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Abstract: Geometrical and spectral properties of the hydrogen-bonded clusters
formed by 6-aminocoumarin (6AC) with solvents of different hydrogen-bonding
abilities have been investigated at CPCM-PBE0/6-311++G(d, p) theory level. Upon
photo-excitation, type hydrogen bonds will be weakened whereas hydrogen bonds
of B and C types should be strengthened. The weakening of hydrogen bond A is
responsible for the blue-shifts of the absorption spectra in HFIP and TFE while
strengthening of hydrogen bonds Bi and B2 are reasons for the red-shifts of the
absorption spectra in DMSO. The absorption spectra of cluster 6AC-(H20)s3 is in
better agreement with the experimental result than 6 AC-(H20)s.
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1. Introduction

Recently, important results on many properties of intermolecular hydrogen bonds, including
their structures, energy changes upon electronic excitation as well as their impacts on the
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spectral and photophysical properties of hydrogen-bonded chromophore molecules can be
found in a number of theoretical [1-12] and experimental [13-24] works. Some TDDFT
calculations have been performed to examine the relationship between the absorption
spectra of 7-aminocoumarin and the formation of hydrogen bonds [3-5]. Using DFT and
TDDFT methods, Zhao and Han [6] have demonstrated that the strengthening of the
intermolecular hydrogen bonds upon photoexcitation can lower the excitation energy of a
related excited state and induce an electronic spectral redshift, while the excited-state
hydrogen bond weakening can heighten the excitation energy of a related excited state and
induce an electronic spectral blueshift. Moreover, hydrogen bond formation and its effects
on the absorption and fluorescence spectra of coumarins molecules are also the subjects of
experimental works [14-17].

Krystkowiak and coworkers [25-26] have measured the absorption spectra of
6-aminocoumarin (6AC) in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), 2,2,2-trifluoroethanol
(TFE), dimethylsulfoxide (DMSO) and water and compared with those in
1-chloro-n-propane (1-CsHrCl). They concluded that the unusual blue- and red-shifts of
absorption spectra of 6AC in solvents HFIP (TFE) and DMSO should be due to the
weakening of hydrogen bond N...H-O (A type) and strengthening of hydrogen bonds
N-H...O (C type) as a result of the excitation. In addition, they suggested the solute-solvent
complexes made by all possible hydrogen bonds, that is 6AC-(HFIP);, 6AC-(TFE)s,
6AC-(DMSO): and 6AC-(H20)s. However, as pointed out by Krystkowiak in the
Introduction of Ref. 26, only theoretical calculations permit determinations of the
geometrical structures of the hydrogen-bonded clusters and energies of the individual
hydrogen bond formed in the clusters.

Table 1: The Kamlet and Taft (K-T)
Rz\“‘o Ry
parameters ( «,f ) and the dielectric .

constant & of the solvents.

Nl o O
o Bz r R
Solvent & B g [ © LN ‘ ’
1

1-G:H/Cl 0.00 0.00 8.59 i
HFIP 197 000 16.62 >o
TFE 151 0.00 2667 R

DMSO 0.00 0.76 46.45

Figure 1: Illustration of three types of
H20 1.17 0.47 78.00

intermolecular hydrogen bonds formed
between 6-aminocoumarin (6AC) and

solvents.

6AC shows a simple structure as the 1,2-benzopyrone moiety is substituted by donor
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-NH: and acceptor -C=O groups along the same molecule axis. To the best of our knowledge,
there has been no theoretical calculation of both the geometric structures and the hydrogen
bonding energies for this molecule and its hydrogen-bonded clusters up to now. Therefore,
in the present paper, we carry out a detailed theoretical investigation (at the
CPCM-PBE0/6-311++G(d, p) level of theory [27-35] using the Gaussian 09 program suite [36])
on the geometric structures and spectral properties of the various multiply
hydrogen-bonded 6AC clusters formed with three HFIP molecules, three TFE molecules,
two DMSO molecules and different numbers of water molecules, whose Kamlet-Taft
parameters are listed in Table 1 [37, 38]. The K-T parameters a and /5 of a solvent characterize
the ability of the solvent molecule to donate and accept a hydrogen atom from a solute
molecule to form hydrogen bonds, respectively. The formations of the hydrogen-bonded
clusters between 6AC and different solvent molecules are illustrated in Figure 1 and they are
named as 6AC-(HFIP)s, 6AC-(TFE);, 6AC-(DMSO): and 6AC-(H:O)n (n=2, 3, 4, 5),
respectively. Special attentions are paid to the possible changes of each type of hydrogen
bonds formed in the clusters going from the ground state So to the first excited singlet state
S1 as well as its effects on the properties of the absorption spectra of the 6AC molecule.

