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Regulation of luminescence band and exploration of
antibacterial activity of a nanohybrid composed of
fluorophore-phenothiazine nanoribbons dispersed with
Ag nanoparticlest
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A D-m-A type phenothiazine derivative 4-((E)-2-(10-ethyl-10H-phenothiazin-3-yl)-vinyl)-benzaldehyde
(abbreviated as L) was designed, synthesized and characterized by single crystal X-ray diffraction
analysis. Dispersion-corrected theoretical calculation revealed that L molecules tend to grow along a 1-
dimensional (1-D) orientation. Further, L was used to prepare nanohybrids consisting of silver
nanoparticles (NPs) dispersed on L nanoribbons. L molecules coupled with Ag NPs through S atoms,
which brought about a significant blue-shift of the fluorescence (FL) and an obvious increase of FL
lifetime. Through fluorescence microscopy, the spectral change was used as a wavelength-based
biodetection tool to study the possible mechanism for an enhanced inhibitory effect of L-Ag
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1 Introduction

Over the past few years, increasing attention has been devoted
to understanding the interactions between organic and metallic
components in organic-metal nanohybrids,* which can greatly
improve the overall application performance of the nano-
hybrids, combine different properties into one material (such as
electronic, magnetic, optical properties, and so on), and bring
about new physical and/or biological properties.”> Moreover, it
has long been known that the structures at the organic-metal
interface have some important influence on the properties of
the nanohybrid. As a consequence, the molecular mechanisms
in nanohybrids are important for understanding the functions
of these materials and for the rational design of a functional
nanohybrid. However, to the best of our knowledge, little
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nanohybrids on both gram-negative bacterium Escherichia coli and gram-positive bacterium
Staphylococcus aureus compared to either pure Ag NPs or pure L.

research has been carried out about the factor in previous
literature due to the lack of interface structure.

Silver NPs have been widely studied in a number of appli-
cations such as catalysis,® photocatalysis,* sensing,® surface
enhanced Raman scattering (SERS)® and biomedical fields.’
Silver in low concentration is nontoxic to human cells. Since
ancient times, silver has been extensively employed to control
spoilage and fight infections. In recent years, the antibacterial
and antiviral actions of Ag NPs have been thoroughly investi-
gated.® Moreover, the physical, chemical, and biological prop-
erties of Ag NPs can be designed and tuned by changing the
size, shape and surface agents. Thiols, carboxylates, amides,
imidazoles, indoles, hydroxyls and DNA oligonucleotides® are
common organic compounds utilised to prepare Ag-based
nanostructures, among which the interactions between Ag and
S atoms are very strong, and as a consequence Ag/thiol nano-
structures are widely investigated.'®

Phenothiazine derivatives, which involve S atoms in the
structure, bear a rigid conjugated plane and exhibit good hole
and electron transporting properties. In many cases, phenothia-
zine groups can be employed as electron-donors, and can be used
to prepare D-t-A type molecules (D = donor, A = acceptor)
through linkage with an electron-acceptor group, which are
regarded as ideal candidates for red emitting and nonlinear
optical materials."* Furthermore, phenothiazine and its deriva-
tives were traditionally used as antibacterial drugs and have a
wide range of applications in the bacteriostatic field.'* Recently,
our group™ has synthesized a number of phenothiazine
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Scheme 1 Synthesis route of the target compound L.

derivatives with linear and nonlinear optical properties. In this
study, we were interested in preparing nanohybrids from
phenothiazine derivatives and silver NPs to achieve new optical
and/or biological materials in which the two components could
act synergistically'* and adjust the properties.

Considering all the aspects above, a phenothiazine deriva-
tive, L, was designed and synthesized, in which the phenothi-
azine and benzene groups were employed as an electron-donor
unit and the aldehyde group as an electron-acceptor unit.
Therefore, phenothiazine, benzene groups and aldehyde units
were linked by vinyl bonds to form a D-m-A type molecule
(Scheme 1). Then, it was coupled with Ag NPs through a simple
process at room temperature to get an L-Ag nanohybrid, which
consisted of Ag NPs dispersed on the surface of L nanoribbons.
The coupling effect between L and Ag components and the
interface structure of the L-Ag nanohybrid were studied
through NMR and Raman techniques. The energy transfer in
the nanohybrid was studied from blue-shifted fluorescence and
increased FL lifetime. The coupling effect between the two
components also resulted in an obvious improvement of the
antibacterial activity against both gram-negative bacterium
Escherichia coli and gram-positive bacterium Staphylococcus
aureus. The antibacterial activity of the L-Ag nanohybrid was
superior to either pure L or pure Ag NPs. Through fluorescence
microscopy, the blue-shifted fluorescence was used as a wave-
length-based biodetection tool to study the possible mechanism
for the enhanced inhibitory effect.

