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Abstract

The first-principles calculation was performed to study the hydrogen bond in
camphorsulfonic (CSA) acid-doped polyaniline system. The density functional theory
(DFT) method was used to calculate the ground-state geometric structure optimization.
Meanwhile, the electronic excitation energies and corresponding oscillation strengths
of the low-lying electronically excited states were investigated by time-dependent
density functional theory (TDDFT) method. In the acid-doped system, the S=O.--H-N
type intermolecular hydrogen bonds were formed. The band lengths at the hydrogen
bond formation point were elongated, and the stronger hydrogen-bond interaction
cause the longer bond stretching. The DPA-DMSO was photoexcited to S2 state
which possessed the largest oscillator strength, and the ICPA-DMSO was
photoexcited to the S3 state in the similar way. In addition, we also discussed the
frontier molecular orbitals and the electron density transition.
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1. Introduction

The solute solvent interactions play an important role in molecular
nonequilibrium process and have been a key point of solution chemistry.l'5
Intermolecular hydrogen bonding, as the interaction between hydrogen donor and

acceptor molecules, is an important type of site-specific solute-solvent interaction.®’

Furthermore, the hydrogen bonding interaction also makes a contribution to the
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understanding of microscopic structure and function in many molecular systems.* In
the last few years, as scientists have recognized the importance of hydrogen bonding
in the physics, chemistry and biology fields, they used a variety of experimental and
theoretical methods to investigate the hydrogen bond (H-band) between molecules.
Thus, the hydrogen bonding has been studied extensively which has a effect on the
structures, electronic properties and dynamics of many important molecular
systems.'*? Based on the preceding research for electronic ground-state properties of
intermolecular hydrogen bonding, the investigation of H-band in the electronically
excited states should be carried out significantly.

The charge distribution of H-band will be changed in the different electronic
excited states by photoexcitation. The changing process is known as the electronic
excited-state hydrogen bonding dynamics, and it always occurs on ultrafast time
scales mainly set by vibrational motions of hydrogen donor and acceptor groups.'>'*
The phenomenon that electronic spectral shifts are significantly associated with
electronic excited-state hydrogen-bonding dynamics has been described clearly by
Zhao and Han.""'" The relationship between the hydrogen-bonding dynamics and
electronic spectra is that hydrogen bond strengthening will make the relative
electronic spectra shift to red. Conversely, hydrogen bond weakening can cause the
electronic spectra blueshift (shown as Fig. 1). In recent years, more and more
attentions have been paid to the hydrogen-bonding dynamics for the reason that
significant strengthening or weakening of hydrogen bond in the electronically excited
states is tightly associated with many photochemical, photophysical and
photobiological phenomena such as fluorescence quenching and photo-induced
electron transfer, '*"

Polyaniline (PANi) with unique conducting and optical property remains one of

the most intensely studied conjugated polymers.zo’21

Despite its long history, the
interest shown in PANi has continued to increase in recent years.”” This is partly due
to its high chemical and environmental stability, the simple and cheap preparation

process, and amazing electrical conductivity shown by its salt. The early studies of

PANi were mostly focused on the synthesis experiment and the performance analysis
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as well as the H-band interaction. Nowadays more and more theoretical methods were
used to investigate the structure and energetics of various aspects of PANi.”?® Further
more, most of recent papers have applied DFT methods to the study of PANi and
concluded that these methods are suitable for the modeling. For instance, the doping

2729 and the theoretical

process of PANi has been investigated using DFT methods,
calculation of hydrogen bonding in PANi has been carried out as well, #3 and the
investigations were mainly focused on the structural and electronic influences on the
hydrogen bonding complexes. However, as far as we know, there are few
investigations about the hydrogen-bonding dynamics of hydrogen-bonded PANi acid
complexes in electronically excited states. Hence, the study of hydrogen-bonding
dynamics in electronically excited states of PANi acid complexes is important.

Based on the above, in this paper, the ground-state geometric structures of
hydrogen-bonded complexes were optimized. Furthermore, the electronic excitation
energies and the corresponding oscillation strengths of the configurations in their

low-lying electronically excited states were calculated. In addition, the electron

density transition and the frontier molecular orbitals (MOs) were also analyzed.

