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Density functional theory (DFT) and time-dependent density functional theory (TDDFT) methods are used to investi-
gate the influences of intramolecular and intermolecular hydrogen bonding on excited-state intramolecular proton transfer
(ESIPT) for the 4-N,N’-(diethylamino)-2-hydroxybenzaldehyde (DEAHB). The structures of DEAHB and its hydrogen-
bonded complex in the ground-state and the excited-state are optimized. In addition, the detailed descriptions of frontier
molecular orbitals of the DEAHB monomer and DEAHB-DMSO complex are presented. Moreover, the transition density
matrix is worked out to gain deeper insight into the orbitals change. It is hoped that the present work not only elaborates
different influence mechanisms between intramolecular and intermolecular hydrogen bonding interactions on the ESIPT
process for DEAHB, but also may be helpful to design and develop new materials and applications involved DEAHB

systems in the future.

Keywords: time-dependent density functional theory, excited state intramolecular proton transfer, intramolec-

ular charge transfer
PACS: 82.39.Jn, 31.15.ee, 87.15.ht

1. Introduction

Excited-state intramolecular proton transfer (ESIPT) is a
photon induced ultrafast phenomenon that the proton transfers
from donor to acceptor moiety upon optical excitation.!!~6]
It attracts wide attention because it may play a crucial
role in fluorescent probes,!”! bioimaging,!'?! light-emitting
materials,[!!] and photostabilizers.['?] ESIPT has been stud-
ied by various experimental and theoretical methods during
the last several decades.!'3-23 Researches have demonstrated
that the ESIPT process is susceptible to both intramolecular
and intermolecular interactions.?*?>! Particularly, the effect
of intra- and intermolecular hydrogen bonding (H-bonding)
interactions on ESIPT in many functional molecular systems
has been widely investigated.[!!228] Because the character-
istic of H-bonding is site-specific, the ESIPT process can be
altered by the H-bonding interaction between solute and sol-
Specifically, dimethylsulfoxide (DMSO) is a typical
solvent with great proton affinity and it has strong capabil-

vent.

ity to break the intramolecular H-bonding in the solute and
form the intermolecular H-bonding with the solvent.**] Re-
cently, Zhang has experimentally proved that due to the for-
mation of intermolecular H-bonding between solute and sol-
vent, which partially breaks the intramolecular H-bonding
in the solute, the 2,4,6-trisbenzothiazolylphenol in DMSO
shows an extra fluorescence induced by the intermolecular
H-bonding besides the emission from the ESIPT state.[>]

DOI: 10.1088/1674-1056/27/9/098201

Similarly, the Zn-quinoxaline complexes with intraligand H-
bonds, [Zn(hgxc)>(py)2] and [Zn(hgxc),(DMSO),], were in-
vestigated by Sakai et al. In the former, ESIPT emission oc-
curs so efficiently as to show amplified spontaneous emis-
sion (ASE), whereas in the latter, normal emission coex-
ists with ESIPT emission arising from the interaction be-
tween Zn(hgxc), and DMSO through the intermolecular H-
bonding.*#!

To further explore the effect of intra- and inter-molecular
H-bonding on the ESIPT process, we focus on the 4-N,N’ -
(diethylamino)-2-hydroxybenzaldehyde (DEAHB) molecule.
It is a typical chromophore with a heterocyclic ring which
consists of the intramolecular hydrogen bond between a hy-
droxyl group and a neighboring proton acceptor, and has a po-
tential to exhibit the ESIPT phenomenon. It is an ideal model
for investigation because the transition from intramolecular H-
bonding to solute-solvent intermolecular H-bonding is possi-
ble in H-bonding acceptor solvents, which has been proved by
Jana et al. with steady state and time-resolved spectroscopy
experiments.*”! They found that the DEAHB exhibits dual
emission in DMSO, whereas it shows single fluorescence in
nonpolar solvents with a large Stokes shift. This interesting
phenomenon is induced by the intermolecular H-bonding in-
teraction between the hydrogen in the hydroxyl group and sol-
vent with great proton affinity such as DMSO. Even to this day,
the different influence mechanism between intramolecular and
intermolecular H-bonding interactions on the ESIPT process
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of DEAHB is still not clear. Therefore, it is of great signifi-
cance to explore the difference between the DEAHB monomer
and its hydrogen-bonded complex, which is helpful to further
understand the effect of the solvent on the ESIPT process.

