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Abstract

Acid-base properties of 3,5-dimethyl-1,7-diphenyl-bis-pyrazolo-[3,4-b;4’,3’-e]-pyridine (BPP) in the ground state and in the first excited singlet
state were investigated in non-aqueous solutions. Absorption and stationary fluorescence spectroscopy, supersonic jet spectroscopy as well as the
calculations of effective valence potentials were applied as methods. The sequence of the protonation of BPP nitrogen atoms in solutions and the
formation of complexes with water in molecular beams were discussed.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

3,5-Dimethyl-1,7-diphenyl-bis-pyrazolo-[3,4-b;4’,3’-e]-pyr-
idine (BPP) is the parent compound for numerous derivatives
with valuable properties in the aspect of recognition and
application.

The derivatives of BPP with (4’-N,N-alkylaminophenyl) in
position 4 show a low lying highly dipolar charge-separated
excited state, and are therefore promising candidates for efficient
non-linear optical (NLO) materials.

Derivatives with various other substituents in position
4 showing intense fluorescence can be used as fluores-
cence standards and have found application as blue-green
organic light-emitting diodes [1,2]. Some of BPP derivatives
show biological activity and are considered as medicines
[3].

The acid-base properties of four derivatives: DMA-
DMPP, H-DMPP, NO,-DMPP and CH30-DMPP (see Formu-
lae 1) were investigated previously [4,5].
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The donor—acceptor molecule, DMA-DMPP, has three differ-
ent possible protonation centers and undergoes the protonation
in step-by-step processes. The amino group is protonated as the
first one in the ground as well as in the excited state. The question
arises which nitrogen atom in heterocyclic subunit is protonated
as the next one. The results of semi-empirical calculations [4]
hinted at the protonation of pyridine nitrogen, but the prevention
from such protonation due to steric hindrance of phenyls 1 and 7
was also mentioned [6]. On the other hand, the effective valence
electron potentials hint to protonation of pyrazolic nitrogen in
the molecule already protonated on the amino group [5]. The
basic properties of N,N-dimethylamino group in DMA-DMPP
practically do not change in the first excited singlet state, S1. The
basicity of the nitrogen protonated in the second step increases
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remarkably in the S state. The protonation occurs much easier
in acetonitrile solutions than in ethanolic ones.

The three other studied derivatives H-, NO;- and CH30O-
DMPP, undergo protonation as it is in the case of the second
step of DMA-DMPP.

In the present paper, we describe the results of the investiga-
tions of BPP acid—base properties in the ground state and in the
S state, which should be helpful in deeper understanding of
the protolytic processes in the four compounds described in [4].
The comparison of the behaviour of BPP with that of the above
mentioned compounds and first of all with that of DMA-DPPQ
[7] (Formula 2) led to the assignation of protonation sequence
in heterocyclic system.

The investigations were performed for non-aqueous solu-
tions, i.e. in acetonitrile and ethanol as solvents, because of
sparingly small solubility of BPP in water. Additionally, the clus-
ters of BPP with water molecule were studied in a supersonic jet.

2. Materials, experimental and computation methods

BPP was synthesized and purified according to Brack [8].
The solvents and HC1O4 (72% w/w) were of the highest avail-
able quality and checked for impurities by means of absorption
and fluorescence spectroscopy. Absorption spectra were mea-
sured with a Specord M 500 spectrophotometer. Fluorescence
spectra and fluorescence excitation spectra were measured with
a Kontron SFM 25 spectrofluorimeter.

All spectra of jet-cooled BPP were obtained with a home-built
jet spectrometer. The sample was heated to 190 °C and injected
through a 500 pm pulsed nozzle (General Valve Series 9) into the
vacuum chamber evacuated by a turbomolecular pump (Leybold
Turbovac 600C). Helium was used as a carrier gas. A home-built
dye laser with spectral width of <0.2cm™!, pumped by the 3rd
harmonic of a Nd: YAG laser (Surelite I-10) was used for fluores-
cence excitation. Total fluorescence was collected by a toroidal
mirror and imaged onto a cooled photomultiplier (Hamamatsu
R). The signal from the photomultiplier was digitized by a digital
oscilloscope (Le Croy 9310) and stored in a personal computer.
Molecular clusters of BPP and water were formed in the jet
by passing the carrier gas though the reservoir with the solvent.
The amount of the solvent added into the carrier gas and the stoi-
chiometry of the complexes formed were controlled by changing
the reservoir temperature.

