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The excited-state hydrogen and dihydrogen bonding of a dihydrogen-bonded phenol-borane—dimethylamine
(BDMA) complex was investigated theoretically by use of time-dependent density functional theory (TDDFT). The
coexistence of an intermolecular dihydrogen bond (B-H--H-O) and hydrogen bond (N-H--O) was confirmed by the
optimized geometric structure of the dihydrogen-bonded phenol-BDMA complex. The infrared spectra for both the
ground and excited states of the dihydrogen-bonded phenol-BDMA complex were also calculated by use of density
functional theory (DFT)/TDDFT. As a result, we demonstrated theoretically that the intermolecular dihydrogen bonds B—
H--H-O can be significantly strengthened in the excited state. However, the intermolecular hydrogen bond N-H--O in the
dihydrogen-bonded phenol-BDMA complex is weakened upon photoexcitation to the S; state. The dynamic changes of
the intermolecular dihydrogen and hydrogen bonding are consistent with the calculated bond lengths in different
electronic states. The coexistent dihydrogen and hydrogen bonding in the electronic excited states of this dihydrogen-
bonded complex was studied theoretically in this work. Furthermore, it was found that the N-H--O hydrogen bond in the
cyclic structure of phenol-BDMA complex hindered the dehydrogenation reaction between dihydrogen bonded O-H and

B-H; groups, which has been reported for the phenol-borane-trimethylamine complex.

As a ubiquitous phenomenon in chemistry, biology, and
other branches of science, hydrogen bonding plays a crucial
role in solute—solvent interactions, recognition in biological
macromolecules, and so forth.!”'® In general, hydrogen bond-
ing can be represented as the interaction between an acidic
proton as a proton donor (such as O-H, N-H) and the lone pair
of an electronegative element, the 77 electrons of a multiple
bond or aromatic ring, or a transition metal center as hydrogen
acceptor.' ¢ In contrast to the above, dihydrogen bonding is
the interaction between two oppositely charged hydrogen
atoms, which can be represented as D-H--H-A, where D and A
are, respectively, electronically negative and electronically
positive elements with respect to hydrogen.!”=? For example,
D could be a conventional hydrogen donor, such as O and N,
and A could be a metal/boron group hydride. Dihydrogen
bonding has attracted a great deal of attention in recent years.
At the same time, the strength of dihydrogen bonding is
analogous to conventional hydrogen bonding. Hence, it has
most of the functions of conventional hydrogen bonding as
well as some novel features.'’? Dihydrogen bonding may be
an intermediate in dehydrogenation, which provides some
prospects for potential hydrogen storage materials.>*3¢ In
addition to metal hydrides, dihydrogen bonding is present in a
large number of amine-boron derivatives, which have become
a hotspot attracting the attention of many researchers.3*3"

Moreover, boron amines have only recently received
attention for their particular properties and the advantages they
give, even though they have been known for a number of
years.** The dihydrogen bonds between boron-amine and an
acidic hydrogen donor, such as phenol, aniline, or 2-pyridone,

have been reported in the gas phase.*' ™ Laser-induced
fluorescence (LIF) excitation, fluorescence-detected infrared
(FDIR) and infrared—ultraviolet (IR-UV) hole-burning spec-
troscopies were adopted to study the complex between borane—
dimethylamine (BDMA) and phenol, in order to confirm the
formation of dihydrogen bonding and work out its mechanism
of hydrogen storage.*® The LIF excitation spectrum of
monomer phenol red-shifted 89 cm™' upon addition of BDMA,
which is small compared to the 384 cm™! red shift of borane—
trimethylamine (BTMA).#!#246 The FDIR spectrum showed
a 174cm™' shift toward a lower frequency, from 3657 to
3483 cm™!, of the O-H stretching mode, which is much larger
than that for phenol-H,O (133cm™') and suggests the
appearance of dihydrogen bonding between phenol and
BDMA 32337 The IR-UV hole-burnt spectra demonstrated
that there is only one isomer for phenol-BDMA under the
present experimental conditions.*!*¢ At the same time, ab initio
and density functional theory (DFT) calculations were carried
out to study the dihydrogen bonding between phenol and
BDMA; from this, the presence of three isomers was
ascertained, and by comparing their bonding energies and
other properties, it was shown that the cyclic system should be
the most stable one which has both hydrogen and dihydrogen
bonds.*!46