2 Experimental section
2.1 Preparation of L

The preparation of intermediates 1 and 2 is shown in the ESL}
After their preparation, terephthalaldehyde (0.08 g, 0.6 mmol)
was dissolved in EtOH (20 mL) and added dropwise into inter-
mediate 2 (0.32 g, 0.5 mmol)-EtOH (20 mL) solution. The above
mixture was stirred overnight at room temperature and moni-
tored by TLC to ensure complete reaction. Then, ethanol was
evaporated, the residue was dissolved in 300 mL CH,CIl, and
washed three times with distilled water, and then dried over
anhydrous magnesium sulfate overnight. The solvent was
removed with a rotary evaporator. The residue was purified by
column chromatography on silica gel with petroleum ether-ethyl
acetate (50 : 1) as an eluent to get target compound L (0.14 g) in
80.4% yield. "H NMR (400 MHz, d,-DMSO): 6 (ppm) 9.97 (s, 1H);
7.89 (d, 2H,J = 8.0 Hz); 7.77 (d, 2H, ] = 8.4 Hz); 7.47-7.45 (m, 2H);
7.38 (d, 1H, J = 16.4 Hz); 7.25 (d, 1H, J = 16.4 Hz); 7.21 (t, 1H,
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J=8.0Hz);7.15 (d, 1H,J = 7.6 Hz); 7.03 (d, 2H, ] = 8.0 Hz); 6.95 (t,
1H, J = 7.2 Hz); 3.94 (m, 2H (CH,)); 1.31 (t, 3H (CH3)). '*C NMR
(100 MHz): 6 (ppm) 192.77, 144.19, 143.89, 135.22, 131.46, 131.23,
130.49, 128.21, 127.53, 127.38, 127.18, 125.99, 125.35, 122.67,
123.07,123.57, 115.98, 41.72, 13.05. FT-IR (KBr cm ™ '): 3054, 2925
(m), 1688 (m), 1593 (s), 1440 (s), 1188 (s), 714 (s).

Light yellow crystals of L suitable for X-ray diffraction were
obtained by slow evaporation of L-DMF solution at room
temperature for about 10 months.

2.2 Preparation of L-Ag nanohybrid

L-DMF solution (200 pL of 0.05 mol L™ ") was injected into 5 mL
of high-purity water solution of AgNO; (1.70 mg, 0.01 mmol)
under stirring. The mixture was stirred for 10 min and then left
undisturbed for 12 h at room temperature for stabilization.
During the process, the transparent solution gradually changes
from light yellow to brown. The precipitate was centrifuged,
washed with distilled water several times to remove excess
inorganic salts and DMF, then dispersed into high-purity water,
and the above solution was used for characterization and
analysis.

Comparative experiments were also carried out. Pure Ag NPs
were prepared according to the corresponding similar process
in the absence of L. Pure L nanostructures were fabricated
without inorganic salts. For preparing pure Ag NPs, AgNOj;
(1.70 mg, 0.01 mmol) was added to DMF-water (Vpmr : Vwater =
200 pL: 5 mL) solvent mixture under stirring. For preparing
pure L nanostructures, L-DMF solution (200 uL of 0.05 mol L)
was injected into 5 mL of high-purity water.

2.3 Bactericidal tests

To evaluate bactericidal activities of L-Ag nanohybrids, pure L
nanostructures and pure Ag NPs, nutrient agar plates from a
solution of agar were prepared. A 100 pL of bacterial suspension
(E. coli and/or S. aureus with a concentration of 1.5 x 10° CFU
mL ") was plated on a nutrient agar plate. Then, the disk con-
taining L-Ag nanohybrids, L nanostructures or Ag NPs was gently
placed on the center of the agar plates and incubated at 37 °C.
After 24 h, bacterial colony growth was observed, and the zone of
inhibition was measured to evaluate the antibacterial effect.
The minimum inhibitory concentration (MIC) was assessed
using the standard dilution micromethod. The samples were
diluted 2-1024 times with 100 pL of Mueller-Hinton broth
inoculated with the tested bacteria (E. coli and/or S. aureus). The
MIC was observed after 24 h of incubation at 37 °C. All of the
bactericidal experiments were performed at room temperature
and repeated three times; the measured data for each set of
experiments were expressed with the average value.

2.4 Theoretical calculation

Molecular orbital calculations of time-dependent density func-
tional theory (TD-DFT) at the B3LYP level basis set'” were per-
formed to study the electronic structures of L. Thermodynamic
energy of weak interactions between adjacent molecules was
also computationally calculated via M06/6-31+g(d,p) level basis
set (Gaussian 09)' by varying the intermolecular position and
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different packing models along @, b and ¢ axes (Fig. S4t). The
selected fragments were cut out directly from the CIF data.
Single-point energy calculations were performed to obtain weak
interaction energy between two relative fragments, which is
defined as Einteraction = Edimer — 2Emolecule-free- The data were
corrected by basis set superposition error (BSSE)."”