In the present work, we investigated the DEAHB
molecule and DEAHB-DMSO complex theoretically aiming
at providing the details of different influence mechanisms be-
tween intramolecular and intermolecular H-bonding interac-
tions on ESIPT for DEAHB molecule. To be specific, we
optimized the ground-state and the excited-state structures of
DEAHB and its hydrogen-bonded complex using the den-
sity functional theory (DFT) and time-dependent density func-
tional theory (TDDFT) methods, respectively. In addition, the
detailed descriptions of the frontier molecular orbitals were
presented to understand the ESIPT of DEAHB monomer and
DEAHB-DMSO complex. Besides, the comparative analy-
ses of infrared (IR) spectra between the ground-state and the
excited-state have been carried out for both DEAHB monomer
and DEAHB-DMSO complex. The potential energy curves
along the proton transfer coordinate for DEAHB monomer
both in the ground-state and excited-state were investigated as
well.

2. Computation methods

In this work, all the geometry optimizations of DEAHB
and hydrogen-bonded DEAHB-DMSO complex in the ground
and the first excited states were carried out by using the DFT
and the TDDFTB%40 methods, respectively. Becke’s three-
parameter hybrid exchange function with the Lee—Yang—Parr
gradient-corrected correlation functional (B3LYP) [41.42] and
the triple-¢ valence quality with one set of polarization func-
tions (TZVP)*3] basis set were employed for all the calcula-
tions. The method and basis set have been confirmed to be ap-
propriate to study the electronic excited-state hydrogen bond.
Moreover, the bond lengths, angles, or dihedral angles were
included in the configuration optimization calculations. The
potential energy curves for the DEAHB monomer in both the
ground-state and the first excited-state were calculated through
constrained optimizations, keeping the hydroxyl group (-OH)
bond length increased by the increments of 0.1 A based on
the optimized ground- and excited-state geometries, respec-
tively. Additionally, the infrared spectra of the ground-state
and the first excited-state of the research system were com-
puted using the TDDFT method at the B3LYP/TZVP level on
the basis of the optimized ground- and excited-state structures.
The vibration frequency was determined by the diagonaliza-
tion of the Hessian matrix, and the intensity of the infrared de-
pended on the gradient of the dipole. All of the local minima
have been confirmed by no imaginary frequencies mode in the

vibrational analysis. All the electronic structure calculations

were carried out using the Gaussian 09 program package.**!

3. Results and discussion
3.1. Ground-state geometric structures

Figure 1 depicts the optimized ground-state (Sp) geo-
metric conformations together with the corresponding hydro-
gen bond lengths of the DEAHB monomer and hydrogen-
bonded DEAHB-DMSO complex by using B3LYP function
with the TZVP basis set. All the conformations were shown
to have no virtual frequency by vibrational analysis calcula-
For the hydrogen-bonded DEAHB-DMSO complex,
we calculated the open-ring and closed-ring structures in the

tions.

So state. We found that the energy of the open-ring struc-
ture (—1186.90737966 a.u.) is lower than that of the closed-
ring structure (—1186.90481117 a.u.). Therefore, the open-
ring structure is more stable in the hydrogen-bonded DEAHB-
DMSO complex. The following calculations and discussions
of the DEAHB-DMSO complex are all based on the open-
ring structure. The numerical values of main structure pa-
rameters involved in the intramolecular and intermolecular
hydrogen bonds are shown in Table 1. The corresponding
atom numbers can be seen in Fig. 1. From our optimized re-
sults, one can find that the DEAHB monomer and DEAHB-
DMSO complex have planar structures. At the same time,
it can be clearly seen that the intramolecular H-bonding of
DEAHB can be formed by the hydroxyl group (-OH) together
with the carbonyl (C=0) group. There is an intramolecular
H-bonding characterized by C(8)=0(11)---H(14)-O(13) with
bond length of 1.737 A in the Sy state. For the DEAHB-
DMSO complex, the closed intramolecular H-bonding chelat-
ing ring is broken by DMSO. Then the H(39) atom turns out-
side of the ring to form the solute-solvent intermolecular H-
bonding S(30)=0(29)- --H(39)-0(13) with DMSO. In addi-
tion, the length of the intermolecular H-bonding is 1.701 A and
it is shorter than the intramolecular H-bonding, which means
that the solute-solvent intermolecular H-bonding interaction is

(b) DEAHB-DMSO .
&1

more intense.

(a) DEAHB monomer

Fig. 1. (color online) Most stable geometries of (a) DEAHB and (b)
DEAHB-DMSO complex in the ground state.
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Table 1. Calculated bond lengths (in A) of DEAHB monomer and
DEAHB-DMSO complex in different excited states.

