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New insight into the photophysics and reactivity of
trigonal and tetrahedral arylboron compounds†

Willy G. Santos,*a João Pina,b Douglas H. Burrows,b Malcolm D. E. Forbes*c and
Daniel R. Cardosoa

The photophysics and reactivity of two tetraphenylborate salts and triphenylborane have been studied

using ultrafast transient absorption, steady-state fluorescence, electron paramagnetic resonance with spin

trapping, and DFT calculations. The singlet excited state of tetraarylborates exhibit extended π-orbital
coupling between two adjacent aryl groups. The maximum fluorescence band, as well as the transient

absorption bands centered at 560 nm (τ = 1.05 ns) and 680 nm (τ = 4.35 ns) are influenced by solvent vis-

cosity and polarity, indicative of a twisted intramolecular charge transfer (TICT) state. Orbital contour plots

of the HOMO and LUMO orbitals of the tetraarylboron compounds support the existence of electron

delocalization between two aryl groups in the LUMO. This TICT-state and aryl–aryl electron extension is

not observed for the trigonal arylboron compound, in which excited π-orbital coupling only occurs

between the boron atom and one aryl group, which restricts the twist motion of the aryl–boron bond.

The excited triplet state is deactivated primarily through aryl–boron bond cleavage, yielding aryl and

diphenylboryl radicals. In the presence of oxygen, this photochemistry results in phenoxyl and diphenyl-

boroxyl radicals, as confirmed by EPR spectroscopy of spin trapped radical adducts. The TICT transition

and radical generation is not expected for BoDIPY molecules where the rotational vibration of the B–aryl

bond is rigid, restricting changes in the geometric structure. In this sense, this work contributes to the

development of new BoDIPY derivatives where the TICT transition may be observed for aryl ligands with

free rotational vibrations in the BoDIPY structure.

Introduction

The photophysics and photochemistry of arylboron com-
pounds are an important but relatively underinvestigated sub-
field of nonlinear optics (NLO). The unusual behavior of the
excited states of organoboron compounds has provided new
avenues of exploration for improving the photonic properties
of hybrid materials.1–11 In particular, these compounds
combine the properties of extended organic π-systems with the
unique features of semi-metals, leading to novel materials
with many desirable chemical and physical properties (larger
extinction coefficients, Lewis acid–base reactivity, stronger
emission intensities, etc.).4,12–20

The presence of the empty pz orbital on the trigonal boron
atom and its effective π-electron extension with attached aryl
groups has been used to advantage by several research groups
to provide new candidates for modern optoelectronic
materials.5–7,12 The replacement of selected carbon atoms with
main-group heteroatoms such as boron has proven useful in
circumventing some shortcomings of purely organic
systems.1,2,8,21–24 Such strategies can provide a powerful
alternative to carbon-based photochemistry and photophysics
by allowing access to novel electronically excited states. For
example, the Lewis acidic character of boron atoms has led to
interesting chemical, spectroscopic and optoelectronic pro-
perties, such as the intense luminescence found in certain
semiconductor materials.1,5,6,21,25 This effect is rooted in the
interaction of the vacant pz orbital at the boron center with the
surrounding π-electron clouds in the trigonal molecule, which
generally lowers the energy of molecule’s lowest-unoccupied
molecular orbitals (LUMO).

Gieseking and co-workers9 reported excited-state and NLO
properties of tetraphenylborate, describing the geometric and
electronic structures of these molecules, which present three
dimensional π systems that do not correspond with the
geometric parameters typically used to understand linear
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conjugated systems. However, quantitative spectroscopic infor-
mation on these systems is limited. In particular, the differ-
ences in photophysical processes and photochemical reactions
between trigonal and tetrahedral arylboron compounds have
not been thoroughly explored.

Trivalent boron species typically have Lewis acid character-
istics, while for tetrahedral compounds the boron atom
behaves as Lewis base. Thus, the interaction between the
p-orbitals of neighboring aryl groups bonded to a central
boron atom is expected to be different for the two structures.

Several previous reports regarding the photochemistry of
trigonal and tetrahedral arylboron compounds have detailed
the photoproducts of the reactions, but very few have provided
experimental measurements related to the excited-states and/
or transition states involved.26–36

It is possible that an intramolecular charge transfer (ICT)
process between the central boron atom and attached aryl
groups may explain this difference, as observed for several
organic and hybrid molecules.37–44 The existence of twisted
intramolecular charge transfer (TICT) and localized excited
(LE) states is usually proposed to rationalize the dual emission
observed in arylboron compounds and some other organic
molecules.24,45–52 The presence of a charge transfer state (CT-
state) has not been confirmed or refuted for arylboron com-
pounds, and to date there are few reports on the excited state
dynamics of any trigonal and tetrahedral arylboron species.
Motivated by this situation, this paper explores the excited-
state dynamics and reaction mechanisms of several photo-
excited organoboranes in greater detail, using electron para-
magnetic resonance (EPR), and time resolved and steady state
UV-VIS absorption and fluorescence spectroscopies. These are
complemented by DFT calculations on the singlet and triplet
states.

