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Abstract: Hydrogen bonding (HB) sites of 7-amino-4-methylcoumarin (C120) in
water are investigated theoretically using density functional theory (DFT)
interfaced with the effective fragment potential (EFP) method of salvation. The
original EFP model (EFP1) is used to form C120-(H20)7 complex. Six HBs are
formed by C120 with water molecules; one A-type (N--H-O), two B-type (C=O--H-
0O), two C-type (N-H:+O) and one HB (O-+H-O) similar to B-type. Excited state
properties are computed using time dependent density functional theory (TDDFT)
combined with the polarizable continuum model (PCM) and EFP1 method. In S1
state, A type HB energy is increased by 10.18 k] mol, whereas B and C type HB
energies are decreased by 6.31 and 11.52 k] mol!, respectively.

AMS subiject classifications: 74E40, 78M50
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1. Introduction

The hydrogen bond interaction in both the ground and excited-states, play a fundamental

role in the photochemistry of organic and biological chromophores in solution [1-12].
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Several theoretical [13-21] and experimental [22-27] investigations were performed to
determine the intermolecular hydrogen bonds, including their structure, energy in the
ground state, and energy change upon electronic excitation of molecules. The excited-state
HB weakening can heighten the excitation energy of a related excited state and induce an
electronic spectral blueshift, whereas the excited-state HB strengthening can lower the
excitation energy of a related excited state and induce an electronic spectral redshift [15, 28,
29]. Apart from the influence of the solvent polarity and polarizability, HBs formed between
the probes and solvents also influence their structure and photophysical properties [30-34].
The formation of hydrogen bonds can often lead to the appearance of new individuals like
So-complexes and S1-exciplexes [35-40].

The EFP method [41-44] provides a polarizable QM-based force field to describe
intermolecular interactions. The EFP method embedded with PCM, have been applied
successfully to QM/MM studies of molecules in clusters and in solution. The interface of the
EFP model with the TDDFT method has been developed for describing electronically excited
states of solvated molecules [44-47]. The combined linear response TDDFT (LR-TDDFT)
method with the original EFP model (EFP1) was applied successfully to calculate the change
in HB energy of aminocoumarins in water [13, 14, 21].

The aminocoumarin molecules represent an important class of organic compounds with
extensive and diverse applications [48-51]. They possess distinct biological activity [51] and
have been indicated as agents with potential antibiotic, anticancer and anticoagulant activity.
They exhibit strong fluorescence in the visible region (from 350 nm to 500 nm), which makes
them suitable for use as laser dyes and nonlinear optical chromophores. Aminocoumarins
can form one A type HB and two B type HBs due to hydrogen-bond donor properties of
electronegative heteroatoms N and O, and two C type HBs via the participation of amino
hydrogen atoms with oxygen atom of water molecules [11].

TDDFT/EFP1 calculations have been performed to study the spectral properties and HB
dynamics of aminocoumarins [1, 2, 9, 10, 12-14, 21]. The excited-state hydrogen bonding
dynamics of aminocoumarin molecules in water have been studied, [12,13,14,21] and
demonstrated that A type HB is the strongest in the ground state and it is extremely
weakened in an excited state, whereas B and C type HBs are strengthened in the excited
state as compared to ground sate. A TDDFT/EFP1 study of hydrogen bonding dynamics of
C151 in water shows the formation of additional HB between the oxygen atom of pyrone
ring and hydrogen of a water molecule [21].

In the case of C120, there are at least six sites for HB formation with protic solvent
molecules as shown in Figure 1; one intermolecular HB N--H-O (type A) is formed by the
amino group of C120 with one water molecule, two intermolecular HBs C=O-~H-O (type B)
are formed by the carbonyl group of C120 with two water molecules, and two HBs of N-
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H--O (type C) by hydrogen atoms of the amino group with oxygen atom of water molecules.
One HB O--H-O similar to B type is formed between the oxygen atom of the pyrone ring
and hydrogen of a water molecule.

In the present work, C120-(H20)7 complex is formed by using seven EFP1 water
molecules with C120 to investigate the possible hydrogen bonding sites of C120 in water.
The change in HB energies (AEns’s) of C120-(H20)7 complex in water as a result of So—S1
transition is computed using TDDFT/CPCM/EFP1 method.

