
Cent. Eur. J. Phys. • 10(1) • 2012 • 116-123
DOI: 10.2478/s11534-011-0073-9Central European Journal of Physis
A theoretical forecast of the hydrogen bond changes
in the electronic excited state for BN and its derivativesResearh Artile
Dandan Wang1, Ce Hao1∗, Se Wang1, Hong Dong1, Jieshan Qiu1

1 State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian University of Technology,
Dalian 116024, Liaoning, China Reeived 07 February 2011; aepted 04 August 2011Abstrat: The relationship between electronic spectral shifts and hydrogen-bonding dynamics in electronically ex-

cited states of the hydrogen-bonded complex is put forward. Hydrogen bond strengthening will in-

duce a redshift of the corresponding electronic spectra, while hydrogen bond weakening will cause a

blueshift. Time-dependent density function theory (TDDFT) was used to study the excitation energies

in both singlet and triplet electronically excited states of Benzonitrile (BN), 4-aminobenzonitrile (ABN),

and 4-dimethylaminobenzonitrile (DMABN) in methanol solvents. Only the intermolecular hydrogen bond

C≡N· · · H-O was involved in our system. A fairly accurate forecast of the hydrogen bond changes in low-

lying electronically excited states were presented in light of a very thorough consideration of their related

electronic spectra. The deduction we used to depict the trend of the hydrogen bond changes in excited
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1. Introduction

A hydrogen bond existing between hydrogen donor and
acceptor molecules is crucial to determining the structure
and function of many organic and biological systems [1–
23]. Until now, great efforts have been made on the re-
search of the effect of hydrogen bonds in photochemistry
and photobiology, and also on the hydrogen-bonding dy-
namics that appreciably control the dynamics of hydrogen-
bonded complexes [24–39]. Recently, the relationship be-
tween electronic spectral shifts and electronic excited-

∗E-mail: haoce_dlut@126.com

state hydrogen-bonding dynamics has been illustrated by
Zhao and Han for the first time. This relation is cen-
tral to understanding hydrogen-bonding dynamics [40].
Zhao and Han, in discussing the geometric structures
of the hydrogen-bonded complex thiocoumarin-methanol
(TC-MeOH) in different electronic states, showed that the
hydrogen bond C=S· · · H-O is significantly weakened in
the electronically excited S1, S2, and T1 states. They fur-
ther showed that the electronic spectra of the thiocoumarin
(TC) chromophore are blue shifted in the S1, S2, and T1

states ascribed to the formation of the intermolecular hy-
drogen bond C=S· · · H-O. They also found that the hydro-
gen bond C=S· · · H-O in the hydrogen-bonded complex
4H-1-benzopyrane-methanol (BPT-MeOH) is strength-
ened in the electronic S2 state but weakened in the elec-116
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Figure 1. Scheme 1.

tronic S1 and T1 states. Moreover, a redshift in the S2

state and a blueshift in the S1 and T1 states of 4H-1-
benzopyrane (BPT) chromophore were observed to result
from the formation of the hydrogen bond C=S· · · H-O. The
work of Zhao and Han suggests a close connection be-
tween the electronic spectral shifts and the changes of
the hydrogen bond in electronically excited states. What
are the internal relations among the phenomena men-
tioned above? First, it is noteworthy that, with respect
to electronic spectral shifts, the excitation energy of the
hydrogen-bonded complex is compared with that of the
monomer. If the hydrogen bond is strengthened in the
electronically excited states, it will cause larger reduc-
tion of the energy level of the complex than would occur
in the ground state because of the formation of the hy-
drogen bond. Thus, the energy gap between the excited
state and the ground state is distinctly decreased com-
pared with the relevant energy gap formed in the monomer.
Consequently, the electronic spectra of the excited state
shift to red. Therefore, it can be said conclusively that
hydrogen bond strengthening can reduce the excitation
energy of a corresponding excited state and then induce
an electronic spectral redshift, Scheme 1 (Fig. 1). Simi-
larly, hydrogen bond weakening can increase the excita-
tion energy of a related excited state and result in an
electronic spectral blueshift, Scheme 2 (Fig. 2). This
summing-up has been confirmed in numerous systems,
through studying their electronic excited-state hydrogen-
bonding dynamics using both experimental and theoret-
ical methods [40–50]. For example, the electronic exci-
tation energy of the hydrogen bonded FN-MeOH com-
plex shifts to red in the S1 state compared to that of the
monomer fluorenone (FN). At the same time, the weak
intermolecular hydrogen bond C=O· · · H-O formed be-
tween FN and methanol (MeOH) becomes strong in the
S1 state relative to that in the ground state, since the
hydrogen bond binding energy increased by 14.77 kJ/mol