Experimental
Materials

5,5-Dimethyl-1-pyrroline N-oxide 97.0% (DMPO), 2-aminoethyl-
diphenylborane 98.9% (2-APB), dimesitylboronic acid 99.0%
(DMBA), phenylboronic acid (PhBOH), triphenylborane in THF
(0.25 mol L−1) 98.9% B(Ph)3, tetraphenylboroxane (TPhB)
98.0%, sodium tetraphenylborate 99.5% (Na+B(Ph)4

−) and
sodium tetra(p-toluyl)borate 99.0% (Na+B(p-toluyl)4

−) were
purchased from Sigma-Aldrich (Steinheim, Germany) and used
without further purification. Solvents: acetonitrile (ACN),
ethanol (EtOH), ethylene glycol (ETG), hexanol (HexOH),
methanol (MetOH), propanol (PrOH), were of HPLC grade and
purchased from Sigma-Aldrich (Steinheim, Germany). Anaero-
bic conditions were achieved by purging samples with high-
purity argon (White-Martins, Sertãozinho-SP, Brazil) for
15–30 min prior to measurement. Stock solutions of arylboron
compounds (10−2 mol L−1) were freshly prepared using the
appropriate solvent and stored in the dark at 278 K before all
experiments. Scheme 1 shows the major arylboron compounds
studied in this work.

Steady-state absorption and luminescence

UV-VIS absorption spectra were recorded using a Multskan Go
Reader (Thermo Scientific, Waltham MA, US) or a Shimadzu
UV 3600 (Hitachi-Hitech, Tokyo, Japan) spectrophotometer.
Fluorescence spectra were recorded using a Hitachi F4500
(Hitachi-Hitech, Tokyo, Japan) spectrophotometer. Fluo-
rescence and phosphorescence (77 K) quantum yields were
measured using naphthalene as a standard (ΦF = 0.21 and
ΦP = 0.05 in ethanol).53,54

The energy of the singlet state, Es, was determined from the
crossing point of the normalized excitation and fluorescence
emission spectra of the investigated compounds. The energy
of the lowest triplet state, ET, was determined from the lowest
vibronic band maximum observed in the phosphorescence
spectra or from the shortest wavelength values observed in the
phosphorescence spectra of the compound (the latter values
were used only in the case where no vibronic structure was
observed).

Laser flash photolysis

Transient difference absorption spectra were obtained using a
laser flash photolysis instrument (Applied Photophysics Ltd,
Surrey, United Kingdom) pumped by the fourth harmonic of a
nanosecond Nd:YAG laser (Spectra Physics, Stahnsdorf,
Germany) with excitation wavelength at 266 nm. First-order
decay kinetics were observed for the lowest triplet state. Tran-
sient absorption spectra (300–650 nm) were recorded by moni-
toring the optical density change at 5 nm intervals, signal
averaging at least 8 decays at each wavelength.

Electron paramagnetic resonance (EPR) spectroscopy

X-band (9.5 GHz) EPR measurements were carried out at 298 K
using a TE102 rectangular cavity with 100 kHz magnetic field
modulation and 1 G modulation amplitude (EMX plus, Bruker
BioSpin, Rheinstetten, Germany). Organoborane solutions
(10−3 mol L−1) were prepared with addition of 100 mM of the
spin trap, DMPO, in ethanol. Light irradiation of the boron
compound was carried out using a 200 W mercury lamp
(1800 mW m−2 nm−1/200–300 nm spectral range) placed at
0.5 m from the cavity optical window. Measurements were per-
formed in the absence of oxygen at different irradiation times.

Scheme 1 Chemical structures and abbreviations of the arylboron
compounds studied in this work.
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Arylboron radical species were detected at 77 K in the
absence of spin-trap, the concentration of the organoboranes
were 10−2 mol L−1 and light irradiation performed in a 2 mm
i.d. EPR Suprasil quartz tube (Sigma-Aldrich, Steinheim,
Germany).

Ultrafast femtosecond transient absorption

Ultrafast spectroscopic and kinetic measurements were carried
out using a broadband (350–1600 nm) HELIOS pump–probe
femtosecond transient absorption spectrometer (Ultrafast
Systems, Florida, United States), equipped with an amplified
femtosecond Spectra-Physics Solstice-100F laser (displaying a
pulse width of 128 fs with a 1 KHz repetition rate) coupled
with a Spectra-Physics TOPAS Prime F optical parametric
amplifier (195–2200 nm) for pulse pump generation. Probe
light in the UV range was generated by passing a small portion
of the 795 nm light from the Solstice-100F laser through a
computerized optical delay (time window = 8 ns) and focusing
in a vertical translating CaF2 crystal to generate continuum
white-light (350–750 nm). All measurements were carried out
using 2 mm quartz cuvette with sample absorptions in the
range of 1.0–1.8 at the pump light excitation wavelength. To
avoid sample photodegradation, sample solutions were con-
tinuously stirred during the experiments and the irradiation
area changed using a motorized translating sample holder.
Transient absorption data were analyzed using the Surface
Xplorer PRO proprietary software from Ultrafast Systems.