Many studies have been performed to study the properties of
dihydrogen-bonded complexes using both experimental meth-
ods, such as LIF excitation, FDIR spectroscopy, IR-UV hole-
burning spectroscopy, nuclear magnetic resonance, and theo-
retical methods to obtain information on their dynamics and
their potential hydrogen storage mechanism.?**® However,
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there have been few studies on the properties of dihydrogen-
bonded complexes in their electronic excited state. Recently,
Zhao et al. reported a theoretical study on the structure and
dynamics of a novel dihydrogen bond in the electronically
excited state of a phenol-BTMA complex.*’ In their bench-
mark study, time-dependent density functional theory (TDDFT)
revealed that the dihydrogen-bonded phenol-BTMA complex
possesses a locally excited (LE) S; state that is centered on the
phenol moiety.*’ In addition, there was no O-H or B-H
stretching vibrational mode in the calculated infrared (IR)
spectrum of the S; state of the dihydrogen-bonded phenol-
BTMA complex. This was attributed to the significant hydro-
gen bond strengthening of the dihydrogen bond O-H--H-B in
the electronic excited state.

In this work, we investigated theoretically the dihydrogen-
bonded phenol-BDMA complex in both the ground state and
electronic excited states by use of DFT and TDDFT methods,
which have been proven reliable tools for the analysis of large
dihydrogen-bonded complexes in the ground and excited states.

Computational Methods

The TURBOMOLE program suite was used to calculate
electronic structures, vibration and absorption spectra, molecu-
lar orbitals, and other information.'!*3-5% Both in DFT for the
ground state and TDDFT for excited state, the generalized
gradient approximation (GGA) was employed for the exchange
correlation potential (B-P86).*® It has been reported that B-P86
functional was probably best for the whole of chemistry.*
Furthermore, it has been used by many researchers for the
study of hydrogen bonding and dihydrogen bonding in both
ground and excited states, and many reliable results have
been calculated according to experimental results.*7-811-50:51
To improve the efficiency, the resolution-of-the-identity
(RI) approximation was applied without sacrificing accura-
cy.*$325% The triple-{ valence quality with one set of polar-
ization functions (TZVP) were chosen as the basis sets and the
corresponding auxiliary basis sets for the RI approximation
throughout.>* Harmonic vibrational frequencies in the ground
and excited state were determined by diagonalization of the
Hessian.> Through the numerical differentiation of analytical
gradients using central differences and default displacements of
0.02 Bohr, the excited state Hessian was obtained. The infrared
intensities were determined from the gradients of the dipole
moment.*$

Results and Discussion

Geometric Structures in Ground and Excited States.
Borane amine derivatives have recently attracted significant
attention for their ability to form dihydrogen bonding and their
potential to store H, by forming a dihydrogen-bonded complex
or intermediate of dihydrogen elimination reactions.’”*
Hence, the dihydrogen-bonded phenol-BDMA complex was
studied theoretically here. The fully optimized geometric
structure of the dihydrogen-bonded phenol-BDMA is shown
in Figure 1 and the corresponding structural information is
presented in Table 1.

In Figure 1, the cyclic structure of dihydrogen-bonded
phenol-BDMA, which consists of both hydrogen bond and
dihydrogen bonds, can be seen. The B-H bond length of the
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Figure 1. The optimized geometric structure of dihydro-
gen-bonded phenol-BDMA in both ground state and S;
state with calculated bond lengths (in A) of H--H, HyH,
and N-H--H-O.

monomer BDMA was almost the same at about 1.220 A for
its C3 symmetry in the ground state. This changed with the
formation of the dihydrogen bond, both B-H, and B-Hj
shortened from 1.220 to 1.216 A, while the B-H; lengthened
from 1.219 to 1.232 A which formed the strongest dihydrogen
bond. Additionally, the O-H group of phenol lengthened by
0.016 A from 0.974 A, while the C-O group shortened from
1.376 to 1.374 A because of the dihydrogen bond. Moreover,
the distance between the two hydrogen atoms in the dihydro-
gen-bonded complex was 1.704 and 2.566 A for H,--H and
H,--H, respectively, both of which were shortened to 1.602 and
2.370 A when excited to the S; state, showing that both the
dihydrogen bonds were strengthened. For the dihydrogen bond
of B-H;--H, the bent angles of BH;H and OHH; were about
106 and 149°, respectively, and the bond length was 1.704 A,
in accordance with the structure of that reported whereby
the H-H contact distance was less than 2.4 A (the sum of the
van der Waals radii) and the strongly bent angles averaged
around 110 and 150°. The above analysis confirmed the
formation of the dihydrogen bond for phenol-BDMA. Also, we
can see that the bond length of N-H lengthened from 1.026 to
1.032 A and the hydrogen bond N-H--O was 2.089 A long,
which leads to the conclusion that the hydrogen bond also
exists in the phenol-BDMA complex. Above all, it confirmed
that phenol-BDMA possessed a cycle system with both
hydrogen and dihydrogen bonds, which is in agreement with
the experimental conclusions. In the S; state, the dihydrogen
bond between H;--H and H,-~H shortened by 0.102 and
0.196 A, respectively, but the hydrogen bond N-H--O length-
ened compared to the ground state. We may conclude that
phenol tends toward the borane and away from the ammonia.
This is because of enhancing of the dihydrogen bond and the
weakening of the hydrogen bond in the excited state; this can
also be proven by the dipole moment changing from 1.4689 in
the ground state to 1.6886 in the excited S; state, which is
observed by comparing it with the phenol-BTMA complex in
the excited state which undergoes dehydrogenation.*’-*® There-
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Table 1. Calculated Bond Lengths L (in A) for the Dihydrogen-Bonded Phenol-BDMA in Ground and Excited State, Also Isolated