2.  Computational methods

All ab initio calculations use the cc-pVDZ basis set [53]. The ground-state and first singlet
excited state geometries of C120-(H20)7 complex were optimized using DFT [54-59] / TDDFT
[60-68] with BSLYP [69-71] hybrid functional. Based on optimized ground state geometry,
the excitation energies were estimated using TD-CPCM-B3LYP/EFP1/cc-pVDZ method [72,
73, 74]. The DFT based EFP1 water model [43] is used to add explicit water molecules, in
which all water molecules are treated as EFPs for DFT and TDDFT calculations. All
computations are carried out using the GAMESS-US program package [75, 76].

In C120-(H20)7 complex, six water molecules formed HB with C120. The HB energy is
computed by equating interaction energy between solute and solvent molecules [77]. The
optimized geometry of C120-(H20)7 complex is used to compute the energy of free solute,
Eswlu by removing solvent molecules from the system. Then, the solvent-solute interaction
energy can be calculated using therelation,

EHB = Ecom - (Esolu + EEFP) (1)

where Eom is the total energy of C120-(H20)7 complex and Eerr is the total effective
fragment potential energy. From the optimized geometry of C120-(H20)7 complex (com?),
one water molecule which form a type of HB is removed to calculate the energy of
C120-(H20)s complex (com6) and energy of the respective type of HB is computed using the
equation

EHB(type) :(EHB )com7 - (EHB )com6 (2)

Then the changein HB energy as a result of So—S51 transition is calculated as

AE & = (Eg)so - (Epg)ar (©)

3. Resultsand discussion
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3.1 Geometry and electronic structure at So state

The So state optimized structure of C120-(H20)7 complex with atom and HB numbering is
shown in Figure 1. Six HBs namely, N20--H28-026 (1.962 A, type A) O7--H39-038 (1.832 A,
type B1), O7--H42-041 (1.855 A, type B2), 05--H37-035 (2.066 A, type B3), N20-H21--029
(1.831 A, type C1), N20-H22:~023 (1.949 A, type C2) are formed by C120 with six water
molecules. The calculated bond angles for N20-~-H28-O26, O7---H39-O38, O7--H42-O41,
05---H37-035, N20-H21--029, and N20-H22--O23 are 164.0° 163.3, 162.1, 140.4, 164.9, and
177.2°, respectively. In addition to these six HBs, four inter-water molecular HBs (WHB);
026---H34 (1), O32---H31 (2), 035~H33 (3), and O38--H36 (4) with bond lengths 1.829, 1.672,
1.753 and 1.787 A, respectively are formed. The optimized parameters of C120 and
C120-(H20)7 complex at So and S1 states are presented in Table 1.

11
“,a* ~®

Figure 1: Ground-state optimized structure of C120-(FH20)7 complex (Red-O, Magenta-Nand Yellow-C).

The formation of HBs in C120-(H20)7 distorts the electronic structure of C120. In the
pyrone ring C4-O5 and C6=07 bonds are increased by 0.015 and 0.017 A, whereas O5-C6
and C6-C8 bonds are decreased by 0.019 and 0.011 A due to B type HBs. The formation of A
type and C type HBs causes the increase of C1-N20, N20-H21 and N20-H22 bond lengths by
0.009, 0.011 and 0.005 A, respectively. Due to complex formation the bond angles of C120
altered by less than 1° except H-N-H angle of the amino group, which changes by 3.2°.
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Table 1. Bond lengths, r and bond angles, A of C120 and C120-(H:0)7 complex in So and S1 state

T/A C120 C120(F:O);