Figure 2. Scheme 2.

from 27.85 kJ/mol in the ground state to 42.62 kJ/mol in
the excited S1 state [41]. Through theoretical considera-
tion of the hydrogen-bonding dynamics of Coumarin 102 in
hydrogen-donating solvents, it can easily be seen that the
electronic spectra of the hydrogen-bonded dimer C102-
phenol and hydrogen-bonded trimer C102-(phenol)2 in the
low-lying electronically excited states all shift to red. Fur-
thermore, the intermolecular hydrogen bond C=O· · · H-O
formed between C102 and phenol in the ground state is
strengthened upon being electronically excited to the S1

state [42]. An unusual dihydrogen bonding, formed be-
tween two oppositely charged hydrogen atoms, has gained
great attention, and the calculations for the dihydrogen-
bonded phenol-BTMA complex were performed by Zhao
and Han. In their work, one can easily find that two di-
hydrogen bonds are formed between phenol and borane-
trimethylamine (BTMA) monomers, and all the electronic
transition energies of the dimers shift to low values com-
pared with those of the monomers. Through calculations
for both the ground and electronic S1 states, it has been
demonstrated that the two dihydrogen bonds O-H· · · H1-
B and O-H· · · H2-B are strengthened in the electronic S1

state [43]. All the previous works about the investiga-
tion of the electronic spectra motivated us to infer the
changes of the hydrogen bond in the electronically ex-
cited states from the shift of the electronic spectra. This
inference would make the study of the electronically ex-
cited state hydrogen-bonding dynamics easy and intuitive
without complicated, time-consuming calculations for op-
timizing the excited-state geometric conformation and IR
spectra. More remarkably, it would further advance the
understanding of molecular photochemistry and photobi-
ology in solution. We have been motivated to elaborate
our method of inference by specific system Benzonitrile
(BN) and its derivatives. BN and some of its derivatives
have received great attention as ideal probes of the local 117
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Figure 3. Molecular geometric conformations of BN, ABN, and
DMABN.

Figure 4. Molecular geometric conformations of the hydrogen-
bonded complexes of BN, ABN, and DMABN which are
hydrogen bonded by methanol. (p planar structure t per-
pendicular structure).

environment. The hydrogen-bonding interactions between
the nitrile groups and the protic solvents are of consider-
able interest since the vibration of the nitrile group is
basically decoupled from the other part of the molecule
and is sensitive to the formation of the hydrogen bond
[51–58]. The CN vibration of BN affected by the hydro-
gen bonding environments was investigated by Aschaffen-
burg et al. [59]. In addition, BN and its derivatives are
perfect prototypes for the investigation of intramolecular
charge transfer processes. The phenomenon of dual flu-
orescence was observed in the emission spectrum of BN
in a supersonic free jet and 4-aminobenzonitrile (ABN) in
the condensed phase, and the dual fluorescence contains