2. Results and Discussions

2.1 Ground-State Geometric Structures

The ground-state geometric conformations of the various multiply hydrogen-bonded 6AC
clusters 6AC-(HFIP)s, 6AC-(TFE)s, 6AC-(DMSO): and 6AC-(H20)» (n=2, 3, 4, 5) are
composed and fully optimized at the CPCM-PBE0/6-311++G(d, p) level of theory and shown
in Figure 2. The hydrogen bond lengths and corresponding bonding energies are listed in
Table 2. In cluster 6AC-(HFIP)s, three HFIP molecules are hydrogen-bonded to the 6AC
molecule through hydrogen bonds A, Bi and B2, whose bond lengths (bond energies) are
1.781 A (2719 cm), 1.755 A (2485 cm) and 1.781 A (2354 cm™) respectively, see Figure 2a.,
which indicates that hydrogen bond A is much stronger than hydrogen bonds B: and Bz in
the ground state. Similarly, in cluster 6AC-(TFE)3, three TFE molecules are hydrogen-bonded
to 6AC molecule through hydrogen bonds A, B1 and B2, whose bond lengths (bond energies)
are 1.842 A (1558 cm), 1.783 A (2049 cm') and 1.778 A (2021 cm!) respectively, see Figure 2a.
Compared with their corresponding ones in cluster 6AC-(HFIP)s, the three hydrogen bonds
formed in cluster 6AC-(TFE)s are all a little weaker, which should be due to the smaller «

value of TFE than HFIP. In cluster 6AC-(DMSO).,, two DMSO molecules are
hydrogen-bonded to 6AC molecule through hydrogen bonds Ci and Cz, whose bond lengths
(bond energies) are 1.921 A (2852 cm!) and 1.946 A (2362 cm™) respectively, also see Figure
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Figure 2: Optimized structures of (a) 6AC monomer and hydrogen-bonded 6AC clusters
formed with three HFIP molecules, three TFE molecules and two DMSO molecules and (b)
clusters formed with 2, 3, 4 and 5 water molecules.

Krystkowiak and coworkers [26] have suggested that five water molecules should
participate in the formation of the cluster, namely 6AC-(H20)s. In the present work, for
reasons that will be elucidated in Section 2.2, the 6 AC-(H20)n clusters with two (B1 and Bz),
three (A, B1 and B), four (Bi, B2, Ci and C2) and five (A, Bi, B2, C1 and C2) water molecules
are all optimized and presented in Figure 2b. In cluster 6AC-(H20)2, two water molecules
are hydrogen-bonded to 6AC molecule through hydrogen bonds B: and B2, whose bond
lengths (bonding energies) are 1.855 A (2013 cm) and 1.850 (1907 cm!) A respectively, see
Figure 2b, the left upper one. When a third water molecule is added to cluster 6AC-(H20)2
through hydrogen bond A, cluster 6AC-(H20)s3 is formed, see Figure 2b, the right upper one.
The bond length of hydrogen bond A in cluster 6AC-(H20)s is 1.930 A, whose bonding
energy is 1310 cm, and those of hydrogen bonds Bi and B: are similar to their
corresponding ones in cluster 6AC-(H20)2. When another two water molecules are added to
cluster 6AC-(H20)2 through hydrogen bonds Ci and C, we get cluster 6AC-(H20)4, see
Figure 2b, the left bottom one. The bond lengths (bonding energies) of hydrogen bonds Ci
and Cz in cluster 6AC-(Hz20)4 are 2.004 A (1558 cm™) and 2.002 A (1552 cm™) respectively.
When all the three types of hydrogen bonds are formed by five water molecules and 6AC
molecule, we get the cluster 6AC-(H20)s, as suggested by Krystkowiak and coworkers [26].
In cluster 6AC-(H20)5, hydrogen bonds of both types A and C are stronger than their
corresponding ones in clusters 6AC-(H20)s and 6AC-(H20)4 respectively. Moreover, the
strength of hydrogen bonds B:1 and B2 in this cluster is similar to that in other 6AC-(H20)n
clusters. For clusters 6AC-(HFIP)3, 6AC-(TFE)s and 6AC-(H20)3, hydrogen bonds of both
types A and B formed in 6AC-(HFIP)s are strongest while those formed in 6AC-(H20)3 are
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the weakest and those formed in 6AC-(TFE)s lie between them. The two hydrogen bonds of
type C formed in cluster 6AC-(H20)s+ are weaker than those formed in 6AC-(DMSO)2.
Therefore, it can be concluded that the strength of the various types of hydrogen bonds is
related to the K-T parameters of the solvents.