(A/ °) So S So Si
R(1-2) 1.406 1416 1.410 1.428
R(1-18) 1.419 1.421 1.423 1414
R(1-20) 1.370 1.369 1.379 1.363
R(2-4) 1.393 1390  1.389 1.406
R(4-5) 1.362 1347 1377 1.357
R(4-15) 1.415 1.442 1.414 1.403
R(5-6) 1.404 1.458 1.385 1.440
R(6-7) 1.208 1.218 1.225 1.240
R(6-8) 1.453 1.426 1.442 1.423
R(8-10) 1.363 1.404 1.369 1.387
R(10-11) 1.506 1.493 1.505 1.488
R(10-15) 1.449 1.455 1.444 1.491
R(15-16) 1.412 1.422 1.415 1.419
R(16-18) 1.384 1.394 1.383 1.395
R(20-21) 1.009 1.012 1.020 1.023
R(20-22) 1.009 1012 1014 1.016
R(20-28) - ; 1.962 2278
R(7-39) - ; 1.832 1.807
R(5-37) - ; 2.066 1.949
R(7-42) - ; 1.855 1.826
R(21-29) - - 1.831 1.708
R(22-23) - - 1.949 1.869
R(26-34) - - 1.829 1.836
R(32-31) - - 1.672 1.645
R(35-33) ; ; 1.753 1.728
R(38-36) - - 1.787 1.806
A(2-1-18) 118.6 119.5 118.4 119.1
A(1-2-4) 120.1 120.6 119.6 120.1
A(1-18-16) 120.4 119.7 120.8 119.0
A(2-4-15) 122.0 121.0 123.1 1214
A(5-4-15) 121.7 122.7 120.9 123.6
A(4-5-6) 122.2 120.9 122.1 120.4
A(4-15-10) 118.2 118.8 118.4 118.3
A(4-15-16) 116.9 117.2 116.4 117.2
A(5-6-8) 116.1 116.0 117.4 116.5
A(6-8-10) 123.1 125.1 122.1 125.1
A(8-10-15) 118.7 116.5 119.1 116.0
A(15-16-18) 121.9 122.0 121.7 123.0
A(21-20-22) 118.2 117.7 115.0 120.0
A(18-1-20-22) -000.2 -006.1 -020.7 -005.9
A(2-1-20-21) -000.8 006.3 024.5 009.1

3.2 Electronic structure at S1 state
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In Si state the benzene ring of both C120 and C120-(H20)7 complex, slightly distorted by
changing bond lengths ~ 0.01-0.02 A. The C5-C6 and C6=07 bonds are elongated, whereas
C6-C8 and C10-C11 bonds are contracted. Upon excitation of C120-(H20)7 complex, C1-N20
and C2-C4 bond lengths changes by -0.016 and 0.017 A, respectively. The excited state
geometry reveals that C8-C10 bond elongated more than C10-C15bond in C120, whereas in
C120-(H20)7 complex C10-C15 bond elongated more than C8-C10 bond due to strengthening
of B type HBs. In S1 state the variation of bond lengths in pyrone ring causes the slight
change in bond angles ~ 2 - 3°. The bond angle H21-N20-H22 changes by 5° due to A and C
type HBs. The dihedral angles C18-C1-N20-H22 and C2-C1-N20-H21 changes from -0.2 to -
6.1° and —0.8 to 6.3° respectively due to molecular excitation of C120. On the other hand,
So—51 transition of C120-(H20)7 complex causes the change in dihedral angles from -20.7 to
-5.9° and 24.5 to 9.1°, respectively. Thus the structural change of the amino group is due to

open-closed umbrella-like motion mechanism.

(a) (b)

Figure 2: Molecular electrostatic potential of C120 at (a) So state and (b) S1 state with Mulliken charges on

various atoms and groups.

The Mulliken charges by the population analysis of C120-(H20)7 complex have been
carried out along with the calculation of HOMO and LUMO. The molecular electrostatic
potential (MEP) of C120, and frontier molecular orbitals (MOs) of isolated C120 and
C120-(H20)z complex are depicted in Figure 2 and Figure 3. From the MEP, it was evident
that most electrostatic potential regions (red) were mainly localized over the O5 and O7
atoms, showing the most favorable site for electrophilic attack. Meanwhile, a maximum
positive region (blue) is localized on the H atoms, which can be indicating a possible site for
nucleophilic attack. The Mulliken charges on O5 and O7 atoms of C120 are -0.250 and -
0.365e, respectively. The MEP and Mulliken charges on O5 atom indicating the possibility of
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B3 type HB formation. The Mulliken charges on amino, benzene, pyrone (with carbonyl) and
methyl groups are 0.193, 0.088, -0.487 and 0.206e, respectively at So state and 0.398, 0.136 -
0.675 and 0.141e at S1 state. Upon excitation, the Mulliken charges for N20 atom changes
from -0.318 to -0.18%e. From Figure 3 it can also be observed that the intramolecular
redistribution of charges from the amino group and benzene ring to pyrone (with carbonyl)
and methyl groups of coumarin moiety in both isolated C120 and C120-(H20)7 complex.
Thus, the S1 state of both isolated C120 and C120-(H20)7 complex may be an intramolecular
charge-transfer (ICT) state.