To estimate the reactivities of different aza-atoms, we calcu-
lated the Spanget-Larsen’s indexes of reactivity [2,9-11], called

effective potential energies of valence electrons (n* — for p
orbital of A atom) or effective valence potentials. These poten-
tials can be defined in terms of atomic charges and interactions
between atoms:

Wi =Whign)+ > Wiias) ()
B#A

Wi(ga) = —(a+ bga)’? )

W (q8) = vaB(gB — Z) 3)

where ga and gp are total electron populations on A and B
atoms. The yap is the Coulomb integral representing repulsing
interactions between valence electrons of A and B atoms. The a
and b constants were derived from the dependence of ionization
potentials on cation and anion charges. Zg denotes the number
of valence electrons in the neutral atom B.

The ability of aza-atoms to attach a proton can be estimated
from effective potentials calculated in this way. Higher positive
values of W“f correspond to a higher basicity of the A atom
and to more nucleophilic nature of the appropriate region of the
molecule. We calculated Wff values only for nitrogen atoms in
the heterocyclic system because this method is not good enough
to estimate the basicity of N-atoms of the amino group.

Calculations of potentials were based on molecular geome-
tries calculated by the AM1 method and charge densities were
calculated by the INDO/S method.

The molecular geometries and the values of heats of for-
mation for protonated molecules were obtained within AMI1
method.

3. Results
3.1. Stationary absorption and fluorescence spectra

The absorption spectra of BPP in acetonitrile as solvent with
different amounts of HC1O4 are shown in Fig. 1.

Upon increasing of acid concentration, the new long wave-
length band peaking at 26 300 cm™! appears, accompanied by
the changes in the short wavelength range. The band reaches its
maximal absorbance at [HCIO4] =6 x 10~2 M. Further addi-
tion of acid does not change this band, but causes some changes
at the short wavelength range, up to 4 x 10! M of acid con-
centration, Fig. 1c. The isosbestic points hint at the equilibrium
between BPP molecule and its protonated forms.

In acidified ethanolic solutions, the changes of absorption
spectra of BPP are rather small (Fig. 2).

BPP emits a strong fluorescence with the maximum at
22600cm™! in acetonitrile and 22500 cm™! in ethanol. This
band is effectively quenched by acid (Fig. 3a and b) and dis-
appears totally when [HCIO4]>1.0 x 1072 M in acetonitrile
solution, Fig. 3b.

The quenching of BPP fluorescence correlates with the
increase of the new long wavelength absorption band, Fig. 4.
The half values of the absorbance and fluorescence are
reached at similar acid concentration (log [HCIO4] in range
—3.0 to —3.4). The disappearing of the fluorescence band
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Fig. 1. Absorption spectra of BPP in acidified solutions (c=2.4 x 107> M)
in acetonitrile. Acid concentrations: 0M (1), 1.1 x 1074 M (2), 4.8 x 1074 M
(3), 1.2x 1073 M (4), 24 x 1073 M (5), 3.8 x 1073 M (6), 1.0 x 1072 M (7),
33x 1072 M (8),6.4 x 1072 M (9),9.7 x 1072 M (10), 4.1 x 10~! M (11). The
arrows denote the direction of absorbance changing with increasing acid con-
centration from 1 to 5 (a), from 5 to 8 (b) and from 9 to 11 (c). The spectrum of
the unprotonated molecule (dotted line) is added for comparison to (b) and (c).

of neutral BPP (Fy600) is accompanied by the creation of
a new band peaking at about 18000 cm™! (F18000) when
[HCIO4]> 1.4 x 1073 M (Fig. 3b). The band Figgoo loses its
intensity at [HClO4]> 1 x 1072 M, Fig. 3c.

