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The responses of chemical systems to changes in external 
stimuli such as pressure, temperature, electrons, photons, and 
chemicals are important aspects of supramolecular chemistry, 
which has found applications in the sensor, molecular elec­
tronics, and molecular machine fields, to name a few.

Furthermore, hydrogen bonding is one of the most important 
molecular interactions in terms of these applications. Gene­
rally, the reduction of a receptor leads to the formation of a 
radical anion, which binds more strongly to substrates than 
the neutral parent molecule. We previously reported the results 
of a theoretical study1 on nitrobenzene/urea hydrogen bonding, 
in which it was found that a computational model based on 
density functional theory (DFT) produced an excellent correla­
tion with experimental data.2 Recently, Woods et al. described 
redox-switched hydrogen bonding between amide and diaryl- 
urea.3 Unlike other studies on redox-dependent hydrogen 
bonding, their system is based on oxidation rather than reduc­
tion. 1,4-dimethylpiperizine-2,3-dione (PZD), which has two 
pre-organized hydrogen acceptor atoms, can form intermole- 
cular hydrogen bonds with both urea NH’s. In the context of 
redox-switching, the dependence of strength of bonding upon 
changes in external stimuli is of great importance. We per­
formed DFT calculations on these hydrogen bonding pairs 
and correlated the results with the experimental data.

All QM calculations were performed using Jaguar v 5.5 
quantum chemistry software.4 To calculate the geometries 
and energies of various molecules, we used the B3LYP flavor 
of DFT, which includes the generalized gradient approxi­
mation and a component of the exact Hartree-Fock exchange.5-8 
Since calculations of vibration frequencies are generally 
time-consuming, 6-31G** basis set was used to optimize the 
geometry and calculate the vibration frequencies. The number

of imaginary frequencies was monitored in order to check if 
the optimized structure of each chemical species corresponds 
to true minimum. Sin이e point calculations using 6-311++G** 
basis set at the structure optimized by 6-31G** level were 
performed to check the dependence of results on the inclusion 
of diffuse functions. Implicit solvation correction (CH2Cl2) 
was taken into account using the Poisson-Boltzmann con­
tinuum model by setting the parameter & = 9.1 and solvent 
radius = 2.34 A at the B3LYP/6-31G** level.9

1-phenyl-3-(4'-N,N-dimethylaminophenyl)urea, PAU, was 
selected as the host molecule for the present study, since it 
was used in the previously reported experimental study.3 The 
relative energies of the minima in neutral and oxidized states 
(both in the gas phase and in CH2G2) are summarized in Table 
1. Since single point calculations at B3LYP/6-31++G** gave 
very similar trends as the B3LYP/6-31G** calculations, we 
only tabulated the results with single point energy corrections. 
In the neutral state, the energy differences between three 
conformers are less than 8 kJ/mol. This result was consistent 
with that of a recent gas-phase spectroscopic study on phenyl­
urea, which showed that cis (C) and trans (T) conformers 
have similar relative energies and that they are both populated 
thermally at room temperature.10 Since it was reported that 
CC form of 1,3-diphenylurea, which has folded all cis struc­
ture, is much higher in relative energy than other conformers 
to be detected at room temperature, we did not take this form 
into account.10 Oxidation of PAU leads to a radical cationic 
state, which causes the TC conformer to be less stable than the 
other conformers. Solution phase energy corrections did not 
affect our numerical results appreciably.

Table 1. Summary of B3LYP/6-311++G**//B3LYP/6-31G** calcul­
ations on PAU

△Eneut, gas

/kJ-mol-1
△Eneut, CHzCl?”

/kJ-mol-1
△Eoxid, gas
/kJ-mol-1

△Eoxid, CHzc/

/kJ-mol-1

TT 7.6 5.7 4.1 3.6
TC 0.0 0.0 24.7 25.1
CT 6.8 5.7 0.0 0.0

^Neutral state in the gas phase; ^Neutral state in CH2CZ； 'Oxidized state 
in the gas; dOxidized state in CHzCl?.
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The hydrogen bonding strengths were estimated from 
binding energy of the complex:

△Ebind — Ecomplex — EH-donor ― EH-accepter (1)

where △Ebind, Ecomplex, EH-donor, and EH -accepter are the binding 
energy, the energy of complex, the energy of hydrogen bonding 
donor (PAU), the energy of hydrogen bonding acceptor 
(PZD), respectively.

Only TT conformer of PAU can form a hydrogen-bonded 
complex with PZD. The binding energy, △Ebind is - 45.1 kJ-mol1 
relative to the TC conformer of PAU in the gas phase before 
oxidation. Solvation energy correction led to a slightly better 
binding energy of - 58.4 kJ-mol-1, and inclusion of temperature 
and entropy effects gave a marginal binding Gibbs energy of 
-6.3 kJ-mol1 in the neutral state. However, the oxidation of the 
host PAU gave much stronger hydrogen bonding, which corre­
sponded to △Ebind = -120.0 kJ-mol 1 in the gas phase. The 
inclusion of solvation energy yielded a slightly better binding 
energy of -133.7 kJ-mol-1, which is equivalent to a binding 
Gibbs energy of -76.0 kJ-mol 1 after thermal and entropy 
corrections. These binding energy values and changes are com­
parable to those observed for commonly used reduction-based 
systems1,2 as has been previously described experimentally.3

In Figure 1, we depict the structures of the hydrogen bon­
ding pair before and after oxidation of PAU. The hydrogen 
bond distance was decreased by 0.1 〜0.2 A after oxidation, 
which was also reflected by an increase in binding energy.

The TC and CT conformers of PAU can form homo- or 
hetero-dimers. TC/TC dimer is the most stable one before 
oxidation with a binding energy of △Ebind = -64.4 kJ-mol 1 (in 
CH2G2), which is comparable to the stability of the PZD/PAU 
complex. When oxidized, the most stable dimer was found to 
be the CT/CT dimer. Binding became stronger to △Ebind = 
-102.8 kJ-mol-1 (in CH2G2), which is much weaker than PZD/ 
PAU complex in the oxidized state, however.

Figure 2 shows the optimized structures of PAU dimers. 
The hydrogen bond distances were not much changed unlike 
that observed for the PZD/PAU case, which reflects a smaller 
binding energy change in the PAU dimer.

In summary, we performed DFT calculations on an amide/ 
urea system. A weak interaction was found between these 
species in the neutral state. Urea dimer formation energy is 
also comparable to that of the amide/urea complex. However, 
the oxidation of the urea into its radical cation induces a strong 
hydrogen bonding interaction with the amide guest.
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Figune 1. Optimized structures of PZD/PAU complex: a) neutral 
state and b) oxidized state.

Figure 2. Optimized structures of PAU dimer complex: a) neutral 
PAU/neutral PAU (TC/TC) and b) neutral PAU/oxidized PAU (CT/ 
CT).
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