2.5 Characterization

The X-ray diffraction measurement of single crystal was per-
formed on a Bruker SMART CCD area detector using graphite-
monochromated Mo Ka radiation (k = 0.71073 A) at 296(2) K
Intensity data were collected in the variable X-scan mode. The
structures were solved by direct methods and difference Fourier
syntheses. All non-hydrogen atoms were refined anisotropically
and hydrogen atoms were introduced geometrically. Calcula-
tions were performed using the SHELXTL-97 program
package.”® The X-ray diffraction (XRD) patterns for nano-
materials were recorded on a MXP18AHF diffractometer using
Cu Ka radiation (1 = 1.54056 A) in the 26 range from 10° to 70°.
The morphologies were obtained on a field-emission scanning
electron microscope (FESEM, Hitachi S-4800) and a trans-
mission electron microscope (TEM, JEM-2100). The Raman
spectra were recorded with a Labram-HR spectrometer using
the 325 nm line of the Ar ion for excitation. UV-vis absorption
spectra were obtained on a UV-3100 spectrophotometer in the
wavelength range 300-600 nm. Fluorescence spectra were
recorded at room temperature using a Hitachi F-7000 spectro-
photometer. Fluorescence lifetime measurements were carried
out using an HORIBA FluoroMax-4P fluorescence spectrometer
equipped with a time-correlated single-photon counting
(TCSPC) card. Fluorescence microscopy images were obtained
from an Olympus IX-70 fluorescence microscope.

3 Results and discussion
3.1 Crystal structure of L

L crystallized in an orthorhombic form with space group Pbca as
shown in Fig. 1. The crystallography data are summarized in
Table 1. Selected bond lengths and bond angles are listed in the
ESI Table S1.7 In the molecule, the bond lengths of the benzene
and phenothiazine ring were all of aromatic character. The
linkage bond length between the benzene ring and the pheno-
thiazine unit was quite conjugated with C15-C16 being
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Fig. 1 Crystal structure of L with the atom numbering scheme.
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1.295(4) A. The C15-C16 bond was nearly coplanar to the
adjacent benzene and phenothiazine ring with the torsion angle
of C9-C10-C15-C16 being —1.8(5)° and C16-C17-C18-C19
being —178.6(3)°. The structural features suggested that all
nonhydrogen atoms were highly conjugated and nearly
coplanar, which would favour the electronic delocalization in
the whole molecule.

3.2 Morphology of L nanostructure

L nanostructures were simply prepared from tetrahydrofuran
(THF), ethanol (EtOH) and/or N,N-dimethylformamide (DMF)
solution without addition of any template, catalyst and/or
surfactant. SEM images of L self-assembly aggregates from DMF
solution are shown in Fig. 2b. Nanoribbons were observed with
lengths and diameters of micrometres and hundreds of nano-
metres, respectively. The morphologies of L prepared from the
other two solvents also showed a one-dimensional structure
(the images are shown in the ESI Fig. S2 and S37).

3.3 Theoretical calculation

In order to explain the orientation growth of L molecules in
micro size, thermodynamic principles were used through
computational calculation of weak intermolecular interactions
between adjacent molecules along a, b and ¢ axes by varying the
intermolecular position and different packing models. The
selected fragments were cut out directly from the CIF data
which are listed in the ESI Fig. S4.f The total energy and
molecule-molecule assembling energy are listed in Table 2. The
results showed that the dimer was two times lower in energy
than the free molecule. The calculated assembling energy along
the a axis was —52.44 k] mol™ !, which was —14.56 k] mol *
along the b axis and —3.80 k] mol " along the c axis, respec-
tively. The result indicated that the interactions along the a axis
were stronger than that along the other two, and the interac-
tions along a and b directions were much stronger than that
along the c axis. The result revealed that the interactions might
lead to 1-D and/or semi 2-D orientation growth in nature (both
in micro and macro size). The calculation results fitted well with
the experimental data.

In order to verify the credibility of the above calculation,
molecular orbital calculations of TD-DFT at the B3LYP level
basis set were also performed to study the electronic structures
of L, which are listed in the Section 3.5.1.