Theoretical calculations

Density functional theory (DFT) calculations were performed
with the Gaussian 09 (G09) program package, employing the
functional B3LYP. The basis set 6-31+(d,p) was used to opti-
mize the gas phase singlet and triplet geometries with SCF-
tight convergence criteria. All calculations resulted in positive
vibrational frequencies.

Results and discussion
Steady-state photophysics

The UV/VIS absorption spectra of B(Ph)4
− and B(p-toluyl)4

−

(Scheme 1 for structures, Fig. S1 for absorption (ESI†) and
Fig. 1 for excitation spectra) in ethanol display two intense,
structureless bands in the near ultraviolet region.

For B(Ph)4
− the absorption bands are centered at 230 nm

(εmax = 11 500 mol−1 L cm−1), and 265 nm (εmax =
2200 mol−1 L cm−1). For B(p-toluyl)4

− the absorption bands
were centered at 230 nm (εmax = 30 000 mol−1 L cm−1) and at
280 nm (εmax = 4800 mol−1 L cm−1) and for the B(Ph)3 mole-
cule, the UV/VIS spectrum shows two well defined absorption
bands around 240 nm (εmax = 4000 mol−1 L cm−1) and 270 nm
(εmax = 3000 mol−1 L cm−1).

As previously reported for benzene and B(Ph)4
−,5,21,22,53–57

the electronic absorption bands are characteristic of π–π* tran-
sitions from the aryl-group to the π-extended orbitals around
the arylboron sites. As with benzene, the more intense band at

shorter wavelengths is assigned to the E-band (S0 → S2), which
originates from an allowed transition, whereas the low inten-
sity band at longer wavelength arises from the forbidden
K-band (S0 → S1) transition. This band exhibits three vibronic
features, as shown in Fig. S1 (ESI†).

For all three compounds, no appreciable change in the
λmax of the electronic absorption bands was observed in
different polarity solvents. However, the maximum of the fluo-
rescence emission band was shifted for all compounds.
Matsumi and co-workers have reported similar results for para-
substituted arylboron compounds.58 This shift of the emission
maximum is due to the high dipole moment of the excited state.

Fig. 1 Excitation spectra of (a) B(Ph)3, (b) B(PH)4
− and (c) B(p-toluyl)4

−

recorded at different concentrations in ethanol at 298 K, λem = 340 nm.
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For all three structures, the lack of changes in the absorp-
tion band with solvent can be attributed to the similar polarity
of the ground-states and vertically excited states, as demon-
strated by the proximity of the dipole moment in our DFT cal-
culation results, vide infra. In the ground and excited states,
the molecular symmetry of the tetrahedral geometries implies
that the dipole moment μg = 0, as calculated for the ground-
state. In the singlet excited state (in the absence of any charge
transfer processes), the π*-orbitals are symmetrically distri-
buted in the tetrahedral structure. A single excitation between
these orbitals does not change the overall molecular dipole
moment. However, if the excited states only involve transitions
among non-degenerate orbitals, all excitations may have null
contributions to μe and consequently Δμge is zero.

If the contributions from excited states are different for the
phenyl-boron* (locally excited state or LE) and for the CT state
(or intramolecular charge transfer – ICT), as observed in tri-
gonal and tetrahedral arylboron compounds, then their overall
contribution to that state’s dipole moment will be non-zero. In
this case, the excited CT-state deactivation will be modulated
by solvent polarity and ionic effects, with appreciable differ-
ences in the fluorescence emission spectra and fluorescence
quantum yield.

T. Alaviuhkola and co-workers60 reported the significant
influence of the cation in the tetraarylborate structure, where
the potassium cation and the tetraarylborate anions form a
complex. In this case, each potassium cation is packed between
two hosts with strong cation–π interactions. Ion pairing has a
significant contribution of face-to face π⋯π and edge to face
H⋯π contacts of phenyl rings, which may induce changes in
the tetraarylborate geometry. An interesting sequence of
anion⋯cation⋯anion⋯cation⋯ is also observed in the crystal
structure with a significant contribution of π⋯π interaction with
the phenyl rings, such as those observed in J-aggregates of
BoDIPY molecules.61 Fig. 2a and b show, respectively, the effect
of the solvent polarity and viscosity in the fluorescence spectra
of B(Ph)4

−. The emission and excitation spectra (Fig. 2) are not
significantly altered at low concentrations of the BPh4

−, ranging
from 10−6 to 10−5 mol L−1, indicating that aggregate formation
is not observed under these conditions, and all spectral
changes may be attributed to solvent effects.

A significant dependence of the fluorescence spectrum on
the dielectric constant of the solvent is in agreement with the
presence of an ICT and/or TICT evolved state from excited-state
bond-order reversal and solvent reorganization in polar media.
However, a decrease in fluorescence intensity with increasing
solvent polarity suggests a solvent interaction (n- or π-inter-
action) with tetraarylbroates. Noticeably, and only for tetra-
arylborates, the fluorescence emission maximum is red shifted
by 13 nm or more in polar solvents (ethanol, methanol and
acetonitrile) when compared to tetrahydrofuran.