Phenol and BDMA in Ground State Are Shown

Lp 3 Lp Lp i Lnn Ing-0 Lyi.u Lyy.n Lon Lco

Monomers 1.220 1.220 1.219 1.026 0.974 1.376

Complex (Sy) 1.216 1.216 1.232 1.032 2.089 1.704 2.566 0.990 1.374

Complex (S) 1.214 1.216 1.234 1.030 2.263 1.602 2.370 1.004 1.368
Table 2. Calculated Electronic Transition Energies (in eV) LUMO |
—_—

and Corresponding Oscillation Strengths (in the Parenthe-
ses) for the Dihydrogen-Bonded Phenol-BDMA, and

Monomers®
Phenol Phenol-BDMA BDMA
S 4.788 (0.031) 4.796 (0.026) 6.114 (0.007)
H— L 82.5% H— L 81.9% H— L 99.9%

H-1— L+1 16.6%

H-1—L+1172%

S, 5.684 (0.049) 5407 (0.003)  6.158 (0.011)
S;  5.781 (0.000) 5619 (0.003)  7.270 (0.018)
S, 6.468 (0.000) 5.645 (0.100)  7.332 (0.007)
Ss  6.506 (0.215) 5.726 (0.001)  7.790 (0.006)
S  6.573 (0.001) 6.009 (0.001)  7.839 (0.005)

a) Also, the orbital transition contributions for the S; state are
also listed.

fore, we can conclude that the hydrogen bond N-H--O
hindered the phenol toward the borane and caused the
elimination of hydrogen even though it weakened in the
excited state. This suggests that there is potential for the borane
amine to act as a hydrogen storage and hydrogen release
intermediate through the information of a dihydrogen bond by
the replacement of methyl and hydrogen.

The Transition Energy and Frontier Molecular Orbital
Analysis.  Electronic transition energies and corresponding
oscillation strengths calculated by TDDFT for the dihydrogen-
bonded phenol-BDMA and monomers are shown in Table 2.
It can be seen that the electronic transition for the S; state of
the dihydrogen-bonded phenol-BDMA (4.796) is very close to
the transition energy for the S; state of the monomer phenol
(4.788), while is much lower than the transition energy for the
S; state of the monomer BDMA (6.114). Therefore, we may
conclude that in dihydrogen-bonded phenol-BDMA only the
phenol moiety was electronically excited to the S; state, while
the BDMA moiety was in its ground state. In addition, the
orbital transition contributions of dihydrogen-bonded phenol-
BDMA in the S; state are also listed in Table 2, where we note
that the S; state mainly contributes to the highest occupied
molecular orbital (HOMO) to lowest unoccupied molecular
orbital (LUMO) transition in 81.9%, while the orbital transition
from HOMO—1 to LUMO+1 possesses a small proportion,
about 17.2%. The analysis for the four molecular orbitals
hereinafter may provide more information about the change of
the electron cloud in the S; state.

Figure 2 presents the frontier molecular orbitals of di-
hydrogen-bonded phenol-BDMA. From the TDDFT results,
the four molecular orbitals can contribute to the electronic
transition to the S; state. One can note that the electron
densities of molecular orbitals were all localized in the phenol
moiety, which makes it clear that the S; state of dihydrogen-

Figure 2. Frontier molecular orbital (MOs) of the dihydro-
gen-bonded phenol-BDMA complex.

bonded phenol-BDMA is a locally excited (LE) state. At the
same time, it can be seen that the lone pair electron of the
hydroxy group which engages in the formation of the
dihydrogen bond is also electronically excited to the benzene
ring moiety. This indicates that the dihydrogen bond may be
strongly affected by the electron distribution due to the
electronic transition. It can be seen that the electron densities
of hydroxy group decreased after the HOMO — LUMO
transition. Therefore, the interaction of the dihydrogen bond-
ings B-H%"|-.%*H-0 and B-H’,--3*H-O strengthened after
the excitation, while the interaction of hydrogen bonding N—
H%+..9-0 weakened. These interactions induced strengthening
of dihydrogen bondings and weakening of hydrogen bonding
respectively.