DEAHB
O;3-His  Cs-O11 Og1-Hig C-O12 Oj-Hzg  Oj9-Hzo
So 0.989 1.234 1.737 - - -
Si 0.969 1.320 1.872 - - -
S/] - - - 1.267 1.710 0.996
DEAHB-DMSO
O13-H3og O29—H3og S30-0O29
So 0.99303 1.701 1.547
Si 0.99337 1.695 1.545

3.2. Absorption spectra and frontier molecular orbitals

Table 2 shows the calculated electronic excitation ener-
gies and corresponding oscillator strengths of six low-lying
excited states for the isolated DEAHB and DEAHB-DMSO
complex. The absorption spectrum was calculated by vertical
excitation from the ground-state to the first excited-state (Sy).
The results show that the absorption peak of the hydrogen-
bonded DEAHB-DMSO complex is red-shifted compared to
that of the DEAHB monomer. The shift tendency is in good

agreement with the experimental results from Jana’s work.[>°]

Table 2. Calculated electronic excitation energies (E) and correspond-
ing oscillator strengths (OS) of DEAHB and DEAHB-DMSO complex.
The orbital transitions and contributions for S; are also listed. H: the
highest occupied molecular orbital (HOMO) L: the lowest unoccupied
molecular orbital (LUMO).

DEAHB DEAHB-DMSO
E/nm (ON] E/mm oS
Si 341 0.1447 357 0.0002
Exp. 337 349
H-1-L 54.10% H-1-L 70.38%
Flu. 516 408
Exp. 531 384
S> 332 0.0005 320 0.2249
S3 321 0.3112 312 0.2203
S4 278 0.0315 295 0.0003
Ss 256 0.0003 294 0.0000
Se 243 0.0268 292 0.0008

It is known to all that the frontier molecular orbitals
(FMOs) play an important role in analyzing the charge distri-
bution properties of molecules in their excited state transitions.
Drawing the FMOs is a way to get a deeper understanding of
the ESIPT process of the DEAHB molecule under the effect
of both intramolecular and intermolecular H-bonding interac-
tions. The orbital transitions and contributions for the different
excited-states of the DEAHB monomer and DEAHB-DMSO
complex are listed in Table 2. Through the calculation results
of TDDFT, we know that the first excited state of the DEAHB
monomer and DEAHB-DMSO complex corresponds mainly
to a dominant transition from HOMO-1 to LUMO. Therefore,
we plot the HOMO-1 and LUMO orbitals in Fig. 2.

LUMO

4’/-

HOMO-1
2

&

9

DEAHB-DMSO

Fig. 2.
DEAHB-DMSO complex.

(color online) Frontier molecular orbitals of DEAHB and

From Fig. 2, we can conclude that the HOMO-1 orbital
of the studied molecular is a 7 type orbit while the LUMO
orbit has the 7* type feature for both monomer and hydrogen-
bonded complex. That is to say, the S; state is of the wm*-
type transition feature which is believed to facilitate the proton
transfer. We can also find that the charge densities are totally
localized at the DEAHB molecular for both monomer and the
complex, meanwhile the charge density in the LUMO moves
to the right in comparison to the HOMO-1. For the DEAHB
monomer, it can be seen clearly that the high electron density
of HOMO-1 is mainly localized on the benzene ring, while
most charges are transferred to the hydrogen-bonded chelat-
ing ring in the LUMO. Interestingly, upon the excitation from
HOMO-1 to the LUMO, the electron density on the carbonyl
group is increased, while the hydroxyl group is decreased.
What needs to be mentioned is the electronegativity of the
O(11) atom which is directly participated in the ESIPT pro-
cess increases a lot, while the attraction between O(11) and
H(14) is also greatly increased. That is the reason why the
ESIPT process happens. When the intramolecular H-bonding
is disconnected, the charge distribution of the C(8)=0(11)
group also hugely increases upon electronic excitation for the
DEAHB-DMSO complex. Therefore, the hydroxyl proton (H)
is expected to be more acidic, and the carbonyl oxygen (O) is
more basic compared with that in the Sy state. There is no
doubt that it is a very important positive factor for the proton
transfer.