In agreement with the paragraphs above, the excited state
behavior of arylboron compounds can be attributed to two
effects: (a) the influence of the boron atom and (b) extension
of π-orbital interactions. The contribution of these two effects
to the development of the fluorescence emission is manifested

by the significant dipole moment of the B–Ar (trigonal struc-
ture) or Ar–B–Ar (tetrahedral structure) moieties, favoring the
deactivation of the excited CT-state via a non-radiative process
by solvent interaction.

The B(Ph)3 structure has an empty pz-boron atom orbital and
π-aryl orbital isolated in the ground state. However, the trigonal
excited state shows an extended electronic system, with a rigid
structure between the boron atom and just one aryl group. This
is observed in the electron orbital contour between the HOMO
and LUMO (see scheme in the next section). In fact, the high
fluorescence quantum yield for B(Ph)3 is likely to be due to this
rigid structure of the B–Ar group in the trigonal structure. DFT
calculations (Table S1, ESI†) for the tetrahedral boron species
indicate that the arylboron fragment is not planar, unlike in tri-
gonal arylboron compounds, and consequently the fluorescence
quantum yield is low for tetraarylborates.

The fluorescence spectrum of tetraphenylborate shows a
noticable blue-shift and high values of ΦF when the solvent
viscosity is increased (Fig. 2). This behavior is due to the LE
character of the lowest excited state, whereas the TICT state
(a CT state with twist motion of the aryl ligand) becomes for-
bidden because of the high energy necessary for the free
rotation of the B–Ar bond. On other hand, the high polarity of

Fig. 2 (a) Fluorescence spectra of B(Ph)4
− recorded in solvents of

different dielectric constant; (b) normalized fluorescence spectra
recorded in different viscosity media.
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the solvent contributes to the TICT state, promoting electronic
extension of the π-orbital in the excited state, with a red shift
of the fluorescence maximum emission and low values of ΦF,
as shown in Table 1 for acetonitrile solvent.

The methyl groups in B(p-toluyl)4
− are more efficient elec-

tron σ donors, leading to more efficient charge separation. As
a result, the fluorescence spectra of B(p-toluyl)4

− (Fig. 3) show
two independent emission bands centered at 324 nm and
405 nm, which are assigned to the LE → S0 and TICT → S0
transitions, respectively. When both the polarity and viscosity

of the solvent is changed to high values (e.g. ethylene glycol),
the fluorescence spectra of the B(p-toluyl)4

− shows its lowest
energetic emission band at 420 nm while the higher energetic
emission band is also observed without changes in the
maximum fluorescence emission, providing a strong evidence
of a non-polarized LE-state.

The excitation spectra clearly differ when the fluorescence
emission is probed at λobs1 = 330 nm or λobs2 = 440 m (Fig. 3a).
The observed low contribution from the band centered at
260 nm for the emission band at λobs2 = 440 nm indicates two
different excited states. In fact, time resolved fluorescence
measurements performed in ethanol shows a fast and
predominant decay component (<1 ps), with an additional
longer component decay (Table 2).

The fluorescence quantum yield of the tetrahedral molecule
is low in acetonitrile, contrary to that observed for trigonal
boron compounds. The high polarity of ACN contributes to the
predominance of the CT band, but the absence of the higher
energetic band in the fluorescence spectrum of B(p-toluyl)4

−

was surprising. The absence of this CT band in more polar sol-
vents (i.e. acetonitrile) was previously studied by Angel and
co-workers62 where the effect of polarity of the solvent was

Table 1 Fluorescence quantum yields and maximum emission wavelengths for the arylboron compounds investigated in different solvents

Solvent properties Triphenylborane Tetraphenylborate Tetra(p-toluyl)borate

Solvent D ε η (cP) λF max (nm) ΦF λF max (nm) ΦF λF max (nm) ΦF

ETG 1.69 37.0 16.1 310 0.36 305 0.30 324; 420 0.16
THF 1.75 7.58 0.48 311 0.06 324 0.08 325 0.03
2-PrOH 1.66 17.9 2.30 310 0.30 332 0.08 324; 405 0.03
EtOH 1.69 24.5 1.20 320 0.30 337 0.03 324; 405 0.06
MetOH 1.70 32.7 0.60 322 0.27 338 0.02 324; Und 0.03
ACN 3.47 37.5 0.37 327 0.35 341 0.02 323; Und 0.02

Und = undefined values. D = Dipole moment; ε = dielectric constant. Naphthalene was used as standard for fluorescence emission quantum
yield (ΦF = 0.21);59 λexc = 274 nm.

Fig. 3 (a) Excitation spectra of B(p-toluyl)4
− recorded in ethanol and

ETG; (b) fluorescence spectra of B(p-toluyl)4
− recorded in solvents of

different polarity.