The quantum yield of the long wavelength band, F1goo0,
increases parallely with the decreasing of the short wavelength
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Fig. 2. Absorption spectra of BPP in ethanolic solutions (c=5.0 x 107> M).
Acid concentration is 0M (1) and 1.5M (2).
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Fig. 3. Corrected fluorescence spectra (Vexc = 27 322 cm™!) of BPP in acid-
ified acetonitrile solutions (¢=2.4 x 1075 M). Acid concentrations: 0M (1),
36x107°M (2), 6.1x107°M (3), 1.I1x107*M (4), 1.8 x 107*M (5),
25x107*M (6), 3.3x 107*M (7), 4.1 x107*M (8), 48 x 107*M (9),
5.8 x 1074 M (10), 6.8 x 107 M (11), 9.2 x 10~* M (12), 1.2 x 1073 M (13),
1.4 x 1073 M (14), 1.9 x 1073 M (15), 2.4 x 1073 M (16), 3.8 x 103> M (17),
5.7 x 1073 M (18), 1.0 x 1072 M (19), 2.0 x 1072 M (20), 3.3 x 1072 M (21),
4.6x 1072M (22), 8.1 x 1072 M (23).
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Fig. 4. The molar excitation coefficients (triangles) and fluorescence intensity
(circles) of BPP in acidified acetonitrile solutions as log [HC1O4] function.
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Fig. 5. Corrected fluorescence spectra of BPP (Vexe = 27322 cm_l) in acid-
ified ethanolic solutions (¢=5.0 x 107> M). Acid concentrations: OM (1),
13x1072M (2), 1.7x1072M (3), 20x 107 2M (4), 2.7 x 1072 M (5),
37x1072M (6), 6.0x 1072M (7), 8.0x 107 2M (8), 1.1 x 10" M (9),
1.4 x 107 M (10), 1.7 x 107 M (11), 2.2 x 10~ M (12), 2.6 x 10~ M (13),
3.1 x 1071 M (14), 3.5 x 10~ M (15), 4.0 x 10~ M (16), 4.5 x 10~ M (17),
5.0x 107'M (18), 6.1 x 107" M (19), 9.9 x 10~'M (20), 1.3M (21), 1.5M
(22).

band F7,600. It reaches its maximal value when Fyp g0 disap-
pears. At the highest acid concentration under study, the quantum
yield of F1g oo decreases, most probably due to fact that the next
step of the protonation occurs.

In the ethanolic solutions, the fluorescence spectra of BPP
show similar changes as in the case of acetonitrilic solutions
upon acidifying. However, the distinctly observable changes
occur when acid concentrations are much larger than in ace-
tonitrile as solvent, i.e. at [HC1O4]>1.3 x 1072 M, Fig. 5a.

At 2.7 x 1072M<[HClO4]<4.5x 107" M, a new long
wavelength band appears peaking at 18 500cm™! (Fig. 5b).
The quasi-isoemissive point appears at 21 900 cm™'. Further
acidifying of ethanolic solutions causes the disappearing of the
isoemissive point and a small decrease of F(g 500 band (Fig. 5c).

The fluorescence excitation spectra of BPP in acetonitrile
solution (uncorrected for the lamp intensity), Fig. 6(1), as well
as in ethanol, are identical for different observation wavelengths,
i.e. on the short and at the long wavelength edge of the band. In
acidified solutions of BPP in acetonitrile, the fluorescence exci-

(1) T, = 25000 ¢m”

f v, = 18870 cm’

-1 o
e /dm’*mol cm’

T 0

1 T T T
Y, = 18870 cm’ - 50000

T T T
@ 5, =25000cm"

- 40000
- 30000
- 20000

~ 10000

T ¥ T X T
30000 35000 40000
v/iem”

T T T
20000 25000

Fig. 6. The fluorescence excitation spectra of BPP (uncorrected for the lamp
intensity) in acetonitrilic solutions—solid bolded and dashed lines, with fol-
lowing acid concentrations: (1) 0M, (2) 5x 1073 M, (3) 8.1 x 10~! M. BPP
concentration ¢ =2.4 x 10~ M. For the clarity, the relevant spectra are depicted:
a — absorption, f — fluorescence. The crosses on the fluorescence spectra corre-
spond to the monitoring wave numbers.

tation spectra depend on the observation wavelength, Fig. 6(2).
The spectra observed at the blue edge of the fluorescence band
correspond to the absorption spectrum of a neutral molecule.
Those monitored on the red edge show a new long wavelength
band corresponding to the longest wavelength absorption band
created in acidified solutions, Fig. 6(3).

