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ABSTRACT: In the present study, (3,5-benzamide-2,4-dihydroxyphenyl)(phenyl) methanone (UV-CB) was synthesized and
investigated as an ultraviolet (UV) absorber and a bacteriostatic agent. The optimized geometry, energy levels, charges, and UV
electronic absorption bands of UV-CB in the singlet were calculated by density functional theory (DFT) calculations. The quantum
chemical method was used to investigate the geometry and natural bond orbital (NBO) parameters. And the computational studies
indicated that the intramolecular hydrogen bond (IMHB) was formed between the 2,4-dihydroxybenzophenone (UV-C) group and
the N-(hydroxymethyl)benzamide (NBA) group, which was beneficial to the stability after the combination. The results of the
minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) tests illustrated that UV-CB is a
promising antibacterial agent. The successful synthesis of UV-CB with anti-UV performance and antibacterial ability evidences that
DFT calculation is an available approach to design and analyze novel compounds.

1. INTRODUCTION
Polymer materials are widely applied in various industrial fields
due to their high stability, easy application, and low
manufacturing costs. However, polymer materials are vulnerable
to ultraviolet (UV), which results in reduced physical and
chemical properties.1−3 Polymer photodegradation limited the
intrinsic stability and service life of polymers. The application of
UV absorbers solves the UV aging problem of polymer
materials.4−6 Benzotriazoles and benzophenones are dominant
commercial UV absorbers, which have been used to protect
polymer materials from UV aging for decades. In addition to the
excellent ultraviolet absorption, high photostability is another
key property of UV absorbers. As a classical UV absorber, UV-C
has been widely used for decades; however, its photostability is
unsatisfactory.7,8 As such, the classical UV absorbers must be
dramatically improved for future applications.9 The previous
reports show that an effective approach to increase photo-
stability is to introduce more intramolecular hydrogen bonds,
which can lead to the conversion of the absorbed ultraviolet
energy into heat without chemical damage, just like benzo-
triazoles and benzophenones.10 Therefore, much effort has been
devoted to synthesizing novel UV absorbers with highly efficient

ultraviolet absorption and more IMHBs by combining different
functional groups in one molecule.11

In the natural environment, polymer materials are degraded
by both physical and biological factors.12 Microbiological
degradation is also a non-negligible adverse factor of polymer
materials because polymer materials are potential sources of
carbon and nitrogen for heterotrophic microorganisms.13−15

Polymer materials are degraded to metabolic products (H2O,
CO2, and CH4) by the enzymatic reaction of microorganisms,
leading to changes in their structure and performance.16−18 To
protect against microbiological degradation, antibacterial agents
are used to restrain the microorganisms as functional
additives.19,20 Hence, we envisioned that to combine anti-
bacterial and anti-UV abilities in one single species using a facile
one-step method might be a meaningful strategy.
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More recently, environmentally friendly natural-like anti-
bacterial agents have received extensive attention, such as
capsaicin derivatives.21 To construct a new UV absorber with
improved photostability based on UV-C, the NBA groups were
introduced under the guidance of DFT calculations in this work.
After the combination, capsaicin moiety functional groups were
observed between the UV-C and NBA parts, indicating that the
newly synthesized compound is a promising antibacterial
agent.22

Herein, a novel IMHB-rich polymer additive with anti-UV
performance and antibacterial ability has been successfully
designed and synthesized using UV-C and NBA. The electron
distribution and the active site of UV-C andNBAwere predicted
by DFT calculation. The anti-UV performance of the polymer
additive was calculated via quantum chemical calculation. The
anti-UV performance of the polymer additive was measured by
the UV absorption spectrum. The antibacterial ability of the
polymer additive was investigated by an antimicrobial test. The
antimicrobial test was utilized to investigate the antibacterial
ability of the polymer additive. The calculations showed a good
correlation between the computational studies and the
experimental data, indicating that DFT calculation is an available
strategy in the design and analysis of novel compounds.