2. Model and Method

Because the complexes of PANi and CSA contain too many atoms to be modeled
by DFT method effectively, we have to choose a series of smaller molecule models to
represent the most important functional groups and interactions presented in the PANi
and CSA structure. And the selected model compounds have been proven to be
reasonable by Joel. The Ph,NH (DPA) and (4-iminocyclohexa-2, 5-dienylidene)
phenylamine cation (ICPA) are used to model the distinct amine and iminium nitrogen
cation environments in ES respectively, while CSA is modeled by dimethylsulfoxide
(DMSO), and the H-bond can be formed between the S=O group of DMSO and the
H-N groups of DPA as well as ICPA monomers, which are denoted as DPA-DMSO
and ICPA-DMSO hydrogen-bonded complexes respectively. The chemical structures

of the monomers as well as the hydrogen-bonded complexes are shown in Fig. 2.



Physical Chemistry Chemical Physics

All the electronic structure calculations were carried out using the Gaussian 09
program suite. The ground-state geometric optimization of the isolated DPA, ICPA
and DMSO monomers as well as the hydrogen-bonded DPA-DMSO and
ICPA-DMSO complexes considered here were carried out using DFT with the B3LYP
hybrid functional. The electronic transition energies and corresponding oscillation
strengths of all the hydrogen-bonded complexes in their low-lying electronically
excited states were calculated using TDDFT with the B3LYP hybrid functional

method. The 6-31G+(d, p) was chosen as basis set throughout the whole process.

3. Results and Discussion

3.1. Equilibrium geometries of the ground state

As we know, the H-bond is the bond between electron-deficient hydrogen and a
region of high electron density. The most common H-bond is the X-H-*Y type, where
X and Y are electronegative elements and Y possesses one or more lone electron pairs.
The N-H group of DPA and ICPA as well as the S=O group of DMSO are the possible
sites that are responsible for hydrogen bond formation between DPA/ICPA and
DMSO monomers. Thus, the possible conformations of the hydrogen-bonded
DPA-DMSO and ICPA-DMSO complexes are investigated. The equilibrium
geometries of the hydrogen-bonded DPA-DMSO and ICPA-DMSO complexes as well
as the involved monomers in ground state are shown in Fig. 3, and the important
structure parameters are collected in Table 1. The bond lengths of C6-N1 and C8=N1
groups in the DPA-DMSO or ICPA-DMSO hydrogen-bonded complexes are all
shortened compared with their lengths in the DPA and ICPA monomers. The C8=N1
possess relative small bond length value both in ICPA monomer and ICPA-DMSO
complexes, which is responsible for the double bond character. The bond lengths of
C13-S1 and C14-S1 groups in the hydrogen-bonded complexes show the shortened
tendency compared with their lengths in the DMSO monomer. The valence angle of
C6-N1-C8 in the DPA-DMSO and ICPA-DMSO complexes are 129.1043°
128.1074° respectively, which are all decreased compared with their value in the

monomers, but the valence angle of C13-S1-C14 shows the opposite character that it
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is increased in the complexes. As shown in Fig. 3, the intermolecular hydrogen bonds
OI-HI1 between H and O atoms can be clearly seen in DPA-DMSO and
ICPA-DMSO hydrogen-bonded complexes. The lengths of the H-bond
S1=01---H11-N1 in DPA-DMSO and ICPA-DMSO complexes are 1.9680 A and
1.6482A respectively, and the shorter H-bond in ICPA-DMSO complex will show
relative stronger hydrogen-bond interaction. There is an obvious phenomenon that the
bond lengths of H11-N1 and S1-O1 in the complexes are all elongated simultaneously,
and the stronger hydrogen-bond interaction causes much more obvious stretch. In
other words, when the atoms are involved in the formation of the hydrogen bond the
bands connected by these atoms will be elongated.
3.2. Nature of low-lying excited states