a normal fluorescence and a redshift component from the
twisted-intramolecular charge-transfer (TICT) state [60].
The charge-transfer process was characterized in ABN us-
ing ab initio electronic structure calculations. They con-
cluded that the bending of the cyano group, more than the
twisting of the amino group, accounts for the stabilization
of ABN in the charge-transfer state. [61]. A dual flu-
orescence of 4-dimethylaminobenzonitrile (DMABN) was
also experimentally detected by Lippert et al. [62]. The
DMABN was considered the paradigm for investigating
dual fluorescence behavior [62–70]. To sum up, in order
to understand the nature of BN and its derivatives in
hydrogen-donating solvents upon being electronically ex-
cited has triggered lots of study, but few works have been
carried out on the dynamics of the hydrogen bond in these
systems. Thus, in this work, the time-dependent density
function theory (TDDFT) method was performed to inves-
tigate the electronic excitation energies of BN, ABN, and
DMABN as well as their hydrogen-bonded dimers. We
mainly provide a clear forecast about the changes of hy-
drogen bond in those hydrogen-bonded complexes upon
photoexcitation.

2. Theoretical methods

Density function theory (DFT) was employed for our
ground-state geometric optimization of the isolated
monomers, and the hydrogen-bonded complexes consid-
ered here, Becke’s three-parameter hybrid exchange func-
tion with Lee-Yang-parr gradient-corrected correlation
function (B3-LYP functional), were used [71]. The triple-
ζ valence quality with one set of polarization function
(TZVP) was chosen as a basis set throughout. [72]. Fine
quadrature grid 4 were also carried out [73]. The conver-
gence thresholds for the ground-state optimization was
reset to 10−7. All the electronic structure calculations
were performed using TURBOMOLE program suite.

3. Results and discussion

3.1. Geometric conformations of the ground
state

If the pare-position of BN is substituted by the -NH2

group, one can denote the compound by ABN. Similarly,
if the two H atoms of -NH2 are replaced by two methyl
groups, it is denoted by DMABN. Figure 3 presents the
optimized geometric conformations of the isolated BN,
ABN, as well as DMABN. It is obvious that their con-
formations are similar to each other insofar as the entire118
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Table 1. The DFT/TDDFT and CC2 calculated bond length LC≡N (Å)
and the energy separations for the absorption ∆Eabs (nm)
of the isolated DMABN. The experimental results are shown
in parentheses.

S0 S1 S2

DFT CC2 TDDFT CC2 TDDFT CC2

LC≡N 1.156(1.145) 1.182 1.157 1.183 1.171 1.189

∆Eabs - - 280(269) 279 265(288) 302

C≡N group moiety is in the plane of the phenyl ring of
BN, ABN, and DMABN, respectively. In addition, the
dimethylamino group is in the plane of the phenyl ring
of DMABN. In Figure 4, the hydrogen-bonded complexes
of BN, ABN, as well as DMABN are presented to depict
the intermolecular hydrogen bonding interactions between
the nitriles and the protic solvent MeOH. Since the nitrile
group is sensitive to subtle changes of the environment,
only the hydrogen bond C≡N· · · H-O is considered here.
Two different conformations are formed between BN and
MeOH molecules: In one, the conformation with the C-O
group of the MeOH molecule is coplanar with the phenyl
moiety of the BN; the other is the out-of-plane conforma-
tion in which the C-O group of the MeOH molecule is per-
pendicular to the phenyl moiety. These conformations are
denoted by BN-MeOHp and BN-MeOHt , respectively.
Similar conformations are also formed between ABN and
MeOH. One is denoted by ABN-MeOHp, and the other
by ABN-MeOHt . We use the same expressions for the
different conformations of DMABN bonded by the MeOH
molecule: DMABN-MeOHp and DMABN-MeOHt , sep-
arately. To exhibit the reliability of our calculations in
the ground state and the excited states, some calculated
data of structure and excitation energies for the isolated
DMABN are listed in Table 1. For comparison, the calcu-
lated results at the CC2 level and the experimental results
are also shown [49, 58, 67–69]. It can easily be found that
the calculated results using DFT/TDDFT do not just co-
incide with the calculated results at higher level, but are
also in good agreement with the experimental results. One
can see, then, that our results are reliable.