3.4 Formation of L-Ag nanohybrid

After detailed investigation on free L aggregation, the hybrid-
ization of L and Ag was further studied as follows. DMF was
chosen as the solvent in the preparation because it is a strong
reducing agent for silver ions. The L-Ag nanohybrid was
prepared from DMF-H,O solution containing L and AgNOj3,
with no addition of any other materials. During the process, the
assembly of L and the formation of Ag NPs occurred simulta-
neously. The XRD pattern (Fig. 2f) confirmed the existence of
both the two components in the nanohybrid. The structure of
Ag NPs was further determined from the high resolution
transmission electron microscopy (HRTEM) images as shown in
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Table 1 Crystal data and structure refinement for L?
Formula C23H19NOS Crystal system Orthorhombic
Formula weight 357.45 Space group Pbca
T (k) 296(2) a/deg 90.00
alA 15.196(8) b/A 7.934(4)
/A 29.846(16) z 8
VIA® 3598(3) Crystal size/mm 0.25 x 0.23 x 0.22
Calculated density (mg m™?) 1.320 F (000) 1504
Reflection collected 3351 Goodness of fit on F* 1.031
R indices (all data) R, =0.1129 Final R indices [I > 20(I)] R, = 0.0515
WR, = 0.1588 WR, = 0.1277

TRy = 3||Fs| — |Fe||/Z|Fo|, WR = [Ew(Fo2 — Fe2)/Zw(F,2)*]"2.

2nm
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Fig. 2 Micrographs of (a) pure Ag NPs, (b) SEM of L nanoribbons obtained from DMF-H,0 solution, (c) SEM of the L-Ag nanohybrid, (d) TEM of Ag NPs in the L-Ag
nanohybrid, (e) HRTEM of (d), and (f) XRD patterns of the as-prepared L nanoribbons and L-Ag nanohybrid.

Table 2 Total, assembling energies of L molecules along different directions at
the M06/6-31+g(d,p) level

Binding energy

Energy (Hartree) AE (kJ mol™")

Axis (Dimer) (Molecule-free) AE®

a —2829.873067196999 —1414.92654803 —52.44209491
b —2829.858642247465 —14.5637021
c —2829.854543502799 —3.800831786

“AE = Einteraction = Edimer — 2Emolecule-free-

Fig. 2e, which exhibited a single crystalline structure with a
distinct lattice spacing of ca. 0.23 nm, corresponding well to the
(111) plane of FCC Ag NPs.*

Compared with pure L nanoribbons, the length of L for the
hybrid extended to tens of micrometres, indicating that L was
affected during this process. On the other hand, Ag NPs were
found to deposit in a near monodisperse manner on the surface
of L nanoribbons with an average diameter of about 70 + 12 nm
(Fig. 2c), the morphology and size of which changed signifi-
cantly from pure Ag NPs formed without L (Fig. 2a). For pure Ag
NPs, there were irregular morphologies and particle sizes. Some
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of the Ag NPs had a triangular shape with an average size of
~200 nm. There were still a lot of small particles with uneven
size. No usage of the surface active agent might be responsible
for the phenomenon.

Furthermore, the XRD patterns of L and L-Ag nanohybrid
(Fig. 2f) exhibited several peaks at the diffraction angles (10-20
degree), which gave evidence that the arrangement of L mole-
cules was ordered in both L nanoribbons and the nanohybrid.
In detail, for L nanoribbons, the main diffraction peaks located
at 11.8° and 24.1°, corresponding to (004) and (008) planes,
respectively (ESI Fig. S11), which fitted well with the 1-D struc-
ture of pure L. Sharpness and strong intensity of the diffraction
peaks reflected for (004) and (008) planes were also indicative of
high crystallinity of L in the nanohybrid.

During the hybrid process, when L-DMF solution was
injected into AgNOs-water solution, Ag" might interact with L
when they are mixed at the very beginning. Then, Ag' was
reduced to Ag® by DMF. At the same time, L molecules precip-
itated. During this process, L served as a shape directing agent
to guide the subsequent growth of Ag NPs, which drove Ag NPs
to precipitate along with L. As a result, Ag NPs eventually
dispersed on the surface of L nanoribbons. The morphology
and size of Ag NPs for the nanohybrid were more regular than
that of Ag NPs prepared without L, which revealed that L

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 A schematic representation of the formation of an L-Ag nanohybrid.

molecules played an important role in the formation of Ag NPs.
Based on the results mentioned above, the formation process of
the hybrid is presented in Fig. 3. L clusters self-assembled into a
1-D structure due to weak interactions between neighboring
molecules. When AgNO; was introduced during the aggregation
process, the assembly of L and the formation of Ag NPs occurred
simultaneously and affected each other. Lastly, nanohybrids
consisting of Ag NPs uniformly dispersed on L nanoribbons
appeared.

3.5 Optical properties

From the results and discussion mentioned above, the inter-
actions between the two components of the nanohybrid were
somewhat strong and could bring about significant changes in
morphology and/or size. Besides the morphology/size research,
a more important goal in this work was to investigate the effect

View Article Online

of the interactions on the optical properties. Indeed, when the
nanohybrid formed, a blue-shift of absorption, a decrease of
emission of L and the appearance of a new emission band were
observed.