It is necessary to understand the nature of the low-lying electronically excited
states before the discussion of excited states for DPA/ICPA monomers and their
hydrogen-bonded complexes. We calculated the electronic excitation energies and the
oscillation strengths of the DPA-DMSO, ICPA-DMSO hydrogen-bonded complexes
as well as the isolated DPA, ICPA monomers using the TDDFT method. The results
are collected in Table 2. The oscillator strength is a dimensionless quantity to express
the strength of the transition. The S2 state of the hydrogen-bonded DPA-DMSO
complex possesses the largest oscillator strength. As a result, the DPA-DMSO
complex will be photoexcited to the S2 state directly. It is obvious that the S1-S8
states electronic excitation energies of the DPA-DMSO complex are lower compared
with the correspond states of the DPA monomer. We can draw the conclusion that the
intermolecular hydrogen bonding S1=01---H11-N1 is strengthened for the S1-S8
states of the DPA-DMSO complex and can induce a redshift. In ICPA-DMSO
complex, all the electronic excitation energies of the calculated excited states except
for the S1-S3 states are under those of the ICPA monomer, therefore, the hydrogen
bond S1=01---H11-N1 in the ICPA-DMSO complex is strengthened for the S4-S8
states and will bring a redshift. On the contrary, the electronic spectra of the S1-S3
states are shifted towards blue due to the weakened hydrogen bond. Furthermore, the

ICPA-DMSO hydrogen complex maybe primarily excited to the S3 state on account
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of its largest oscillator strength.
3.3. Infrared spectra and vibration model

The infrared spectra and vibration model of the isolated DPA, ICPA monomers
as well as the hydrogen-bonded DPA-DMSO, ICPA-DMSO complexes are calculated
as shown in Fig. 4. The study is focused on the spectra and vibration of N-H bands in
the monomers and the complexes. From Fig. 4(a), it’s easy to see that the presence of
N-H absorption peak at 3635 cm” in DPA monomer shifts to 3475cm™ in
DPA-DMSO complex, and the intensity of the vibration is enhanced in the complex.
From Fig. 4(b), we can draw the quite similar conclusion that the N-H absorption
peak of ICPA-DMSO complex is also enhanced and shifts to 2895cm™ from 3542cm™
compared with ICPA monomer. The vibration model of the isolated monomers and the
hydrogen-bonded complexes are simulated as shown in Fig. 4(c,d), and it’s obvious
that the N-H band is off-plane swing vibration in DPA monomer but is in-plane
stretching vibration in DPA-DMSO complex. At the same time, the N-H band is
in-plane stretching vibration in both ICPA monomer and ICPA-DMSO complex.

3.4. Frontier Molecular Orbitals (MOs)

The analysis of MOs will contribute to further understanding for the nature of the
excited states. As mentioned before, our discussion has been focused on the S2 state
of hydrogen-bonded DPA-DMSO complex and the S3 state of I[CPA-DMSO hydrogen
complex. The two states of the DPA-DMSO and ICPA-DMSO complexes are
associated with the HOMO and LUMO orbitals. The frontier molecular orbitals of the
DPA-DMSO and ICPA-DMSO complexes as well as the DPA and ICPA monomers
are shown in Fig. 5, and only the HOMO and LUMO orbitals are presented. From the
MOs of DPA-DMSO, it’s easy to see that the HOMO orbital possessed the 7 character,
and the LUMO orbital showed the n” character. As a result, from HOMO to LUMO
will be a t-n” transition. It is obvious that in the MOs of ICPA-DMSO, the electron
density is focused on benzenoid ring in HOMO orbital, whereas the quinoid ring in
LUMO orbital possesses more electron density, and the electron density transfers
from benzenoid ring to quinoid ring during the HOMO to LUMO orbital transition. In

addition, it’s obvious that the electronic densities of the complex orbitals are mainly
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distributed on the DPA and ICPA chain. Therefore, for the hydrogen-bonded
DPA-DMSO and ICPA-DMSO complexes, only the electrons of the DPA and ICPA
monomers are excited in these states, whereas the DMSO monomer remains in its

electronic ground state.