2. MATERIALS AND METHODS
2.1. Materials and Reagents. UV-C, NBA, AlCl3, acetone,

concentrated hydrochloric acid, and anhydrous ethanol were
purchased from Guoyao (China). Agar-based solid medium and
liquid medium were obtained from Bailingwei (China).
Escherichia coli, Staphylococcus aureus, and culture medium
were kindly provided by the Ocean University of China.
2.2. Characterizations. The UV absorption spectra of the

synthetic UV absorber were recorded on a Lambda 900 UV−vis
spectrometer and using dimethyl formamide (DMF) as solvent.
Infrared spectra were recorded on a Bruker IFS-113
spectrometer (KBr pellets). 13C and 1H NMR spectroscopies
were performed on a Bruker DRX-250 spectrometer in dimethyl
sulfoxide solution. ESI mass spectra were recorded on a TQ-
8030 mass spectrometer. Elemental analysis was recorded on a
3V-EDX8600 Elementar. The bacteriostatic properties were
investigated with the MIC and MBC of E. coli and S. aureus.
2.3. Synthesis of UV-CB. The synthetic route of UV-CB is

shown in Scheme 1. AlCl3 (0.001 mol) was dissolved in acetone
(30 mL) under vigorous agitation, and then UV-C (0.01 mol)
andNBA (0.02 mol) were added, and the mixture was stirred for

50 h at 40 °C. On completion, the reaction was cooled to
ambient temperature. The precipitate was isolated by filtration,
washed with diluted hydrochloric acid, and dried in vacuum.
Immediately thereafter, the obtained powder was further
purified by recrystallization from ethanol (15 mL) and afforded
3.98 g (yield 83%) of UV-CB as a white solid. m.p. 256−257 °C;
FTIR (KBr)/cm−1: 3365, 32 784(OH), 3081(NH), 1656,
1623(C�O); 1H NMR (600 MHz, DMSO-d6)/ppm: δ 13.13
(s, 1H, O−H), 11.95 (s, 1H, O−H), 9.64 (t, J = 6.0 Hz, 1H, N−
H), 8.97 (t, J = 6.0 Hz, 1H, N−H), 7.96 (d, J = 7.2 Hz, 2H, Ar−
H), 7.78 (d, J = 7.2 Hz, 2H, Ar−H), 7.58 (d, J = 6.6 Hz, 3H, Ar−
H), 7.54 (d, J = 1.2 Hz, 2H, Ar−H), 7.50 (t, J = 7.8 Hz, 2H, Ar−
H), 7.45 (d, J = 6.0 Hz, 3H, Ar−H), 7.41 (d, J = 8.1 Hz, 2H, Ar−
H), 4.55 (d, J = 5.4 Hz, 2H, −CH2−), 4.37 (d, J = 6.0 Hz, 2H,
−CH2−); 13C NMR (150 MHz, DMSO-d6): 199.8, 169.6,
167.4, 163.2, 162.1, 138.0, 134.5, 133.3, 132.9, 132.5, 132.0,
131.8, 129.1, 128.9, 128.8, 128.7, 128.1, 127.6, 118.9, 112.9,
111.6, 38.4, 33.2; mass (ESI) found m/z: 481.1775; element
analysis: found (%): C, 72.50, H, 5.01, N, 5.86; calcd (%): C,
72.45, H, 5.08, N, 5.82.
2.4. Calculations. In this work, by allowing the relaxation of

all of the parameters, the calculation has been found to converge
to an optimized geometry at the M062X/6-311G(d) level, as
revealed by the absence of imaginary values in the calculated
wavenumbers of all of the vibrational modes. The electronic
transition energies, electronic transition orbital, and molecular
electrostatic potential (MEP) were calculated by the M062X/6-
311++G(d,p) method.23 The cluster model and the self-
consistent isodensity polarizable continuum model (SCI-
PCM) were used to explain the UV absorption spectra of UV-
CB in DMF solution at the M062X/6-311++G(d,p) level. For
the weak interaction energy analysis, second-order Moller−
Plesset theory (MP2) is more reliable than density functional
theory. In this work, MP2 was used to investigate the IMHB
interaction of UV-CB based on the M062X/6-311G(d) level
optimized structure.24−26 The calculations in this work were
implemented in the Gaussian09 package.
2.5. Antimicrobial Activity Test. A solution of the UV-CB

in acetone (1.0 mL, 6.0 mg/mL) was mixed with liquid medium
(2.0 mL). Then, the mixture was diluted by the serial double
dilution method to obtain gradient concentrations of exper-
imental solution (2.0, 1.0, 0.5, 0.25, 0.125, 0.0625, 0.0313,
0.0157 mg/mL). The bacterial suspension (200 μL) was added
to the experimental solution with 24 h of culture at 37 °C. The
bacterial solution with UV-C was used to carry out control