Table 2 Spectroscopic data for arylboron derivatives in ethanol

Properties

Arylboron compounds

B(Ph)3 B(Ph)4
− B(p-toluyl)4

−

ES1 (eV) 4.16c,d; 4.82e 4.12c,d; 4.60e 4.12c; 406d; 4.48e

ET1 (eV) 3.45c; 3.56e 3.58c; 3.22e 3.54c; 3.15e

λF (nm) 300 337 324; 405
ΦF (298 K)b 0.30 0.03 0.06
τF (298 K) 3.93 ns 1.07 nsa 2.24 nsa

ΦP (77 K)b 0.12 0.02 0.05
τP (77 K) 100 ms 2.23 s 1.85 s
λT (nm) 350; 370 f 350; 410 f 370; 450 f

τT (μs) 1.2; 13.5 f 0.9; 4.3 f 2.7; 3.4 f

λRadical (nm) 300; 325 f 300; 360 f 310; 420 f

τRadical >1 ms >1 ms >200 μs

a Lifetime value for the slowest component decay. The fast component
is predominant and undefined (τi < 1 ps). bNaphthalene was used as
fluorescence and phosphorescence standard for quantum yield
measurements. c Energy values for the monomer. d Energy values for
the aggregate. e Energy values as obtained by DFT calculation.
f Experimental values measured in acetonitrile.
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found to be responsible for the fast deactivation of the excited
rhodamine 6G molecule. The absorption behavior in aceto-
nitrile is due to non-radiative deactivation of the CT band by a
specific π-donor interaction between the nitrile group (solvent)
and the arylboron species.

The charge transfer process in the tetraarylborate anion is
completely different from that in the trigonal structure. The
higher electronegativity of the boron atom than the phenyl
group in the singlet excited state helps us to understand this
CT state, where the electron density on the π-bond will reside
more toward the boron atom, producing a partial positive
charge on Ar and a partial negative charge on boron. This rich
electron density on the boron atom will induce a partial nega-
tive charge in the other phenyl group, promoting the charge
transfer process between one electron-poor phenyl group and
one electron-rich phenyl group. This hypothesis is supported
by our results with ultrafast absorption spectroscopy and DFT
calculations (see Table S2 for the electron density populations,
ESI†). These results will be discussed further in a later section.

The CT state is also observed in aggregates63–65 where the
small distance between molecules favors the population of CT
states as gateways for direct charge generation. Indeed, we
found evidence for aggregation with increasing concentration
of the arylboron compounds. The excitation spectrum of the
arylboron compounds exhibit a red-shifted band in high con-
centration media, as observed in Fig. 1. According to exciton
theory, the presence of a bathochromic shift associated with
this band suggests the formation of J-aggregates.61,66–70 Fig. 4
shows the red shift of the excitation band of the monomer and
aggregate spectra. Evidence for aggregates is also supported by
an increase in light scattering with increasing concentration
(see Fig. S2, ESI†).71–73

The values of the phosphorescence quantum yields at 77 K
are shown in Table 2. For tetraarylborate, the phosphorescence
yield is lower than that observed for B(Ph)3. However, a long
lifetime for phosphorescence was observed for tetraarylborate,
suggesting marked differences in structure and photochemical
behavior in the triplet states of trigonal vs. tetrahedral mole-
cular structures.

Fig. S3 (ESI†) shows the fluorescence and phosphorescence
emission of each boron compound at 77 K and room tempera-
ture. As expected for the triphenylborane system in ethanol, no
difference in the maximum fluorescence intensity was observed
at either temperature (Fig. S3a, ESI†). However, at room temp-
erature the tetraarylborate has a red shift (Fig. S3b and S3c,
ESI†). This difference in the fluorescence maximum emission is
attributed to the high viscosity of ethanol at 77 K, which may
indicate that CT-state is generated after LE-deactivation. A
detailed explanation about LE and CT-state dependence will be
discussed in the ultrafast transient section.

Theoretical results

DFT calculations were carried out in order to evaluate the
singlet and triplet excited state energies and their molecular

structures. The B3LYP/6-31+G(d,p) theory level was used in the
absence of solvent interaction to illustrate the ground state
optimized geometry structures of the trigonal and tetrahedral
arylboron compounds, with their molecular orbital contour
plots (Table S1 (ESI†) and Scheme 2).

The good agreement between the experimental and calcu-
lated energies of the excited singlet and triplet states (see
Table 2) indicate that a reasonable approximation for the
structures and the orbital densities was achieved.

Fig. 4 Excitation and fluorescence emission spectra for the monomer
and aggregate of (a) B(Ph)3, (b) B(Ph)4

−, (c) B(p-toluyl)4
− in ethanol at

298 K.
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In the trigonal triphenylboron compound, the co-planar
configuration of the aromatic rings contributes to the delocali-
zation of the electrons between the aromatic π-orbitals and the
vacant boron pz orbital. The HOMO and LUMO orbital contour
plots show the vacant and occupied pz orbital of the trigonal
molecule, respectively. This trigonal boron species does not
follow the octet rule, and strong Lewis acid character is
expected for the boron atom in the ground state.