¢

Figure 3: HOMO (bottom) and LUMO (top) of C120 (left) and C120-(H20)7 complex (right).

3.3  Electronicspectra and excited state properties

The electronic excitation energies corresponding to So—Si transition and oscillation strengths
of C120 and C120-(H20)7 complex using the both TDDFT/CPCM and TDDFT/CPCM in
combination with salvation model density (SMD) methods are presented in Table 2. SMD
uses the solute's quantum mechanical density for PCM electrostatics. It adds corrections for
cavitation, dispersion, solvent structure, and also accounts for H-bonding capabilities of

solute molecule in solvent medium. The excitation energy of C120 is calculated using the



M. Ramegowda / Commun. Comput. Chem.,3 (2015), pp. 18-33 25

optimized coordinates of C120-(H20)7 by removing EFP molecules. TDDFT/CPCM and
TDDFT/CPCM-SMD calculations place the S1 vertical transition for the C120 at 3.768 and
3.737 eV. The decrease in excitation energy using TDDFT/CPCM-SMD method indicates the
formation of HBs by C120 in water. C120-(H20)7 complex shows the excitation energies at
3.669 and 3.667 eV with TDDFT/CPCM and TDDFT/CPCM-SMD methods respectively. This
confirms the formation of six HBs by C120 in water. The calculated values of excitation
energies are in consistence with the results obtained by Nguyen et al. [79] (3.640 eV) using
PCM-TDB3LYP/ 6- 311++G (d, p) and Zhao et al. [80] (3.646 eV) with PCM-TDB3LYP/ 6-
311+G (d, p). However, all these results are in good agreement with the experimental values,
3.625 eV [27,33] and 3.630 [78] within the limit of calculation error (0.010 — 0.039 eV) due to
the use of different basis set. In the present work the results deviate from the experimental
values by ~ 0.04 eV due to the use of non diffuse basis set.

Table 2. Excitation energy (So—51), E (e V) and oscillator strength, f of C120 and C120-(H.O)7 complex.

TDDFT/CPCM TDDFT/CPCM-SMD
E f E f
C120 3.768 0.585 3.737 0.410
C120-(H0)7 3.669 0.389 3.667 0.400

Table 3. Hydrogenbond lengths, r andbond angles, Aof C120-(H0)7 complex atSoandSistates.

So S1
Type of HB n =

r (A) A (°) r(A) A (°)
A 1.962 164.0 2.277 148.7
B1 1.832 163.3 1.807 165.0
B2 1.855 162.1 1.826 167.7
B3 2.066 140.4 1.949 147.5
C1 1.831 164.9 1.707 170.3
C2 1.949 177.2 1.869 176.7
WHB1 1.829 - 1.836 -
WHB2 1.672 - 1.645 -
WHB3 1.753 - 1.728 -
WHB4 1.787 - 1.806 -

3.4 Hydrogen bond binding energy

TDDFT calculations of C120-(H20)7 complex for the respective type of HB have been carried
out by infinitely separating one water molecule, which forms the respective type of HB, and
AEmp’s are calculated using Equation (2) and (3). Table 3 lists the HB lengths and angles of
C120-(H20)7 complex. The A type HB elongated by 0.315 A, whereas B1, B2, B3, C1 and C2
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type HB lengths are contracted by 0.025, 0.029, 0.117, 0.124 and 0.080 A, respectively. Inter-
water molecular HBs; O26-~H34, O38-H36 are increased by 0.007, 0.019 A and O32--H31,
035--H33 are decreased by 0.027, 0.025 A, respectively.