Scheme 1. Synthetic Route of UV-CB
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experiments. The lowest concentrations of UV-CB that achieved
a 99% decrease on the plates after 48 h of incubation at 37 °C
were recorded as the minimum bactericidal concentrations
(MBCs). TheMICs andMBCs were determined from the curve
of concentration versus OD600.27,28

3. RESULTS AND DISCUSSION
3.1. Theory-Guided Design. The Friedel−Crafts reaction

is an effective method to incorporate functional groups with
aromatic rings. According to Markovnikov’s rule, the electron-
rich atoms are most likely to be attacked by electrophilic
substituents.29,30 In this fashion, analyzing the electron
distribution of the substituted aromatic compound is a
promising method to predict the molecular structure. Figure 1

shows the optimized geometry of UV-C. The corresponding
electron distribution calculated by NBO is summarized in Table
1. It is obvious that the electron-rich atoms C1 and C2 have a
similar natural charge and natural population. As a consequence,
C1 and C2 positions are readily attacked by substituents to form
bis-substituted compounds.
The optimized structure of the UV-CB has two IMHBs, as

shown in Figure 2, in which one is in the UV-C group (bond
length: 1.588 Å) and another is formed by UV-C and NBA
groups (bond length: 1.655 Å). As an effective method of
spectral data analysis, quantum chemistry calculations are in
good agreement with the experimental spectra.31 The cluster
model and the self-consistent isodensity polarizable continuum
model were used to calculate the UV−vis absorption spectrum
of UV-CB in DMF, as shown in Figure 3; the obtained results
reveal that the UV-CB structure has two strong UV absorption
bands with the maximum molar absorption coefficient of 12950
and 15480 L/mol·cm. Therefore, the quantum chemistry
calculations can predict that the new synthesized UV-CB is an
effective ultraviolet absorber.
3.2. Absorption Spectrum. The pivotal calculation results

of NBO are listed in Table 2. By contrast, oscillator strengths ( f)
of 0.2256 and 0.2969 with the transition orbitals of 126 → 127
and 125 → 127 are plainly stronger, contributing to the two
salient absorption bands located at 335 and 299 nm. As shown in
Table 2 and Figure 4, the electronic transition bands of the UV-
CB calculated by DFT show unexceptionable consistency with
the experimental spectra.

Figure 5 shows the orbitals (125, 126, and 127) associated
with the S0 → S1 and S0 → S4 electronic transitions, indicating
that orbitals 125 (HOMO − 1), 126 (HOMO), and 127
(LUMO) are π orbitals. For orbital 125, the electronic clouds
are localized at one of the NBA groups, the electronic clouds of
orbital 126 are localized at the UV-C group and one of the NBA
groups, and the electronic clouds of orbital 127 are distributed
only at the UV-C group. According to the calculation results, the
distinct UV absorption peaks at 344 nm and 297 nm belong to
the π → π* transition.11 Obviously, the S0 → S1 (126 → 127)
and S0 → S4 (125 → 127) transitions are the processes of
electron cloud transfer fromNBA groups to the UV-C group. As
shown in Figure 5, although the NBA groups contribute to the
electronic transitions, the limited involvement results in the
negligible distinction between the UV absorption spectra of UV-
C and UV-CB.
3.3. IMHB Interaction and Molecular Electrostatic

Potential. The parameters calculated based on Figure 2
illustrate that there are two IMHBs in the UV-CB, which can
be verified by NBO calculations, as shown in Table 3. Therefore,
the strength of the IMHBs can be determined by the amount of

Figure 1. S0-optimized structure of UV-C at theM062X/6-311++G(d)
level (red: O atom, white: H atom, gray: C atom).

Table 1. Natural Charge and Natural Population of UV-C Calculated from M062X/6-311++G(d)a

atom C1 C2 C3 C4 C5 C6 C7 C8
natural charge (e) −0.383 −0.323 −0.176 −0.221 −0.232 −0.221 −0.235 −0.192

aThe number of carbon atoms is labeled in Figure 1.

Figure 2. S0-optimized structure of UV-CB at the M062X/6-311+
+G(d) level. Bond length in Å, red: O atom, blue: N atom, white: H
atom, gray: C atom.