In acidified solutions of BPP in ethanol, the fluorescence exci-
tation spectrum of the long wavelength band is very similar to
the excitation spectrum of unprotonated BPP, Fig. 7.
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Fig. 7. The fluorescence excitation spectra of BPP, ¢=5.0 x 107> M (uncor-
rected for the lamp intensity). The spectra in pure ethanol—solid lines, in
acidified with [HCIO4] = 1.5 M—dotted lines. For clarity the relevant spectra
are depicted: a — absorption, f — fluorescence. The crosses on the fluorescence
spectra correspond to the monitoring wave numbers.
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3.2. Supersonic jet spectra

Fig. 8 shows a portion (—25 to 250 cm™!) of the fluorescence
excitation spectra of jet cooled BPP molecule near the electronic
origin (26271 cm™!).

The spectrum consists of the strong origin band and readily
noticeable molecular progression built on this transition. Fre-
quencies of the most intense bands are shown on the Fig. 8 and
tabulated in the Table 1.

On the blue side of the BPP electronic origin, many low fre-
quency transitions appear. There are only three fundamental low
frequency modes in the electronically excited BPP molecule (30,
41, 67cm™!) detected in the spectrum of Fig. 8. These modes
form long progressions, e.g. up to five members in the case of
the 30 cm™~! vibration. Such a long progression could be treated
as an evidence of a significant change of the geometry along
the corresponding vibrational coordinate due to the S <—Syp
electronic excitation. In the region >250 cm~! (inset in Fig. 8)
vibronic structure is not dense, transitions are very weak and
broad.

Fig. 9 shows the changes in the fluorescence excitation spec-
trum of BPP (=200 to 25cm™ ') when H,O vapour is added.
Assignments of the coordination number of the complex were
made on the base of the dependence of the spectra on H>O vapour
pressure. All vibronic peaks appeared already in the presence of
the lowest applied water pressure (0.37 kPa), and simultaneously
increased with increasing pressure of water, as shown in Fig. 9.
Consequently, we assign these new features to 1:1 complex,
BPP:H,O0.

The electronic origin of the 1:1 complex is red-shifted by
185 cm™! with respect to the bare BPP molecule. The spectrum
of the cluster demonstrates the activity of the low frequency
mode (17 cm™"), seen as a very long progression of 11 quanta.

3.3. Calculations

The results of calculations of effective potential energies of
valence electrons are collected in Table 2.

26271 cm-!

98

Fluorescence intensity, arb. units

Table 1
Fundamental frequencies of the BPP and its combinations
Relative frequency, cm™! Assignment

0

30 A}

41 B}

61 A2

67 ch

72 A} B}

83 B}

90 A}

98 AjC}
102 A} B}
109 B C}
113 A} B2
120 A}

128 A3c)
132 A} B}
135 fors

139 A} B) C}
143 A} B}
149 A}

158 A3 C)
165 Abc?
168 B}

175 A} B} C} or C} B}
180 A§

195 A3 C2
202 fors

205 A} By C3
210 A] or B)
232 AL cl

The most basic nitrogen atom in the neutral BPP molecule
in the ground state is the pyrazole atom and thus it should be
protonated as the first one. In the excited state, however, nitro-
gen atom in pyridine ring is the most basic. Thus, in the excited

Fluorescence intensity, arb. units
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Fig. 8. The portion —25 to 250 cm ™" of the fluorescence excitation spectrum of the BPP molecule.
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Fig. 9. Spectral changes of the fluorescence excitation spectrum of the BPP
molecule with different vapor pressure of water.

molecule the protonation of this atom should be preferred. In the
monocation protonated on pyrazole N atom, the second protona-
tion should occur on the second pyrazole N atom in the ground
state but in S; excited state it should occur on pyridine N atom.
On the other hand, the heat of formation of the cation proto-
nated on the pyridine nitrogen atom calculated by AM1 method
is 388487 kcal/mol and for cation protonated on the pyrazole
nitrogen is 402 093 kcal/mol. It shows that protonation of the
pyridine nitrogen should be preferred in the ground state, con-
trary to the results of effective potential energies calculations.
Thus, the question arises which approach is more valuable for
the determination of the protonation sequence in heterocyclic
compounds with several proton acceptor centers.