Table 2: Hydrogen bond lengths (A) and bonding energies (cm7, in the parentheses)
calculated at CPCM-PBE(/6-311++G(d, p) level of theory.

3HFIP 3TFE 2DMSO 2HO 3H:0 4H:0 5H20

1.781  1.842 1.930 1.895
(2719)  (1558) (1310) (1801)

5 1755 1783 1.855 1.861 1.849 1.854
(2485)  (2049) (2013) (1949) (2178) (2090)

5, 1781 1778 1.850 1.856 1.843 1.849
(2354) (2021) (1907) (1852) (2102) (2045)

. 1.931 2.004 1.984
(2852) (1558) (1736)

o 1.946 2.002 1.986
(2362) (1552) (1744)

2.2 Electronic Excitation Energies and Frontier MOs

The electronic excitation energies and corresponding oscillation strengths of the Si states for
both the 6Ac monomer (in 1-CsH7Cl) and its various multiply hydrogen-bonded clusters are
calculated at the TD-CPCM-PBE0/6-311++G(d, p) level of theory and presented in Table 3.
The experimental absorption spectra maxima of 6AC in corresponding solvents obtained by
Krystkowiak [26] are also listed in Table 3 for comparisons. From Table 3, it can be found
that for 6AC monomer, the Si-state excitation energy is calculated to be 366.73 nm with
1-CsH7Cl as the solvent, which is exactly the same as that obtained by Krystkowiak in
solvent 1-CsH7Cl [26]. From 6AC monomer to clusters 6AC-(HFIP)s and 6 AC-(TFE)s, the
calculated excitation energies are blue-shifted to 344.05 and 348.50 nm with the oscillator
strengths increased from 0.0868 to 0.0937 and 0.0896, respectively. The calculated Si-state
excitation energies are once again in good agreement with the experimental absorption
spectra maxima (338.98 and 346.98 nm for 6AC in solvents HFIP and TFE respectively [26]),
which has demonstrated the reasonableness of the composed cluster conformations for
6AC-(HFIP)s and 6AC-(TFE)s. Contrary to the situations of clusters 6AC-(HFIP)s and
6AC-(TFE)3, the calculated excitation energy of cluster 6AC-(DMSO): is red-shifted to 399.96
nm from 6AC monomer and the oscillator strength is decreased to 0.073. The calculated
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Si-state excitation energy of cluster 6AC-(DMSO): is 14 nm larger than the experimental
result (385.95 nm in DMSO [26]), and both of them are red-shifted compared with that of
6AC monomer. For the four clusters formed by 6AC with two, three, four and five water
molecules, the calculated Si-state excitation energies are 379.05, 352.97, 408.29 and 373.02 nm
respectively, with oscillator strengths 0.0770, 0.0897, 0.0677 and 0.0781. The absorption
maximum wavelength of 6AC in water obtained by Krystkowiak and coworkers is 28090
cm? (356.00 nm) [26]. The calculated Si-state excitation energy of cluster 6AC-(H20)s is just 3
nm larger than the experimental result. Therefore, in the ground state of 6AC molecule in
water solution, most 6AC molecules should be hydrogen-bonded with three water
molecules in the way of cluster 6AC-(H20)s, see Figure 2b, the right upper one, which is not
consistent with the assumption of Krystkowiak and coworkers [26].