In the tetrahedral structure of tetraarylborates, one of the
four aryl rings contributes an additional two electrons to popu-
late the boron pz orbital. As a consequence, the boron atom
has a partial negative charge, and the conjugated π-electrons
are shifted slightly toward the phenyl groups. However, the
nucleophilicity of the boron atom is increased in the excited
state, as supported in studies by Bredas and coworkers on the
NLO properties of tetraarylborates by the negative values of
Re(γ) observed in the excited state.9

The LUMO of the tetraarylborate structure shows that two
of its phenyl groups are more populated with electron density
than the other two groups (see Table S2, ESI†), suggesting that
there will be a high polarization of phenyl groups in the
excited-state.

Table S2 (ESI†) contains the percentage population
obtained by DFT for different fragments of the molecules in
the singlet and triplet states. For the BPh3 molecule, the
singlet excited state shows an appreciable difference in the

population between HOMO and LUMO orbitals, where the
empty pz orbital of the boron atom in the ground state
becomes populated in the first singlet excited state (or LUMO).

In the triplet state, the phenyl group and boron atom frag-
ments of the triphenylborane molecule have high electron
densities compared to the ground state. Additionally, the
populated pz orbital of boron in the excited-state leads to a
triplet state with a significant reduction of electron density in
the phenyl ring, indicating an unpaired electron centered on
boron atom and the other unpaired electron centered in the
phenyl group, as shown in Scheme 2 (blue color). For tetra-
phenylborate, spin density distributions show that the
unpaired electrons are localized between the boron atom and
two phenyl groups, (spin density contour in blue color in
Scheme 2).

In the HOMO, the orbital population into the four phenyl
groups in the tetrahedral molecule is asymmetric, with two of
the phenyl groups more populated than the other two. In con-
trast, in the LUMO, all of the fragments have equal popu-
lations. This result provides the first computational evidence
for the existence of charge transfer character between the
ground state and excited state.

In the triplet state, the optimized structures of the tetra-
hedral compounds suggest the formation of a bond between
two α-carbon atoms on adjacent phenyl-rings. From the DFT
calculations, the percentage of orbital population in the triplet
state indicates two highly populated fragments, characterized
as “biphenyl-like” and the central boron atom (Table S2, ESI†).
The deactivation of the triplet state by formation of two phenyl
radicals, or formation of a biphenyl fragment, provides strong
reasoning for the observation of phenyl and biphenyl
photoproducts found in previous work from other
laboratories.5,6,25,33,34,74

Ultrafast pump–probe femtosecond transient absorption and
nanosecond laser flash photolysis

In an effort to directly detect the early stages of excited state
formation of these three compounds, their transient absorp-
tion spectra and associated decay kinetics were monitored
through femtosecond pump–probe experiments in acetonitrile,
ethanol and hexanol solutions. The low solubility of all organo-
boron compounds in solvent of low dielectric solvent ren-
dered studies in THF unfeasible. All solutions were prepared
with similar absorbance values (A = 1.7) at the same laser exci-
tation wavelength and all measurements were carried out at
room temperature. Samples were excited with 260 nm pump
light, which lies within their lowest energy absorption bands,
and promotes the population of the Sn excited state; the analys-
ing light was probed in the 340–750 nm range, and the transi-
ent absorption spectra evolution and decay kinetics were
recorded within a 7 ns time-window. Fig. 5 shows 3D spectra
(time, wavelength, and absorption) and kinetic curves for both
B(ph)4

− and B(p-toluyl)4
−.

Comparing the transient absorption spectra of both tetra-
arylborates (Fig. 5a and b), a strong absorption band is observed
at 560 nm. For tetra(p-toluyl)borate, a weak absorption band is

Scheme 2 HOMO, LUMO, SOMO1 and SOMO2 orbital contour plots
and electron spin density plots as obtained by DFT calculation. Spin
density: the preferred location of the unpaired electron is shown in blue
color.
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observed at 480 nm with similar lifetime decay and lifetime
growth observed for the tetraphenylborate band at 560 nm.
These two absorption bands are assigned to the same tran-
sition process (LE → Sn), as supported by the similar energy
gap between S1 (LUMO) and S2 (LUMO+1) obtained by our DFT
calculations. In agreement with previous work on p-biphenylyl-
diazomethane (BDM), an intense band at 490 nm is also attrib-
uted to the excited singlet-state (*BDM). The absorption bands
around 400–450 nm are observed in both sets of tetraaryl-
borate spectra. However, no assignments were made for these
transitions.

The lifetime for the decay of the transient species around
480 nm or 560 nm (LE → Sn transition) has the same time con-
stant as the growth observed for the absorption band around
650–700 nm. In this sense, this last band was attributed to the
TICT transition because of the blue-shift observed in the
maximum absorption band in acetonitrile solvent, when com-
pared to hexanol or ethanol solvents. Additionally, the absorp-
tion band at 560 nm is strongly quenched in acetonitrile, as
shown in the Fig. S4 (ESI†). The band at 560 nm grows in

times over 5.24 ± 0.41 ps, followed by a decay of 1.06 ± 0.01 ns.
The band at 670 nm decay in times over 4.35 ± 0.43 ns, leading
to a long-lived residual transient absorption with maximum
absorption at 363 nm and τ growth of 6.08 ± 0.04 ns (see
Fig. 6a and b).