3.5.1 Absorption spectra. The UV-vis absorption spectrum
of pure L nanoribbons exhibited two major absorption peaks at
320 nm and 404 nm (Fig. 4a), respectively. The latter corre-
sponded to the HOMO-LUMO transition of L molecules, while
the former resulted from the phenothiazine fragment as shown
in Fig. S6.1>°

The orbital features of L calculated using the TD-DFT method
are presented in Fig. 6b, which might provide clues to under-
stand the corresponding electronic structure of the excited-state
and the energy matching status with Ag NPs. In the HOMO, the
electrons were mainly concentrated on the electron-donor unit,
while in the LUMO, the electrons were mainly concentrated on
the electron-acceptor unit. Obviously, the electron transition
from the HOMO to the LUMO was accompanied by charge
transfer from the electron-donor unit to the electron-acceptor
unit. The theoretical spectral characteristics showed two transi-
tions (see ESI Table S2+). One was from the HOMO orbital to the
LUMO (oscillator strength fiomo-rumo being 0.3491) with A,ps =
402 nm. The other was from the HOMO—1 orbital to the LUMO
(oscillator strength fiomo—1)-Lumo being 0.5140) with A.ps =
317 nm. The results of theoretical calculation fitted experimental
data of linear absorption very well.

After the coupling effect, the peak at 404 nm quenched and
the peak at 320 nm blue shifted to 301 nm (Fig. 4c). The result
meant that the main w-conjugated chain and the phenothiazine
fragment were strongly affected during the coupling process.
Meanwhile, there existed a new peak centred at 375 nm, which
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Fig. 4 UV-vis spectra of (a) pure L, (b) pure Ag NPs, and (c) L-Ag nanohybrid; fluorescence spectra of (d) L and (e) L-Ag nanohybrid; time-domain fluorescence
intensity decay of (f) L and (g) L-Ag nanohybrid; fluorescence microscopy images of L (h) and L-Ag nanohybrid (i) with scar bars being 1 pm.
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can be regarded as the inherent absorption band of the nano-
hybrid with a blue-shift from that of pure Ag NPs (414 nm,
Fig. 4b) for ~39 nm, or a blue-shift from that of pure L for
~29 nm. The blue-shift might arise from the interactions
between the newly produced L nanoribbons and Ag NPs in situ.
The non-symmetric wide surface plasmon resonance (SPR)
bands for both L-Ag nanohybrid and pure Ag NPs were eluci-
dated based on a broadened size distribution, which was
consistent with SEM results.

3.5.2 Fluorescent emission. The fluorescence spectrum of
L nanoribbons displayed a clear yellow emission peak at 556 nm
(Fig. 4d) attributing to the typical HOMO-LUMO transition of
L,”* which was quenched to be a shoulder band after the
nanohybrid was obtained, and a new band appeared at 480 nm
(blue emission) as shown in Fig. 4e (blue-shifted for 76 nm from
that of L). Such an emission feature was observed only for the
nanohybrid formed in situ but not for the physically mixed two
components, from which only L fluorescence emission with
quenched intensity was observed. The results revealed the
existence of strong interactions between L and Ag NPs.

The quenched fluorescence band at 556 nm was attributed to
the energy transfer from L to Ag NPs.>> While the new bands for
the nanohybrid (375 nm for absorption and 480 nm for emission)
were attributed to the inherent absorption and emission of the
corresponding nanohybrid, which were resulted from the elec-
tromagnetic coupling effect between the two components.
Meanwhile, electron redistribution was a fundamental effect at
the interface. That is to say, the Fermi energy level of Ag NPs
should match the excited-state potential of L, the lowest unoc-
cupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) included. When the two components
were in close contact, the photogenerated electrons would be
distributed between them. Thus, the intramolecular charge
transfer (ICT) within the dye platform changed, which then
promoted a change in the absorption and emission wavelengths.
Furthermore, based on the redistribution of electrons at the
interface, a new D-A system formed, in which L provided elec-
trons, while the metal ions existing on the surface of the Ag NPs
served as the electron acceptor. The new bands for the absorption
and emission were attributed to the inherent optical properties of
the newly formed D-A system, which was further approved from
time-resolved fluorescence decay profile measurements.

3.5.3 Time resolved measurements. In this part, fluores-
cence decay profile measurements were carried out to study the
difference between the spectral features of L and L-Ag nano-
hybrid. The decay profiles of L nanoribbons and the corre-
sponding nanohybrid are shown in Fig. 4f and g. Table 3
contained pertinent fitting parameters obtained for each decay
curve, including the fluorescence decay lifetime (7), the

Table 3 Fluorescence decay lifetime (r) and amplitude (A) of fluorescence of L
and L-Ag nanohybrid

71 (ns) Al (%) 12 (ns) A2 (%) 3 (ns) A3 (%) 7(ns) x°

L 0.84 98 3.37 2 — — 0.89 1.03
L-Ag 0.82 38 2.06 29 5.11 33 2.58 0.98
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corresponding amplitude (4) and the average amplitude-
weighted lifetime (7).