3.2. Nature of low-lying excited states

As we have proposed above, the low-lying electronically-
excited states can provide lots of useful information for
understanding the nature of hydrogen-bonding dynam-
ics in electronically-excited states. So, we calculated
the electronic excitation energies and corresponding os-
cillator strengths for both the singlet and triplet ex-
cited states of the isolated BN, ABN, and DMABN, as
well as its hydrogen-bonded complexes BN-MeOHp, BN-

MeOHt , ABN-MeOHp, ABN-MeOHt , DMABN-MeOHp,
and DMABN-MeOHt using the TDDFT method. The cal-
culated results of the three systems are presented in Ta-
ble 2, Table 3, and Table 4, respectively. From Table
2, it can clearly be seen that the maximum absorption
peak of the monomer BN is located in the S2 state, and
the hydrogen-bonded complexes BN-MeOHp and BN-
MeOHt may primarily be excited to the S4, state, having
the largest oscillator strengths. Moreover, the S4 state of
the hydrogen-bonded complexes are very close in energy
to the S2 state of the monomer, thus the S4 states of both
the hydrogen-bonded complexes BN-MeOHp and BN-
MeOHt may practically localize on the BN moiety. More-
over, it is obvious that the electronic excitation energies
of the hydrogen-bonded complexes BN-MeOHp and BN-
MeOHt shift to red compared with those of the monomer
in all the low-lying singlet electronically-excited states.
That is to say, the reduction of the energy levels of the ex-
cited states induced by hydrogen bonding would be larger
than those of the ground state. So, we make a valid in-
ference that the hydrogen bond C≡N· · · H-O would be
significantly strengthened in singlet excited states. A sim-
ilar redshift takes place in the hydrogen-bonded complex
C102-phenol in the milestone investigation of early time
hydrogen-bonding dynamics by Zhao et al. [42]. From the
S1 state to the S5 state, the excitation energies of C102-
phenol are 2.126 eV, 2.931 eV, 3.123 eV, 3.385 eV, and 3.596
eV, respectively, all of which are a little lower than the cor-
responding excitation energies of monomer C102, namely
3.066 eV, 3.614 eV, 3.868 eV, 4.010 eV, and 4.379 eV, respec-
tively. [42]. At the same time, they demonstrated that the
intermolecular hydrogen bond C=O· · · H-O between C102
and phenol should be strengthened in the excited states
[42]. Besides, one can find that the electronic transition
energies of the hydrogen-bonded complexes BN-MeOHp

and BN-MeOHt are almost the same, meaning that the
twist of the C-O group of the MeOH molecule has little ef-
fect on the electronic excitation energies of the hydrogen-
bonded complexes. The triplet states are also a focus of
our attention. No distinct difference in the electronic ex-
citation energies in the T1 state can be found between
BN and its hydrogen-bonded complexes, in which the hy-
drogen bond is almost unchanged in the T1 state. But
the hydrogen bonds would evidently be strengthened in
the other triplet states inasmuch as the excitation ener-
gies of the hydrogen-bonded complexes BN-MeOHp and
BN-MeOHt in the other triplet states significantly shift
to lower values compared with those of the monomer BN.
The electronic excitation energies and corresponding os-
cillator strengths for both the singlet and triplet excited
states of the isolated ABN and its hydrogen-bonded com-
plexes ABN-MeOHp and ABN-MeOHt are listed in Table 119
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Table 2. Calculated electronic transition energies (nm) and corresponding oscillator strengths (in parentheses) for both the singlet and triplet
excited states of the isolated BN and its hydrogen-bonded complexes.

state BN BN-MeOHp BN-MeOHt

singlet triplet singlet triplet singlet triplet

1 242(0.007) 357(0.321) 300(0.004) 356(0.319) 301(0.000) 356(.0318)

2 222(0.212) 284(0.714) 250(0.000) 301(0.004) 250(0.000) 301(0.000)

3 196(0.000) 274(1.320) 243(0.010) 288(0.662) 243(0.010) 288(0.660)