A closer look at the transient absorption at 363 nm reveals
mono-exponential growth kinetics, which were attributed to
the triplet state formation. This assignment is confirmed
unambiguously by comparison with the absorption band
obtained by conventional nanosecond laser flash photolysis
(Fig. S5, ESI†).

By nanosecond laser flash photolysis measurements, the
absorption (T–T) band of tetraarylborate were recorded in sol-
vents of different polarity. The T–T band maximum is red
shifted, with Δλ = 60 nm and 80 nm for tetraphenylborate and
tetra(p-toluyl)borate, respectively. For triphenylborane, the red-
shift observed in the T–T band was 20 nm. These LFP experi-
ments in solvents of different polarity suggest that the triplet
states of tetraarylborates are more polarized than for trigonal
molecules.

Fig. 5 Ultrafast 3D femtosecond transient absorption spectrum of (a)
tetraphenylborate and (b) tetra(p-toluyl)borate observed in the
340–800 nm region and collected in the 1 ps–7.5 ns time window. LE =
located excited state; TICT = twisted intramolecular charge transfer
state.

Fig. 6 Ultrafast kinetic time-traces of (a) B(Ph)4
− and (b) B(p-toluyl)4

−

observed in the 0–7.5 ns time window. Insert displays the kinetic time
interval of 1 ps–20 ps.
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The influence of solvent polarity on these states can be
understood in terms of Coulombic and dispersive interactions
between the charge distribution in the solute and the polariz-
ability of the solvent.

The triplet state of arylboron compounds is like a 3π–π*
with CT-character. In highly polar media (e.g., acetonitrile), the
triplet-state is stabilized in low values of energy level. However,
when the polarity of solvent is lowered (e.g., ethanol), the
energy of the triplet state is stabilized due to low CT-character.
Consequently, the triplet state energy is increased for solvents
with low values of the dielectric constant.

The absence of absorption bands for triphenylborane was
also observed for other related structures: 2-aminoethyl-
diphenyl borane, dimesitylboronic acid, phenylboronic acid
and tetra-phenylboroxane (data not shown). This may indicate
that both geometry and charge delocalization between two the
aryl groups play important roles in determining the photo-
physical properties of arylboron compounds.

The charge transfer process between two phenyl groups is
also observed for the biphenyl molecule, showing the same
band around 600–700 nm and attributed to the charge separ-
ation or electron transfer process between two polarized
groups.37,75–77 Scheme 3 shows the excited states of tetraar-
ylbroates with rate constants and Fig. S6 (ESI†) shows the 3D
absorption spectra of the biphenyl molecule, tetraphenylborate
and tetra(p-toluyl)borate anions.

Electronic paramagnetic resonance measurements

EPR measurements of all arylboron compounds were carried
out at 77 K, following photolysis at 266 nm using a Nd:YAG
laser pulses with 20 ns and 3 mJ cm−2, to evaluate the in situ
radical formation from the excited states of the boron com-
pounds. Fig. 7S (ESI†) shows the radical signal observed at
77 K after irradiation at 266 nm. No further analysis was done
to simulate this broad signal, because of the complex hyper-
fine coupling interactions and anisotropies between the boron
atoms and H-atoms in the arylboron structures.

Spin trapping studies. After irradiation of a 10−3 mol L−1

solution of arylboron compound in the presence of 10−2

mol L−1 of the spin trap 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) in oxygen-free solution and at 298 K, a new paramag-
netic adduct with lifetime greater than 20 min was observed.
No EPR signal was identified when only DMPO was irradiated
under same conditions, or when only arylboron compounds
were irradiated (at this temperature) in the absence of DMPO,
or when the DMPO/boron compound was kept in the dark.
Fig. 7 shows the EPR spectra of the B(Ph)4

−/DMPO spin-trap-
ping reaction recorded at 298 K for different irradiation times.

For triphenylborane and tetra(p-toluyl)borate, the
Ph-DMPO• radical adduct was observed following 266 nm light
irradiation.

The phenyl radical trapped by DMPO shows similar spectra
profile and coupling constants previously reported by Buett-
ner78 aN = 13.8, aH = 19.2 in benzene and aN = 15.8, aH = 24.4
in aqueous media (pH = 7.0).

In the presence of molecular oxygen, two distinct paramag-
netic species are observed in all spectra of trigonal and tetra-
hedral boron compounds (Fig. 8 and 9).

These radical species are assigned to two different adducts,
(aryl)2BO-DMPO• and (aryl)O-DMPO•, and present similar
values of coupling constant to the arylO-DMPO• radical species
previously reported in the literature.79–81

The arylO-DMPO• radical adduct is observed in the spectra
of B(Ph)3/DMPO system after irradiation, indicating a B–Ar
bond cleavage to yield a phenyl radical and a diphenylboryl
radical. For the tetrahedral species, cleavage of two phenyl
groups is expected from the excited state, as reported by
others.41,53–55,57–59

In the presence of the spin trap PBN and oxygen free
media, all arylboron compounds yield only one-adduct radical
that increase with time of light irradiation. The same coupling

Scheme 3 Jablonski diagram showing the relevant radiative photo-
physical processes and rate constants where known: absorption (hν),
fluorescence (F) and phosphorescence (P) and non-radiative photo-
physical processes internal conversion (IC) and intersystem crossing
(ISC).