The FL lifetime of L nanoribbons (Fig. 4f) was 0.89 ns, and
the fluorescence was found to decay with two components,
which indicated that there existed two kinds of fluorescent
components.” The result was in accordance with the two kinds
of absorption bands shown in Fig. 4a and the calculated results
mentioned above. A short component had a decay lifetime of
0.84 ns (98%), and the following component had 3.37 ns (2%).
Meanwhile, for the L-Ag nanohybrid, the average FL lifetime
was 2.58 ns (Fig. 4g), which was significantly longer than that of
L nanoribbons. The fluorescence of the nanohybrid was
decayed with three components. Compared to that of L nano-
ribbons, the corresponding amplitude (A) of a short component
(0.82 ns) sharply decreased from 98% to 38%. At the same time,
a new component appeared with the fluorescence decay lifetime
and the amplitude being 5.11 ns and 33%, respectively.

The results confirmed the existence of a new fluorophore
system in the nanohybrid, as discussed previously. However,
the emission band of L and the nanobybrid showed only one
peak. In the case of this point, the intense of the other bands
should overlap the existing band or they appeared as a shoulder
band. Moreover, the L-Ag nanohybrid seemed to provide a more
stable environment for the excited state than pure L. The
increase in 7 suggested that the coupling of L and Ag NPs
accelerated the yield of electron decay, which resulted in slower
decay and a longer average fluorescence decay lifetime.

In general, the lifetime of fluorophores is inversely propor-
tional to the total decay rate (k?), which is the sum of the radi-
ative decay rate (k%q) and the nonradiative decay rate (k3;).>*
When the fluorophores are in close contact with metal NPs,
surface plasmons of metal NPs can affect the intrinsic radiative
and/or nonradiative decay rate of the fluorophores. In this
study, the prolonged lifetime indicated that either k%q or A2,
was decreased after the coupling effect.”> As quenched L emis-
sion was observed as shown in Fig. 4e, the prolonged lifetime of
the L-Ag nanohybrid can be attributed to a decreased radiative
decay rate. The newly appeared component (with decay lifetime
being 5.11 ns) revealed the existence of a new fluorophore
system, the radiative decay rate of which was slower than that of
the other two components, which was responsible for the
decreased radiative decay rate of the whole nanohybrid.

3.5.4 Fluorescence microscopy. As discussed above, the
band at 480 nm for the L-Ag nanohybrid was the inherent
fluorescent emission of the whole hybrid. The new emission
band may come from the electromagnetic coupling effect
between the two components, which would lead to the new
fluorophore formation. The fluorescence microscopy might
provide some clues to understand the mechanism.*® Under the
fluorescence microscope, pure L nanoribbons showed yellow
emission, the length of which was ~2 um (Fig. 4h). Pure Ag NPs
prepared in the present work did not emit fluorescence under
the same experimental conditions. While for the nanohybrid
(Fig. 4i), the whole nanohybrid (L and Ag were included) showed
blue fluorescence. Ag NPs were distributed throughout the
surface of L, indicating their interfacial deposition under the
surface of L nanoribbons.*” The results revealed the existence of
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the L-Ag hybrid as a new fluorophore, among which L inter-
acted directly with Ag NPs and led to a new emission band.

3.6 Determination of interaction ‘hot spot’ at the interface

3.6.1 'H NMR spectroscopy. To further study the spectral
features of the nanohybrid, the structure at the interface and the
interaction ‘hot spot’ between L and Ag were investigated.
Advanced spectroscopy experiments (such as Raman scattering
and NMR methods) can bring about exciting photophysical
properties and provide clues to gain deep insights into the elec-
tronic structure at the interface and recombination dynamics of
the formation process of the dye-metal nanohybrid.

In the organic-metal nanohybrid systems, the binding effect
at the organic-metal interface may cause changes in the
chemical shift in the NMR spectra.?® Thus, '"H NMR spectros-
copy can be used as a credible method to study the interface
structure of such a nanohybrid.>* Here, the "H NMR spectra of
L before and after the coupling process were discussed in detail
as follows.