Table 2

Effective valence electron potentials, WZI\; (eV), calculated for nitrogen atoms in
heterocyclic system BPP and for cation H'BPP, in which H* is added to pyrazole
ring

State Neutral molecule Molecule protonated on N2
N2 N8 N6 N8 N6
Wap Wop Woo Wap W
So —11.66 —11.87 —11.66 —15.51 —14.69
Si —11.86 —11.41 —11.87 —15.40 —16.64

Table 3

The effective valence electron potentials, Wg’ (eV), calculated for nitrogen atoms
in heterocyclic system DMA-DPPQ and for cation H*'DMA-DPPQ, in which
H* is added to N(CH3),

State Neutral molecule Molecule protonated on N(CH3z),
2 N9 2 N9
ng W2p W;{o WZP
So —11.56 —11.44 —13.90 —13.65
Si —11.68 —11.55 —13.60 —14.47

4. Discussion

BPP has three types of nitrogen atoms in molecule and two
kinds of potential protonation centers, one in the pyridine ring
and two equivalent centers in the pyrazole subunits. The first
protonation step is revealed in absorption and fluorescence spec-
tra in acidified solutions in acetonitrile as the solvent. The
absorption spectrum with the new first band peaking at about
26300 cm ™! is ascribed to the absorption of the monocation. The
quantum yield of the fluorescence of non-protonated molecule,
Fr 600, decreases with increasing concentration of the acid.
The difference between the half values of the absorbance at
24600 cm~! and the quantum yield of the fluorescence F27 600,
at about log [HCIO4]=—-3.5 and —3.1, respectively may be
caused by measurement inaccuracy, but also by some radiation-
less process deactivating BPP fluorescence and depending on the
acid concentration. The new fluorescence band, Fgopo appear-
ing in appropriate acidity of the solution, reaches maximal value
of its quantum yield at the acid concentration range in which
Fa600 disappears. We ascribe this fluorescence to the emis-
sion from the monocation as its fluorescence excitation spectrum
corresponds to the absorption of the monocation (Fig. 6). The
different excitation spectra of fluorescences F7, 600 and F1g00o
in solutions, in which both emitting states coexist, corroborate
the statement that the fluorescence reflects the ground state pro-
tolytic reaction. It could mean that protolytic equilibrium in
acetonitrilic solutions cannot be reached within the lifetime of
the excited state.

According to highest value of effective valence potentials,
W%g, the first protonation of BPP in acetonitrile in the ground
state should occur on the one of pyrazolic atoms. Although the
formation heat hint at the priority of pyridine nitrogen proto-
nation, the insight into protolytic behaviour of DMA-DPPQ
(Formula 2) [7] and the calculations of Wzl\; [5] confirm the valid-
ity of these indexes for the protonation sequence assignation
in heterocyclic systems with several basic centers. The highest
W%g value for non-protonated as well as protonated molecule
on the amino group (N4') in the ground state (Table 3) hint at the
first protonation of N9 (i.e. on pyridine). It should be mentioned
that the atom N9 is more accessible in DMA-DPPQ for solvated
proton than N8 atom in DMA-DMPP, due to steric hindrance of
two phenyl groups in the last compound.

The amino group of DMA-DPPQ is protonated first in ace-
tonitrilic solutions. The cation absorbs and intensively emits
at shorter wavelength than the non-protonated molecule flu-
orescing from charge-transfer state (TICT) [7]. However, the
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long wavelength new absorption band appears parallely. The
molecule excited in this band does not emit, like in the case of
protonated N,N-dialkylaminopyridine and aminopyrimidine on
nitrogen atom in aromatic ring [12]. This band can be ascribed
to absorption of monocation with protonated atom N9. The fur-
ther acidification leads to disappearance of this monocation.
The second monocation, with protonated N4/, forms a bication.
According to potentials’ calculations, the second atom proto-
nated in this bication should be the pyrazolic one. The absorption
spectra and fluorescence behaviour of bication closely resemble
these of BPP and other bis-pirazolopyridine derivatives with-
out 4'-aminogroup as well as the cation of DMA-DMPP [4].
Thus, we ascribe the absorption with maximum at 24 200 cm™!
and fluorescence F1gqoo of BPP to monocation with protonated
pyrazolic N2 or N6 atom.

The ApK, =6 for the BPP was estimated from the Forster
cycle. It suggests the larger basicity of the excited molecule than
in the ground state and according to the decreased Wgs values
it hints at the preferential protonation of the pyridine N8 atom
in the S; excited state (see Table 2). We cannot check experi-
mentally the validity of Spanget-Larsen’s indexes in that case,
because the fluorescence reflects the ground state equilibrium.
This difficulty arises probably due to unequilibration of the sys-
tem within the lifetime of the excited state.

