime of the 
excited CT complex in pure toluene (4.1 ns) is shorter than in the mixtures with acetonitrile 
(7.3 ns). 
 

Th
c

n DBMBF2 with individual or aggregates of aromatic molecules. To understand the 
nature of the interactions and predict the sites of interaction between Benzene and DBMBF2, 
we determine the structure of the 1:1 complex using semi-empirical quantum chemistry 
calculations. At the present stage, it is not possible to perform calculations with a large 
number of aromatic molecules and we therefore restrict our study to the low stoichiometry 
complex, DBMBF2:benzene. 
 

.2.5. Structures of the 1:1 c3
For the isolated DBMBF2, a single structure was found

symmetrical along the axis joining the middle cycle to the bo
nal to the middle cycle (Fig.14). This symmetrical structure corresponds to the one 

determined via X-rays diffraction [10].  
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Many structures of the 1:1 complex of DBMBF2 and benzene were found. Among the 

different configurations, we select the three configurations which display the lowest potential 

Fig 14 structure of the isolated DBMBF2 

energie

e 1 2 3 

s, the other ones lying at significantly higher energy. They are very close in energy: -
4.48, -4.60 and -4.73 kcal.mol-1. Figure 15 displays the three corresponding sites of 
interaction between the two moieties. For all structures, the dispersion interaction contributes 
the most in the stabilisation of the complex, while the electrostatic interaction appears to be 
the highest when the benzene ring is proximate and perpendicular to the phenyl ring of 
DBMBF2. Table 3 displays the contributions of the electrostatic, dispersion, repulsion and 
polarization in the total energy of the complex.   
 

Table 3: Different contributions in the total energy of the 1:1 complex 
Complexe DBMBF2:Benzen

Interaction between DBMBF2 and Benzene /kcal mol-1    
Electrostatic -1.99 -1.11 -1.35 
Dispersion -4.73 -5.76 -5.37 
Repulsion 2.63 2.66 2.71 

Total -4.09 -4.21 -4.01 
Polarization /kcal mol-1 -0.64 -0.39 -0.47 
Total E l mol-1nergy /kca -4.73 -4.60 -4.48 

 
The present calcu rmations which support our findings for the 

w stoichiometry comp
• 

 

lations bring many info
lexes: lo

many sites of interaction between DBMBF2 and benzene molecules are available 
• the 1:1 complex can display three different and stable structures and therefore could 

be easily formed in solution 
• for the 1:2 stoichiometry, among the numerous possible structures, two symmetrical 

structures would be available. With a first complex having two symmetrical phenyl 
rings, one can expect a symmetrical interaction of benzene molecules on both phenyl 
rings of DBMBF2. The second complex would have each benzene ring facing the 
DBMBF2 phenyl ring in a tilted position. 
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Fig 15 Structures of the most stable configurations of DBMBF2:benzene complex 

 
 

 
 

 

 
These low stoichiometry complexes are formed in the ground state and their excited states 
decay via non radiative pathways. 
 

More complex calculations on the high stoichiometry complexes, involving an 
organized aggregate of benzene, would undoubtedly bring a better understanding of the 
properties of these complexes, in particular, the nature of their transitions. This implies many 
steps including  

• the study of the aggregates aromatic molecules (3, 4 or more) and the search of the 
most stable conformations  

• the study of the interaction of DBMBF2 with the aggregates 
• the calculations of their transitions 

Such complete and time consuming calculations could not be done during the process of this 
study.  
 
 
4 Conclusion 
 In previous work, it was found that (dibenzoylmethanato)boron difluoride (DBMBF2) 
was able to form with benzene (B) and its methylated derivatives (MB) in solution strongly 
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fluorescing complexes. These were thought to be the 1:1 and 1:2 exciplexes, complexes of 
the singlet excited state of DBMBF2 with one or two B or MB molecules. The present work 
sheds new light on the nature of the various complexes and also allows the explanation of the 
previously observed unexpected evolution of the DBMBF2 lifetime with the aromatic 
concentration.  
 
 Two types of complexes can be formed, both in the ground state, in cyclohexane 
solution. The first type has low stoichiometry and contains one or two aromatic compounds. 
Their association constants are 1150 and 1550 L.mol-1 for the 1:1 complex for benzene and 
toluene, respectively. Upon excitation, these complexes do not fluoresce and their excited 
states decay very rapidly via non-radiative pathways. These results allow us to explain why 
the lifetime of excited DBMBF2, measured in previous works, initially quickly decreases 
with low concentrations of the aromatic compound. They also allow us to explain the 
reactivity of DBMBF2 in the porous matrices exposed to gas mixture containing traces of 
benzene or toluene. We also obtain the formation of the non fluorescent 1:1 CT complex of 
DBMBF2 with benzene or toluene. The fluorescence of DBMBF2 monomer is therefore 
quenched when the sensor is exposed to the pollutants. 
 The second type of complex, with high stoichiometry, corresponds to a ground state 
CT complex between DBMBF2 and an aggregate of the aromatic compound. In contrast to 
the first type of complex, the high stoichiometry CT complex upon excitation displays a 
strong fluorescence and a long lifetime. The CT character which we have attributed to the 
complex is indicated by its large Stokes shift value (3800 and 4250 cm-1 for benzene and 
toluene, respectively). Because of the enhanced polarity of the CT complex in the excited 
state, the species is stabilized in increasing polar media. As a consequence, its lifetime 
strongly varies with the polarity of the binary mixtures. 
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