Figure 3. Absorption spectra of UV-CB at theM062X/6-311++G(d,p)
level.
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charge transfer. The values of NBO second-order interaction
energies ΔEij

(2) are a significant indicator to estimate the
interaction strength of IMHBs.26 ΔEij

(2) is calculated as

E
F

( )ij
i j

i j

(2)
2

=
| | | |

NBO calculations indicate that the sum ΔEij
(2) of O−H···O

generated by the UV-C part and the NBA part is 30.19 kcal/mol,
while that of O−H···O in the UV-C part is 43.69 kcal/mol,
indicating that IMHB in the UV-C part is much stronger.
Molecular electrostatic potential (MEP) closely correlates

with electron density distribution and is a very useful descriptor
for revealing preferential sites of electrostatically dominated
noncovalent interactions. The MEP plot provides a clear
description of the electronic nature of the UV-CB, as shown
in Figure 6, while the blue and red regions correspond to the

most negative and positive MEP on the UV-CB surface,
respectively. Additionally, in Figure 6, the significant surface
local maxima and minima of MEP are represented as orange and
cyan, respectively. It can be seen that the oxygen atom belonging
to OH leads to a MEP minima, while the global surface
maximum is found around the NH group.
3.4. Antimicrobial Activity. E. coli and S. aureus were used

as the model bacteria to evaluate the antimicrobial activity of

Table 2. Transition States, Character, Transition Orbitals, Electronic Transition Energies, and Oscillator Strengths ( f) for UV-
CB Calculated from M062X/6-311++G(d,p)

transition energy (eV)

transition state character transition orbitals calc. expt. oscillator strength ( f)

S0 → S1 1(π, π*) 126 → 127 (0.71) 4.23 (337 nm) 344 nm 0.2256
S0 → S2 1(π, π*) 126 → 128 (0.49) 4.01 (314 nm) 0.0019
S0 → S3 1(π, π*) 126 → 128 (0.41) 3.99 (312 nm) 0.0005
S0 → S4 1(π, π*) 125 → 127 (0.66) 4.61 (299 nm) 297 nm 0.2969
S0 → S5 1(π, π*) 125 → 128 (0.73) 4.86 (289 nm) 0.0537
S0 → S6 1(π, π*) 126 → 129 (0.45) 4.89 (283 nm) 0.0069
S0 → S7 1(π, π*) 124 → 127 (0.61) 4.92 (281 nm) 0.0199

Figure 4. UV−vis absorption spectra of UV-C and UV-CB in 2 × 10−5

M DMF.

Figure 5. Molecular orbitals (125, 126, and 127) for the strong
absorption bands of UV-CB above the 275 nm region at the M062X/6-
311++G(d,p) level.

Table 3. Structural Parameters and NBO Analysis for IMHB in UV-CB at the M062X/6-311++G(d,p) Level

NBOa

IMHB r(O−H), Å r(O−H···O), Å ∠(O−H···O), deg ϕi ϕj ΔEij
(2)

O−H···Ob 1.004 2.517 141.7 O σ*O−H 30.19
O−H···Oc 0.997 2.661 148.6 O σ*O−H 41.69

aNBO donor orbitals ϕi; acceptor orbitals ϕi, and their corresponding second-order interaction energies ΔEij
(2) in kcal/mol. bO−H···O formed

between the UV-C group and one of the NBA groups. cO−H···O in the UV-C group.

Figure 6.Molecular electrostatic potential of UV-CB at the M062X/6-
311++G(d,p) level.
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UV-CB, while UV-C was tested as a reference. The MIC and
MBC values, listed in Table 4, show that their activities against

tested microorganisms are different. Both the MIC and MBC
values of UV-CB for S. aureus decreased by nearly 50%
compared with E. coli, indicating that UV-CB was more active
against S. aureus. UV-CB exhibited remarkable antimicrobial
performance compared withUV-C, indicating that antimicrobial
functional groups were newly formed after the combination.
These results afford the ground information for the potential use
of UV-CB as an efficient bacteriostatic agent with favorableMIC
and MBC values.

4. CONCLUSIONS
In summary, a novel UV absorber with antimicrobial ability
based on quantum chemistry has been successfully fabricated.
After rigorous calculation and analysis, a conclusion is drawn
that the maximum absorption peaks of UV-CB are derived from
the electronic transition bands of S0 → S1 and S0 → S4. The UV
absorption spectrum calculated by TD-DFT manifests excellent
agreement with the experimental data. The results of the present
study demonstrate the UV-CB with both high antimicrobial
activity and remarkable UV-absorbing ability, confirming that
the quantum chemistry calculation can provide guidance for the
synthesis of new compounds.
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