Fig. 7 EPR spectra record at varying irradiation time (a) 1 min, (b)
25 min, and (c) 45 min of a B(Ph)4

− acetonitrile solution in the presence
of DMPO and absence of oxygen molecule. (d) Is the simulated spectra
of the Ph-DMPO• radical adduct. The symbol (*) indicates the spectral
lines assigned for the Ph-DMPO• radical adduct using aN = 15.00 aH =
21.80.
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constant was found for all adduct radicals of aryl-PBN• and
present similar coupling constant values for the radical adduct
Ph-PBN• previously reported in literature.78 The experimental
and simulation curves are shown in Fig. 10 and 11.

The presence of the arylO-DMPO• radical adduct in the
spectra of the B(Ph)3/DMPO system indicates a reaction
between an aryl radical and an oxygen molecule.

For the tetrahedral species, two bond cleavage reactions are
expected to yield two phenyl groups or a biphenyl molecule, as
expected from the triplet excited state deactivation. Schemes 4

and 5 summarizes the proposed mechanism for photoreaction
of excited-states of tetrahedral and trigonal-boron compounds
in the presence of the spin-trapping molecules (PBN and
DMPO).

In the literature of boron compound photochemistry,
several authors have reported phenyl radicals and boroxyl rad-
icals as products of photolysis, for example the effect of oxidiz-
ing agents that can generate other products.26–34 However, the
use of spin traps was not properly performed to elucidate the
first radicals generated after photolysis of trigonal and tetra-
hedral boron compounds.

Fig. 8 EPR spectrum of the photoproduct adduct of the tetra(p-toluyl)
borate (dA1/dH), tetraphenylborate (dA2/dH), and triphenylborane (dA3/
dH) in the presence of spin-trap (DMPO) and oxygen (O2). The second
derivative curve is shown by (−d(dAx)/dH) designation in the EPR
spectra. The symbol (*, #) indicate the two independent radical adducts
with coupling constant of (*) aN = 13.90, aHα = 11.70, aHγ = 1.20 and (#)
aN = 13.50, aHα = 8.30, aB11 = 0.90, aB10 = 1.30. The red line shows the
smooth curve obtained using the adjacent-averaging method.

Fig. 9 EPR spectra of the radical adducts from DMPO/B(Ph)4
− system

(Experimental). The Sim 1 + 2 spectrum is the simulated spectra
between two independent radical species. The Sim1 and Sim2 curves
were simulated with the same coupling constants values from Fig. 3,
using signal intensity of 0.24 for Sim1 (#) and 0.76 for Sim 2 (*).

Fig. 10 EPR spectra of the radical adduct between PBN and (a) B(Ph)3,
and between PBN and (b) B(p-toluyl)4

−, after 5 min of irradiation. (c) EPR
spectra of the adduct radical between PBN and B(Ph)4

− at different
times of irradiation.

Fig. 11 EPR spectra of arylboron compound-PBN radical adducts,
using (top) B(Ph)4

− and (bottom) B(p-toluyl)4
− after 30 and 5 min of

irradiation in free-oxygen media, respectively. The spectra in red (top)
shows the simulated curves for the radical adduct of the PBN/B(Ph)4

−

system with aN = 15.30, aH = 3.50, aB11 = 0.20 and aB10 = 0.70; and for
the radical adduct of PBN/B(p-toluyl)4

− system with aN = 14.50, aH =
2.50, aB11 = 0.16 and aB10 = 0.80.
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Conclusions

The excited state reactivity and photophysical characterization
of triphenylborane, tetraphenylborate and tetra(p-toluyl)borate
have been studied through ultrafast pump–probe femtosecond
transient absorption, nanosecond laser flash photolysis, spin
trapping studies with EPR spectroscopy, and DFT calculations.
Our results provide a relatively complete description of the
excited state deactivation pathways of arylboron compounds.
For the tetrahedral compounds, it is suggested that a TICT
state results from a charge transfer process between two of the
phenyl groups. The lack of a TICT transition in the trigonal
molecules is attributed to the rigid structure between the
boron atom and the phenyl groups, that does not allow
changes in the symmetry of the π-orbitals, and consequently,
the absence of a twist motion in the excited-state. Pump–probe
experiments with the tetra(p-toluyl)borate derivative have
revealed that, due to the electron inductive effect of the methyl
groups, the LE state is quickly deactivated to the TICT state.
Femtosecond pump–probe experiments confirm the extension
of the π-orbital between two aryl groups in tetraaryborates, as
has previously been observed for the biphenyl molecule.

The T–T band is red shifted in solvents of high polarity,
indicating the presence of significant CT character in the
triplet state of the arylboron compounds. The triplet state is
the precursor for B–Ar bond cleavage to yield aryl diphenyl-
boryl radicals. In the presence of oxygen, aryloxyl and
diphenylboryloxyl species are also observed through the EPR
signals of the trapped radicals.
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