Table 3: Calculated wavelengths Ay, [nm] (frequency v [10° cm]), oscillator strength f

and the major contribution (>50%) of the orbital transitions of the hydrogen-bonded 6AC
clusters along with experimental results (Expt.) [26]. H: HOMO, L: LUMO.

6AC 3HFIP 3TFE 2DMSO | 2H.O 3H0 4H.O 5H20

Anes 366.73  344.05 34850 399.96 |379.04 352.97 40829 373.02
v 2727  29.06  28.69 25.00 2638 2833 2449 2681
f 0.0868 0.0937 0.0896 0.0730 | 0.0770 0.0897 0.0677 0.0781

H—-L 98% 97% 97% 99% 98% 97% 99% 98%
366.97 33898 34698 385.95 356.00
(27.25) (29.50) (28.82) (25.91) (28.09)

The molecular orbitals (MOs) energy levels and shapes of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are
presented in Figure 3. Figure 3a shows the HOMO and LUMO energy levels as well as their

Expt.

energy differences. In contrast with 6AC monomer, the HOMO and LUMO energy levels of
clusters 6AC-(HFIP);s and 6AC-(TFE)s are decreased, whereas the energy differences are
increased to 0.1607 and 0.1589 eV respectively due to participation of hydrogen bond A. For
cluster 6AC-(DMSO)2, the HOMO and LUMO energy levels are increased, whereas the
energy difference is decreased to 0.1417 eV compared with those of 6AC monomer due to
formation of hydrogen bonds B1 and Bz. As for the four clusters formed with 2, 3, 4 and 5
water molecules, their LUMO energy levels are similar to each other, whereas the HOMO
energy level of cluster 6AC-(H20)s3 is most decreased and the energy difference is increased
to 0.1573 eV. Furthermore, it can be noted from Figure 3b that the orbital transition from
HOMO to LUMO involves an intramolecular charge redistribution from the N atom of the
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amine group to the rest part of the 6AC molecule, especially the carbonyl group of the 6AC
moiety. Thus, the Si state of the 6AC monomer may be an intramolecular charge-transfer
(ICT) state, whereas the Si1 state of hydrogen-bonded 6AC clusters should be the locally
excited (LE) state on the 6AC moiety. Moreover, it can be inferred that the A type hydrogen
bond should become weakened whereas hydrogen bonds of B and C types should become
strengthened upon the photoexcitation of 6AC from ground state So to excited state Si. The
weakening of hydrogen bond A and strengthening of hydrogen bonds B and C after
electronic excitation will impose less and more stabilization effects on the excited-state
energy level compared with those on the ground state, respectively. Therefore, the energy
level differences between the two electronic states will be increased and decreased
accordingly, which should be responsible for the blue- and red-shifts of the excitation energy.
Therefore, the red- and blue-shifts of the absorption spectra of 6AC in the above-mentioned
solvents should be due to the intermolecular hydrogen bonds of different types and

numbers as well as their different changes after the electronic excitation of 6AC.
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Figure 3: Calculated frontier molecular orbital (MO) energy levels (a) and shapes (b) of 6AC
monomer and hydrogen-bonded 6AC clusters at the CPCM-TD-PBE0/6-311++G(d, p) level of
theory.

3. Conclusions

The calculated Si-state excitation energies for both the 6AC monomer (in 1-CsH~Cl) and its
multiply hydrogen-bonded clusters at the CPCM-TD-PBE0/6-311++G(d, p) level of theory
are all in good agreement with the experimental absorption spectra maxima. Due to the
electron density redistribution from the amine group to the carbonyl group of the 6AC
molecule upon photoexcitation, A type hydrogen bonds will be weakened whereas B and C
types of hydrogen bonds will be strengthened compared with those in the ground state. The
weakening and strengthening of the intermolecular hydrogen bonds should be responsible
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for the blue- and red-shifts of the absorption spectra. Further investigations, especially those
on the geometric structures of the clusters in the first singlet excited state, will be carried out

soon.
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