4 190(0.341) 249(0.181) 222(0.244) 274(1.300) 223(0.250) 274(1.310)

5 185(0.489) 216(0.278) 215(0.000) 250(0.036) 216(0.000) 250(0.000)

6 179(0.000) 210(0.000) 202(0.000) 246(0.198) 200(0.006) 247(0.236)

7 171(0.003) 190(0.403) 192(0.000) 217(0.003) 192(0.000) 217(0.011)

8 169(0.000) 188(0.026) 189(0.334) 214(0.319) 189(0.312) 214(0.313)

9 168(0.000) 187(0.000) 188(0.003) 207(0.000) 188(0.024) 207(0.000)

10 168(0.148) 178(0.063) 184(0.568) 202(0.000) 184(0.567) 201(0.011)

3. It can easily be seen that the maximum absorption peak
of the monomer ABN is located in the S2 state. However,
the dimers ABN-MeOHp and ABN-MeOHt can both be
initially excited to the S3 state since the S3 state has
the largest oscillator strengths for both dimers. It should
be noted that the S3 state of the complexes ABN-MeOHp

and ABN-MeOHt exhibit nearly the same excitation ener-
gies as the S2 state of the monomer ABN, indicating that
the S3 state of hydrogen-bonded complexes ABN-MeOHp

and ABN-MeOHt are both locally-excited states. What
attract more of our attention follow. The excitation ener-
gies of the hydrogen-bonded complexes ABN-MeOHp and
ABN-MeOHt are a little higher than that of the monomer
in different singlet electronic states with the exception
of the S1 state. This implies that the hydrogen bond is
slightly strengthened in higher energy levels than the S1

state. However, the hydrogen bond hardly changes upon
electronic excitation to the S1 state because the calcu-
lated excitation energies of the S1 state are basically the
same for ABN, ABN-MeOHp, and ABN-MeOHt . Analysis
of the triplet states of the dimers shows that their elec-
tronic excitation energies remain unchanged due to forma-
tion of the hydrogen-bonded complexes in the T1 and T3

states. So, we can conjecture that the hydrogen bond of
the hydrogen-bonded complexes in the T1 and T3 states
hardly changed in comparison with those of the ground
triplet states. Interestingly, the electronic excitation spec-
tra in the T2 state shift to blue, induced by the hydrogen
bonding in which the hydrogen bond would be weakened
in the T2 state. For comparison, we also investigated
the nature of the electronically-excited states for DMABN
and its hydrogen-bonded complex, and presented the re-
sults in Table 4. The very strong absorption peaks of
isolated DMABN and its complexes are calculated to ap-
pear, theoretically, in the S2 state. The excitation ener-

gies of the hydrogen-bonded complexes DMABN-MeOHp
and DMABN-MeOHt in higher energy levels than the S1

state show a redshift induced by the intermolecular hy-
drogen bonding interactions, indicating that the hydro-
gen bond of DMABN-MeOHp and DMABN-MeOHt is
strengthened in high energy levels over the S1 state com-
pared with those in the ground singlet state, while no
clear change of the hydrogen bond takes place in the S1

state. In addition, from Table 3, one can also notice that
the excitation energies in the T1 and T3 states are lowered
just a little upon formation of the hydrogen-bonded com-
plexes, whereas the electronic spectra in the T2 state shift
to blue. Therefore, the hydrogen bond of the hydrogen-
bonded complex DMABN-MeOHp and DMABN-MeOHt

would be slightly strengthened in the T1 and T3 states and
slightly weakened in the T2 state. At the same time, it can
be concluded that the hydrogen bond is strengthened in
the remaining triplet states of the hydrogen-bonded com-
plexes DMABN-MeOHp and DMABN-MeOHt because
there are redshifts of the electronic spectra in the rest of
the triplet states.