3.3. Electronic excited state geometric structures

We optimized the geometric structures of the DEAHB
monomer and hydrogen-bonded DEAHB-DMSO complex
in the S; state as shown in Fig. 3. It is worth mention-

ing that all the structures shown here are the lowest energy
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conformers, as confirmed by their vibrational frequencies.
As can be seen, DEAHB is still a planar conformation in
the S; state, either for monomer or hydrogen-bonded com-
plex. It should be noticed that the length of intramolecu-
lar H-bonding C(8)=0(11)---H(14)-O(13) for the DEAHB
monomer is longer than that of intermolecular H-bonding
S(30)=0(29)---H(39)-0O(13) for the DEAHB-DMSO com-
plex in the S; state. This is consistent with the change of
the H-bonding length in the ground state of the two sys-
tems. Interestingly, for the DEAHB monomer, we can see that
the intramolecular H-bonding C(8)=0(11)---H(14)-0O(13) is
lengthened (increases from 1.737 A to 1.872 A ) in the S,
state when compared to that in the ground state. A longer
H-bonding length means that the intramolecular H-bonding
is weakened in the S; state. It is noted in Table 1 that the

2(

Fig. 3. (color online) Calculated excited state geometric structures of
DEAHB ((a) normal form in the S; state, (b) tautomer form in the S}
state), and (c) DEAHB-DMSO.

bond length of C(8)=O0(11) is lengthened from 1.234 A in
the Sy state to 1.320 A in the S; state, and the O(13)-H(14)
bond is shortened from 0.989 A to 0.969 A. Furthermore,
the O(13)-H(14)---O(11) angle is decreased from 147.6° to
140.4° upon the photo-excitation. The changes of the key
bond lengths and bond angles are matched with the weakened
intramolecular H-bonding. The equilibrium contributes to a
stable configuration in the S; state. Simultaneously, we opti-
mized the geometric structure of the tautomer in the S| state
which has undergone the ESIPT process, and the correspond-
ing structures are presented in Fig. 3(b). One can find that
a new intramolecular H-bonding C(2)=0(12)- - - H(29)-0(10)
is formed. The H-bonding length of C(2)=0(12)---H(29)—
0(10), 1.711 A, is shortened in the S,1 state compared to that
of the intramolecular H-bondings we have discussed above.
In the case of the DEAHB-DMSO complex, the intermolecu-
lar H-bonding S(30)=0(29)- - - H(39)-O(13) shortens in the S
state (Table 1). Upon exciting to the S; state, the excited state
proton transfer process is destroyed due to the formation of in-
termolecular H-bonding between the S(30)=0(29) bond and
the H(39)-O(13) bond. That is to say the hydrogen-bonded
DEAHB-DMSO complex cannot exhibit the ESIPT process.
It can be seen from the above data that the excited-state in-
tramolecular proton transfer should be significantly facilitated
by intramolecular H-bonding, since the proton transfer process
takes place through the intramolecular H-bonding. DMSO can
alter the intramolecular H-bonding and form intermolecular
H-bonding, thus destroying the mechanism of ESIPT.

3.4. Potential energy curves

To reveal more features of the ESIPT process of the
DEAHB monomer, the ground state and the first excited state
potential energy curves have been scanned. We optimized
the geometrical structures with only the variable parameter of
the O(13)-H(14) bond length from 0.9 A to 1.8 A in steps
of 0.1 A, and constructed the potential energy profile on the
So and S; states. It is found that the energy of the ground
state increases along with lengthening the O(13)-H(14) bond
from the optimized length about 1.0 A, which suggests that no
proton transfer occurs in the ground state. While for the first
excited state potential energy curve (i.e., tautomer form), it
reaches the stable point when the O(13)-H(14) bond is length-
ened to 1.71 A. From the results, we can also see that the en-
ergy of the tautomer form is lower than that of the normal
form in the S; state. Upon photo-excitation to the S; state
of the DEAHB monomer, the S; state potential energy curve
is almost barrierless of 0.4 kcal/mol. Therefore, this proves
that transferring the proton H(14) from O(13) to O(11) in the
DEAHB monomer overcomes a very low barrier (see Fig. 4),
suggesting that the proton transfer process proceeds easily in
the excited state. From our discussion above, it is evident that
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excited-state intramolecular H-bonding plays a very important
role in the ESIPT reaction.

100

[e]
o
T

A\

Energy /kcal-mol~!
=
IS
T

1 1 1
0.8 1.0 1.2 1.4 1.6 1.8

ESIPT coordinate/A

Fig. 4. (color online) The calculated potential energy curves of Sy and
Sj states for DEAHB monomer by the TDDFT/B3LYP/TZVP method.