Infrared Spectra of Complex and Monomers in Ground
and Excited State. Figure 3 shows the calculated infrared
spectra of the monomer phenol and dihydrogen-bonded
complex in the ground and S; states. Herein, for the monomer
phenol in the ground state, the stretching vibration of O-H was
calculated to be 3692 cm™!, which is in good agreement with
the experimental value of 3657 cm~!.3337 The O-H stretching
vibration of is red-shifted by 75cm™" in the S; state. Upon the
formation of the dihydrogen bond, the stretching vibration
frequency of O—H shifts to the red by 310cm™! from 3692 to
3382cm™! in the ground state. The red shift induced by the
formation of the dihydrogen bond becomes larger in the S,
state (512cm™!). Tt can be confirmed that the dihydrogen
bonding between O-H and H-B and the dihydrogen bonding
is significantly strengthened when it is excited to the S; state
due to the larger red shift of the O-H stretching mode in
comparison with that in the ground state. In addition, it is clear
that the stretching vibration mode of O—H does not disappear in
the excited state of phenol-BDMA, which is different from the
dihydrogen-bonded phenol-BTMA system.>®
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Figure 3. Calculated infrared spectra of monomer phenol
and dihydrogen-bonded phenol-BDMA complex in differ-
ent electronic state. The green line denotes the experiment
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Figure 4. Calculated infrared spectra of monomer BDMA
and dihydrogen-bonded phenol-BDMA in ground state
and S; state. The green line denotes the experiment values.

The infrared spectra of the monomer BDMA and dihydro-
gen-bonded phenol-BDMA complex in the ground state and S;
state are shown in Figure 4. One can note that in the ground
state of the monomer BDMA the absorption peaks of 2379 and
2434 cm™! should correspond to the B-H group, with B-H, and
B-Hj; located at higher frequency while the B-H; corresponds
to 2379cm™!, and the 3382cm™' absorption peak should be
ascribed to the N-H group. It can be seen that the stretching
vibration frequency of the N-H group red shifts to 3301 cm™!
from 3382cm™' due to the hydrogen bond formation of
phenol-BDMA in the ground state. In the S; state, this value
blue shifts by 34cm™! to a higher frequency, which indicates
that the hydrogen bond may be weakened upon photoexcita-
tion. This is in agreement with the bond length change in
different states. On the other hand, the higher stretching
vibration absorption of the B-H group was disrupted into two

Hydrogen and Dihydrogen Bonds of Phenol-BDMA

absorption peaks due to the formation of the dihydrogen bond,
at 2419 and 2460 cm™', while the stretching mode B-H; red
shifts by 61 cm™!. In the S, state, both the stretching mode
B-H, and B-Hj; blue shift to higher frequencies: 2426 and
2474 cm™!, respectively. This is also consistent with the change
in the bond length. In addition, the stretching mode of the B-H;
shifts to a lower frequency in the excited state than that in the
ground state. Hence, the dihydrogen bond O-H--H;-B is
strengthened in the excited S; state.

Conclusion

In summary, TDDFT was employed to study excited-state
hydrogen and dihydrogen bonding in a dihydrogen-bonded
phenol-BDMA complex. From the optimized geometric
structure of the dihydrogen-bonded phenol-BDMA complex,
both the formation of the intermolecular dihydrogen bond (B—
H-H-0) and the hydrogen bond (N-H--O) in the cyclic
complex were confirmed. From the TDDFT results, it was
demonstrated that the S; state is an LE state. The infrared
spectra of the dihydrogen-bonded phenol-BDMA complex
were also calculated by use of TDDFT. The stretching vibration
frequency for O-H in the dihydrogen-bonded phenol-BDMA
complex could induce a larger red shift by the formation of
intermolecular hydrogen bond B-H--H-O in the S; state than
that in the ground state. Thus, it was demonstrated that the
intermolecular dihydrogen bonds B-H--H-O can be signifi-
cantly strengthened in the excited state. Nevertheless, the
stretching mode N—H blue shifts by 38cm™' in the S, state
compared to that in the ground state. Hence, this demonstrates
that the intermolecular hydrogen bond N-H--O is weakened
upon photoexcitation to the S; state. The dynamic changes
of the intermolecular dihydrogen and hydrogen bonding are
consistent with the calculated bond lengths in different
electronic states. This is the first report of a theoretical study
of the excited-state coexistent dihydrogen and hydrogen
bonding in a novel dihydrogen-bonded complex and their
interaction with each other in a cyclic structure.
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