Table 4 gives the important spectral results of C120-(H20)7 complex. As can be seen in
Table 4, A type HB weakened by 10.18 k] mol?! energy, whereas B1, B2, B3, C1 and C2 type
HB are strengthened by 2.20, 1.74, 2.37, 6.23 and 5.30 k] mol, respectively. The total change
in HB energy of C120-(H20)7 complex is 6.78 k] mol?, which is in perfect agreement with the
experimental and estimated data, 6.94 and 7.18 k] mol'[27], respectively. The total (sum of
all types) change in HB energy is found to be 0.88 k] mol! more than the change in HB
energy of C120-(H20)7 complex. This indicates that the total change in energy of WHBs
increases at Si state. The scheme applied in this work having the limitation for the
calculation of Ens of individual WHB or only A, B3 and C1 type HBs. The sum of three
AEwms’s (1+2+3) is calculated by removing the water molecule H33-O32-H34 form the
complex and is found to be 0.83 k] moll. Thus AEwss on the calculation of AEm has lesser
effect.

Table 4. Absorption spectral shifts (AE), Exs at Soand S1 states, and AExs of C120-(H20)7 complex (in k] mol
")

Type of HB AE Eus atSo Eus atS1 AEns
A,B, C -6.75 -414.06 -420.84 6.78
A+1 10.23 -73.47 -63.29 -10.18
Bl+4 -2.12 -74.49 -76.69 2.20
B2 -1.74 -53.58 -55.32 1.74
B3+1,4 -2.32 -82.02 -84.39 2.37
Cl+2 -6.18 -70.61 -76.83 6.22
C2 -5.31 -46.93 -52.23 5.30
1,2,3 -0.80 -95.75 -96.58 0.83

The plot of absorption spectral shift, AE dependence on AEms for various types of HBs of
C120-(H20)7 complex relative to C120 monomer is given in Figure 4. From this figure,
blueshift of spectral lines is observed due to A type HB, whereas redshift of spectral lines is
observed due to B1, B2, B3, C1 and C2 type HBs. B1, B2, B3 type HBs shows a nearly equal
spectral redshift, and C1, C2 type HBs shows slightly larger redshift. The effect of all A, B
and C type HBs in C120-(H20)7 complex shows large spectral redshift. This may be the cause
of redshift on the absorption spectra of C120 in water imposed by weakening of A type HB
and strengthening of B and C type HBs.
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Figure 4: The plot of absorption spectral shift, AE de pendence on AEus for various types of HBs of C120-

(H20)7 complexrelative to C120 monomer.

From Table 4, it can also be noticed that, in S1 state A type intermolecular HB is
weakened due to increase of excitation energy, whereas B type, C type and some of the

WHBs are strengthened due to decrease of excitation energy.

4, Conclusions

In this work, hydrogen bonding sites and electronic excitation energy of solvated C120 have
been investigated by means of TD-CPCM-SMD/B3LYP/EFP1/cc-pVDZ methods augmented
with explicit inclusion of a seven water molecules, and quantitative agreement between
these calculations and literature experimental absorption maxima of C120 in water was
obtained with an average error ~ 0.04 eV. C120 molecule formed six HBs with water
molecules; one A type, three B type and two C type. As a result of So—51 transition, A type
HB weekend by 10.18 k] mol?, whereas B1, B2, B3, C1 and C2 type HBs are strengthened by
2.20, 1.74, 2.37, 6.23 and 5.30 k] mol?, respectively. In S1 state, the A type HB length
increased by 0.315 A, whereas B1, B2, B3, C1 and C2 type HB lengths are decreased by 0.025,
0.029, 0.117, 0.124 and 0.080 A, respectively. In C120-(H20)7 complex, four WHBs are formed;
upon excitation, two WHBs are elongated and other two are contracted. The quantitative
decrease in bond length of WHBs is higher than the increase in bond length of WHBs. This
causes the redshift effect on absorption spectra of C120-(H20)7 by ~ 0.80 k] moll. In the S1

state A type intermolecular HB is weakened due to increase of excitation energy, whereas B
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type,
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C type HBs and WHBs are strengthened due to decrease of excitation energy.

Therefore, upon excitation, A type HB induces blueshift whereas B and C type HBs induce
the redshift.
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