The second protonation step is evidenced by changes of the
absorption spectra in short wavelength range (30000 cm™! <
), Fig. 1c, and by the decrease of F'g ooo quantum yield, Fig. 3c.
Thus, the bication has to be nonemissive.

In ethanolic solutions, the BPP reacts with the acid other-
wise than in acetonitrile as solvents. The absorption changes are
small, Fig. 2. The absorption characteristic for monocation (as in
the case of acetonitrilic solutions) is absent. But the fluorescence
changes resemble those in acetonitrile. They occur, however, at
much higher acid concentration in ethanol than in acetonitrile.
At high enough acid concentration (2.7 x 1072 M < [HC1O4])
the new fluorescence peaking at about 18500cm™!, Figs00,
is distinctly observed, Fig. 5. The quasi-isoemissive point at
21900cm™! appears, suggesting the equilibrium between the
two forms. Practically, the same excitation spectra of both flu-
orescences, F»7 500 and Fgsop hint at the adiabatic protonation
in the excited state. The half value of F»; 500 emission at —log
[HCIO4]=1.5 does not coincide with that of Fgs500, roughly
estimated at —log ¢ =0.7. It means that the non-protonated BPP
has to be deactivated by some additional process before the
isoemissive point appears. The small but noticeable change of
absorption spectra may be caused by some kind of complexa-
tion of BPP, leading to the product with an emission similar to
the non-complexed molecules, but with low quantum yield. At
enough large HC10O4 concentration, when all BPP molecules are
complexed, the equilibrium complex-cation is established and
the quasi-isoemissive point is observed.

At the highest acid concentrations under study, the isoe-
missive point disappears accompanied by the decrease of the
long wavelength emission. It may suggest the creation of non-
emissive bication.

The role of protic solvent in protonation of heterocyclic sys-
tems like BPP has to be further studied.

(a)
BPP*

[

- =
- —

(BPPH *)* (BPPH, 2ty
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Scheme 1. The protonation equilibria in the ground and excited state for BPP
in: (a) acetonitrile and (b) ethanol.

The complexation ability of BPP by water was investigated in
molecular beams for the elucidation of the ability of formation
of BPP—protic solvent complexes. In [13] various complexes
of benzene and water were observed, many conformers could
be formed at the same time. The clusters with geometry 1:1
exhibited long low frequency progression of 17 cm™! mode were
found. The structure of benzene—H,O clusters was assigned in
Ref. [13], as the m-hydrogen-bonded system. This assignment
was done on the base of the energy stabilization of the 1:1 cluster.
In the case of the BPP molecule, the benzene rings are practi-
cally separated from the rest of the molecule therefore one could
expect that vibrational structure of BPP—water complexes will
exhibit similar structure as in the case of benzene—water clus-
ters. Moreover, the frequency of the progression in the BPP-H, O
complex spectrum is in excellent agreement with results of Ref.
[13]. This suggests that H;O molecule is w-hydrogen-bonded to
the one of BPP-benzene rings. Taking into account the lack of
BPP protonation in the ground state in protic solvent (ethanol) it
is worth to remarking the lack of either N2 (or N6) or N8 atom
complexation by H>O molecule in jet-experiment.

Basing on the above given data and considerations, the
Scheme 1 can be proposed for the summarizing of the protolytic
processes of BPP in the different non-aqueous solvents. The
dashed lines correspond to some hypothetical reactions.

5. Conclusions

(1) The protonation of BPP in non-aqueous solutions leads to
the creation of the fluorescing monocation in the first step
and non-emissive bication in the next step.

(2) The first protonation occurs on the one of the pyrazolic
nitrogen atom. The effective valence potential appear to be
a valuable index for the determination of the protonation
sequence in molecules with several protonation centers.

(3) The character of the non-aqueous solvent plays an important
role in the run of protolytic reactions. The BPP is effec-
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tively protonated in the aprotic acetonitrile in the ground
state and the fluorescence is practically not influenced by
the reaction in the excited state. In protic solvent—ethanol,
the protonation occurs in the excited state, but not in the
ground state. However, some kind of BPP complexation by
acid in ethanolic solutions in the ground state is suggested.

(4) The H>O molecule forms mr-hydrogen-bonded complex
with one of the BPP-phenyl ring.
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