4. Conclusions

In conclusion, there were two possible hydrogen bond interactions between
DPA/ICPA and DMSO monomers, and the geometric structures were affected by the
formation of hydrogen bond, especially the H11-N1 and S1-O1 bonds involved in
forming the hydrogen bond, and the stronger hydrogen-bond interaction caused the
more obvious band stretch. According to the result of comparing oscillator strength,
the DPA-DMSO and ICPA-DMSO complexes were excited to S2 and S3 states
respectively. The hydrogen-bond interaction brought the significant redshift of N-H
band in the complexes, and the vibration models were also affected by hydrogen-bond
formation, especially the N-H band. The S2 state of DPA-DMSO was due to a distinct
n-1 " feature, meanwhile there was obvious intramolecular electron density transfer in
ICPA-DMSO during the orbital transition from HOMO to LUMO, and the hydrogen
bonds were strongly influenced by the charge redistribution which was involved in the
orbital transition. Moreover, we noted the phenomenon that only the DPA and ICPA

molecules were excited in these states, and the DMSO was stayed in its ground state.
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Tables
Table 1. The bond lengths (A) and bond angles (°) for the isolated monomers and the

hydrogen-bonded complexes in their ground states.

DPA ICPA DMSO DPA-DMSO ICPA-DMSO
C6-N1 1.4004 1.4305 - 1.3964 1.4264
C8-N1 1.4004 1.3293 - 1.3959 1.3220
H11-N1 1.0092 1.0175 - 1.0189 1.0532
Ol1-H11 - - - 1.9680 1.6482
C13-S1 - - 1.8363 1.8317 1.8214
C14-S1 - - 1.8363 1.8304 1.8222
S1-01 - - 1.5190 1.5297 1.5499
C13-S1-C14 - - 96.4773 97.2521 98.5812

C6-N1-C8 129.6500 129.7435 - 129.1043 128.1074
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Table 2. The electronic transition energies (eV) and corresponding oscillation

strengths (in parentheses) of the isolated monomers and the hydrogen-bonded

Physical Chemistry Chemical Physics

complexes for the low-lying electronically excited states (R: redshift; B: blueshift).

DPA ICPA DPA-DMSO ICPA-DMSO
4.1873(0.1055)  2.5555(0.0013)  4.0217(0.0171)R  2.6974(0.0348)B

SU o Hosrt1529) H-1->L(70%) H->L+2(46%) H-1->L(57%)
gy  4239502917)  2.698503109)  4.1455(02684)R  2.8581(0.0053)B
H->L (51%) H->L (52%) H->L (56%) H-2->L (68%)

g3 43224002100 28636(0.0321)  42196(0.1258)R  2.9004(0.2292)B
H->L+2(52%) H-2->L(52%) H->L+1(41%) H->L (50%)

gq  A98200964)  3.6241(00099)  428380.021DR  3.0435(0.0713R
H->L+3(68%) H-4->L (52%) H->L+3(57%) H-3->L (61%)

g5 S0717(00399)  43498(04518)  430150.0270R  3.6249(0.008HR
H->L+5(70%) H-3->L (54%) H->L+3(59%) H-4->L (58%)

g 077800003 50512000125)  45006(0.0507R  3.6881(0.0055)R
H->L+4(66%) H->L+1(52%) H->L+4(69%) H-6->L (45%)
5.2354(0.0064)  5.0821(0.0032)  4.7581(0.0292)R  4.3890(0.4694)R

ST H->L+6(63%) H-5->L (52%) H->L+6(64%) H-6->L (46%)
gg  OFSTO0097)  522260.0043)  47828(0.0004R  5.1311(0.0013)R

H->L+7(69%)

H-6->L+1(52%)

H->L+5(62%)

H-8->L (48%)

Captions for Figures

Figure 1. The schematic diagram of electronic spectral redshift and blueshift induced

by the excited state hydrogen bonding dynamics.

Figure 2. The chemical structures of the monomers and the hydrogen-bonded

complexes. The dotted lines represent the intermolecular hydrogen bonds.

Figure 3. The geometric structures of monomers and the hydrogen-bonded complexes.

The dotted lines represent the intermolecular hydrogen bonds.
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Figure 4. The infrared spectra and vibration model of the isolated DPA, ICPA
monomers and the hydrogen-bonded DPA-DMSO, ICPA-DMSO complexes.

(a) infrared spectra of DPA and DPA-DMSO; (b) infrared spectra of ICPA and
ICPA-DMSO; (c) vibration model of DPA and DPA-DMSO; (d) vibration model of
ICPA and ICPA-DMSO.

Figure 5. Frontier molecular orbitals (MOs) of the hydrogen-bonded
DPA-DMSO and ICPA-DMSO complexes. The MOs of the isolated DPA and ICPA

are also shown for comparation.
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