3.5. IR spectra

The intramolecular H-bonding plays a significant role in
the excited state proton transfer process. Thus, the study of
H-bonding dynamics in different electronic states is the key
to understanding ESIPT. As we know, the electronic excited-
state H-bonding dynamics can be detected by spectral shift
with special vibrational modes. Figure 5 shows the calculated
infrared spectra (B3LYP/TZVP, scaling factor 0.9630[*31) of
the DEAHB monomer in the Sy state and S; state. Here, the
stretching modes of both the C=0 and O-H groups in the
DEAHB monomer are shown. As clearly shown in Fig. 5,
two sharp peaks appear in the IR spectrum of the DEAHB
It should be noted that the cal-
culated O(13)-H(14) stretching vibrational frequency is lo-

monomer in the S, state.

cated at 3193 cm~!, whereas another stronger peak centered
at 1620 cm ™! is assigned to the C(8)=0(11) stretch mode. In
the S; state (normal form), the O(13)-H(14) stretching band
is blue shifted to 3520 cm~'. Meanwhile, the C(8)=0(11)
stretching band has a red shift of 1570 cm™! in the S state rel-
ative to that in the Sy state. Based on the conclusions presented
by Zhao mentioned above,*3! the IR spectra show obviously
that, after being excited to the S; state, the intramolecular H-
bonding of the DEAHB monomer is weakened. Additionally,
the observed IR spectrum of the tautomer in the excited state
S| is different from that of the normal cluster in the ground
state and excited state. One can clearly see that the charac-
teristic peaks of Sp and S; disappear, and a new characteristic
band appears around 3047 cm™!, which is assigned as the for-
mation of O(10)-H(29). Thus, the O-H stretching vibrational
frequency shift indicates that the bond of O(13)-H(14) breaks
up and the new bond should be O(10)-H(29) forms.

2500 C=0

L — 8
0

2000k | (@)

1500}

1000 \
500 j
0

1200 (b)

IR intensity/km-mol~!
7
jus)

2100 2400 2700 3000 3300

Wave number/cm~!

- _Sl
1000
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400

IR intensity /km-mol~!

200

O—H
JAA& \
0 .A.

1500 1800 2100 2400 2700 3000 3300 3600
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0_

1800 2100 2400 2700 3000 3300

Wave number/cm™!

Fig. 5. (color online) The calculated IR spectra of DEAHB monomer
in the (a) So, (b) Sy, and (c) S| states.

3.6. Dual mechanism in DEAHB-DMSO

In order to get further insight into the effect of the in-
termolecular hydrogen bond on the ESIPT process, the flu-
orescence peaks of the DEAHB monomer and the DEAHB-
DMSO complex were further calculated. As shown in Table 2,
it can be noted that fluorescence from the ESIPT state of the
DEAHB monomer is 516 nm, which agrees with the exper-
imental result in the report of Jana et al.>*! This means the
fluorescence peak of DEAHB in the non-polar solvent comes
from the ESIPT state of the DEAHB monomer. In the experi-
ment, we found that the intensity of the fluorescence peak from
the ESIPT state is weakened, a new fluorescence at 384 nm
was observed. Our result reveals that fluorescence from the
DEAHB-DMSO complex is 408 nm, which is in good agree-
ment with the measured new fluorescence peak. We confirmed
that, when the DEAHB molecule is dissolved in the DMSO
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solvent, both the DEAHB monomer and the hydrogen bond
complex DEAHB-DMSO exist. As the intramolecular hydro-
gen bond of DEAHB is partially destroyed by DMSO, the
ESIPT process is thereby inhibited. Additionally, the new
fluorescence peak should be derived from the intermolecular
hydrogen-bonded complex DEAHB-DMSO.

4. Conclusion

In summary, the properties of intramolecular and in-
termolecular H-bonding of the DEAHB monomer and the
hydrogen-bonded DEAHB-DMSO complex have been inves-
tigated using the DFT and TDDFT methods. We found that
DMSO can partly disconnect the intramolecular H-bonding
and form the intermolecular H-bonding with DEAHB. Our re-
sults indicated that the intramolecular H-bonding interaction
is weakened while the intermolecular H-bonding interaction is
strengthened after being photo-excited to the S; state. Com-
bined with the experimental results, we demonstrated that the
fluorescence of the DEAHB monomer comes from the ESIPT
state, while the formation of intermolecular H-bonding be-
tween DEAHB and DMSO hinders the fluorescence from the
ESIPT state for DEAHB, and then induces new fluorescence
from the DEAHB-DMSO complex. The result is helpful in
developing the high performance sensor based on DEAHB.
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