4. Conclusions

The ground-state conformations of the isolated BN, ABN,
and DMABN as well as their complexes (hydrogen-
bonded by the methanol molecule) are optimized using
the DFT method, and the excitation energies in both their
singlet state and their triplet state are calculated using
the TDDFT method. It can be surmised that, if a redshift
of the electronic spectra of the hydrogen-bonded complex
can be clearly identified in comparison with that of the
monomer, then the hydrogen bond becomes stronger in
the excited state. Otherwise, if a blueshift of the electronic120
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Table 3. Calculated electronic transition energies (nm) and corresponding oscillator strengths (in parentheses) for both the singlet and triplet
excited states of the isolated ABN and its hydrogen-bonded complexes.

state ABN ABN-MeOHp ABN-MeOHt

singlet triplet singlet triplet singlet triplet

1 269(0.029) 384(0.770) 268(0.027) 385(0.807) 271(0.000) 385(0.778)

2 249(0.422) 326(0.332) 267(0.015) 323(0.320) 266(0.022) 319(0.329)

3 225(0.001) 283(0.954) 251(0.462) 283(0.913) 251(0.470) 283(0.937)

4 202(0.173) 251(0.388) 246(0.000) 267(0.001) 248(0.000) 271(0.000)

5 202(0.000) 234(0.000) 221(0.001) 254(0.382) 217(0.002) 257(0.378)

6 191(0.001) 223(0.348) 209(0.000) 246(0.001) 206(0.012) 248(0.000)

7 191(0.000) 213(0.000) 205(0.167) 230(0.000) 206(0.155) 227(0.094)

8 187(0.000) 196(0.000) 198(0.000) 222(0.364) 200(0.001) 221(0.267)

9 184(0.560) 195(0.003) 197(0.000) 218(0.000) 196(0.007) 216(0.000)

10 179(0.073) 194(0.000) 195(0.000) 200(0.004) 194(0.000) 202(0.002)

Table 4. Calculated electronic transition energies (nm) and corresponding oscillator strengths (in parentheses) for both the singlet and triplet
excited states of the isolated DMABN and its hydrogen-bonded complexes.

state DMABN DMABN-MeOHp DMABN-MeOHt

singlet triplet singlet triplet singlet triplet

1 280(0.033) 393(0.888) 279(0.030) 396(0.930) 279(0.030) 396(0.930)

2 265(0.536) 335(0.307) 269(0.536) 333(0.291) 269(0.593) 333(0.291)

3 225(0.027) 285(0.818) 264(0.057) 286(0.762) 266(0.000) 286(0761)

4 210(0.086) 253(0.396) 242(0.000) 265(0.004) 242(0.000) 266(0.000)

5 206(0.000) 233(0.300) 222(0.027) 256(0.391) 221(0.027) 256(0.391)

6 197(0.000) 229(0.054) 215(0.000) 242(0.000) 214(0.000) 242(0.000)

7 195(0.000) 216(0.000) 217(0.088) 233(0.327) 212(0.088) 233(0.332)

8 190(0.011) 204(0.026) 197(0.000) 226(0.054) 197(0.001) 226(0.054)

9 189(0.048) 201(0.003) 195(0.000) 223(0.000) 195(0.000) 222(0.000)

10 188(0.000) 200(0.463) 195(0.000) 201(0.039) 194(0.009) 201(0.039)

spectra appears due to the formation of the hydrogen bond,
then the hydrogen bond becomes weaker upon photoex-
citation. According to these conclusions, we investigated
the electronic spectra of BN, ABN, and DMABN as well
as their dimers which are bonded by the hydrogen bond
C≡N· · · H-O formed in MeOH solutions. From the elec-
tronic spectra, we obtained much information about the
monomers and the dimers in various excited states, and
depicted the changes of the hydrogen bond C≡N· · · H-
O of different hydrogen-bonded complexes. Most of them
are strengthened, some of them are almost unchanged,
and a few of them are weakened. The method of inference
we introduced to study the hydrogen-bonding dynamics
is useful, convenient and accurate. We believe that it can
be widely used in many other systems involving hydrogen
bonds.
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