Fig. S7t showed several differences between "H NMR spectra
of the aromatic/alkene moieties (phenothiazine, benzyl, vinyl)
of L in pure and hybrid states. The main differences in peak
shifts of the aromatic/alkene moieties were clearly observed.
This was particularly evident in the aromatic region, where
proton peaks of the phenothiazine group shifted upfield,
especially for the protons near S atoms. The upfield shift of
proton c was the greatest (4 = +0.03 ppm). The results indicated
that the density of the electron cloud near S atoms decreased in
the hybrid. At the other side, the aldehyde group and the
aromatic moiety attached closely to the aldehyde group did not
exhibit shift of their "H NMR chemical shifts, such as proton a,
which indicated that the density of the electron cloud near the O
atom was not perturbed in the hybrid.** Meanwhile, "H NMR
chemical shifts were not changed for the physically mixed Ag
NPs and L. The observations revealed that Ag NPs influenced
intramolecular charge transfer (ICT) of L, and further confirmed
that the coupling interaction between L and Ag NPs took place
through the phenothiazine group, the strongest interaction
occurred between S atoms and Ag.

The results mentioned above revealed that the coupling
interaction between organic and inorganic components was the
key factor to tune the optical property. L interacted with Ag NPs
through S atoms of the phenothiazine group, which can change
the charge recombination of L molecules at the interface,
decrease the density of the electron cloud of the phenothiazine
group and further decrease the electron donor effect of L. Thus,
a quenched and blue-shifted fluorescence was observed. The
above explanations were further supported by the results of
Surface Enhanced Raman Scattering (SERS) as follows.

3.6.2 Surface enhanced Raman scattering. Being a power-
ful technique for determining structural information about a
system, Raman scattering analysis was also an effective method
to investigate the ‘hot spot’ functional group through which the
organic agents can interact with a metal. In this part, the ‘hot
spot’ functional group was determined by comparing relative
intensities and frequency shifts of the Raman bands of L in the
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nanohybrid with respect to the corresponding Raman bands of
the free molecule.

The Raman spectra of free L and the corresponding nano-
hybrid are given in Fig. 5. Compared to the normal Raman
scattering (NRS) of L, the Raman scattering of L in the nano-
hybrid was enhanced. For example, the bands ranging from
1013 cm ™' to 1468 cm ' were sharply enhanced, which were
assigned to stretching vibration of the phenothiazine group and
the C-H stretch band (see ESI, Fig. S81). The large enhancement
factors resulted from the coupling of the localized surface
plasmon (LSP) of Ag NPs and the enhanced electromagnetic
field intensity localized at the interface.*® Besides the
enhancement, some differences between the spectra were also
observed. The band at 1044 cm™" downshifted by 31 cm™" to
1013 cm ', which was attributed to the symmetric C-S-C
stretch. The band at 1200 cm ™" downshifted by 25 cm ™" to 1175
ecm !, which was attributed to the asymmetric stretch of C-S—C.
However, it was also noticed that the bands at 1598 and 1631
cm™ ' changed little after hybrid formation. The two bands were
attributed to the asymmetric and symmetric C=C stretch of the
benzene ring and C=0 stretch.?” The results indicated that the
aldehyde group and the adjacent benzene ring were not the ‘hot
spot’ of L-Ag interaction. The results mentioned above revealed
that the interactions between L and Ag NPs at the interface took
place through S atoms of the phenothiazine group, which can
explain the change in optical properties before and after the
coupling process. The large enhancement factors may be due to
the coupling of the LSP of Ag NPs and the enhanced electro-
magnetic field intensity localized at nanoparticle junctions.**
The interactions further influenced the electron distribution of
L, and decreased the electron cloud density of the phenothia-
zine group, especially that near S atoms, which accounted for
the changes observed in H NMR and Raman spectra.®
Furthermore, according to the Hard-Soft Acid-Base principle,
Ag' ions at the interface should have more tendency to combine
with S atoms. Therefore, in the case of L, a phenothiazine
derivative as discussed above, the interactions between S atoms
of it and Ag NPs led to the decrease of the electron cloud density
of the electron-donor unit (phenothiazine group), and brought
about the blue-shift of the fluorescence.

5000+
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01 a

900 1200 1500 , 1800
Raman Shift (cm™)

Fig. 5 Comparisons of NRS and SERS spectra of (a) L (x60) and (b) L-Ag
nanohybrid.
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Besides the effect of the coupling unit on interactions at the
L-Ag interface, the energy-matching effect may be another
important factor in distributing the photogenerated electrons at
the interface, which was also a key matter in constructing dye-
metal hybrids to tune the optical properties. That is to say, the
band gap of Ag NPs should match the excited-state potential of
L, including the lowest unoccupied molecular orbital (LUMO,
the ‘conduction band’) and the highest occupied molecular
orbital (HOMO, the ‘valence band’) of L. As a consequence,
theoretical studies (mentioned previously) and electrochemical
analysis of L have been used to gain insight into the differences
between their apparent energy gaps.

3.7 Electrochemical property

To further study the energy gap between L and Ag, L had been
analyzed by cyclic voltammetry in the presence of Bu,NCIlO,
(TBAP, 0.1 M) as a supporting electrolyte with a scan rate of 50
mV s~ " using a calomel electrode as a reference electrode.*® Due
to the presence of strong electron donor moieties and aldehyde
unit in L, in CV experiments they displayed complex redox
behavior involving multistep oxidation processes as shown in
Fig. 6a. The first onset oxidation potential of L was 0.67 V, which
can be identified as the oxidation of the phenothiazine frag-
ment (ESI Fig. S91). The estimated HOMO level in vacuum was
—5.05 eV (Exomo = —€(Eonset + 4.38) eV), which was in good
agreement with the results from the theoretical calculation and
the HOMO level was also close to the Fermi level of Ag.

A HOMO-LUMO gap of 2.55 eV of L was estimated from the
absorption edge (Acqge = 487 nm as shown in Fig. 4a). The
LUMO energy level was calculated to be —3.50 eV by subtraction
of the optical band gap from the HOMO energy levels (ELymo =

oo
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Fig. 6 (a) Cyclic-voltammetric response of L in the presence of 0.1 M TBAP vs.
Ag/AgCl at room temperature. Scan rate: 50 mV s (b) calculated frontier
orbitals and the corresponding energy of L in the gas phase and electronic energy

level alignments for Ag and L (both from calculated and experimental data).
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Enomo t Eopy)- The second oxidation potential of L was 1.16 V,
which can be identified as the oxidation of the aldehyde group.
The two oxidation potentials were much higher than that of the
Ag'/Ag electrode (0.2 V as shown in Fig. S107). The results
revealed the stability of L in AgNO;-DMF solution. The elec-
tronic levels of L and the relative position of the Fermi level of
Ag were also depicted in Fig. 6b.

Furthermore, the TD-DFT results also showed difference
between the Fermi level of Ag and the HOMO-LUMO level of L.
The calculated results are also listed in Fig. 6b. The LUMO level
of L was calculated to be —2.08 eV. The HOMO level of L was
—5.08 eV, which was close to the Fermi level of Ag (—4.26 eV)
and also close to the data calculated from the first onset
oxidation potential mentioned above. Thus, when L and Ag are
in close contact, the electron redistribution may occur and the
change of optical properties may appear.

3.8 Effect of concentration of AgNO; on the optical
properties of L-Ag nanohybrids

To evaluate the effect of the molar ratio between L and Ag,
various amounts of AgNO; were used under otherwise identical
conditions.

It was found that the concentration of AgNO; used in the
preparation process influenced the photophysical properties of
the nanohybrid and did not change the basic features of their
morphology. In this process, the usage of L was fixed at 0.01
mmol, and the usage of AgNO; was 0.002 mmol, 0.005 mmol,
0.01 mmol and 0.1 mmol, respectively. The UV-vis absorption
spectra (Fig. S111) showed that the usage of AgNO; affected the
optical properties of the nanohybrid. When the usage of AgNO;
was 0.002 mmol (the molar ratio of L to Ag is 5 : 1), the nano-
hybrid exhibited a major absorption peak at 386 nm
(Fig. S11d¥), which was blue-shifted for 18 nm from 404 nm of
pure L (Fig. 3a). As the usage of AgNO; increased, the major
absorption peak showed a continuous blue shift. When the
molar ratio of L to Ag was 2 : 1, the major absorption peak was
about 380 nm (Fig. S11ct). When the ratio was 1 : 1, the peak
was 370 nm (Fig. S11bt and 4c). When the ratio changed to
1: 10, the peak blue-shifted to 366 nm (Fig. S11at) (for about 40
nm blue-shift compared to pure L). The results revealed that
with higher proportion of Ag in the hybrid, there existed higher
influence on UV-vis absorption of L. This blue shift might arise
from the interactions between newly produced L nanoribbons
and Ag NPs in situ.

The usage of Ag also influenced the fluorescence spectrum of
the hybrid. The fluorescence spectrum of pure L displayed an
emission peak at 556 nm as shown in Fig. 4d. When L coupled
with Ag NPs, the emission was partially quenched and new
bands with different degrees of blue-shift appeared (Fig. 7b-f).
When the molar ratio of L to Ag was 5 : 1, except for charac-
teristic emission of L, there also existed a shoulder peak at
490 nm (Fig. 7b). The ratio of the emission intensity at 490 nm
to that at 556 nm was 0.23. When the usage of Ag increased to
ny : nag = 2 : 1, apparent bimodal emission peaks appeared, a
new emission band at 470 nm appeared, with the ratio of I,,, to
Is60 as 0.93 : 1. When the molar ratio of L to Ag further increased
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Fig. 7 Fluorescence spectra of L-Ag nanohybrids prepared with different molar
ratiosof L-Ag: (@) L; (b) L: Ag=5:1;(c)L: Ag=2:1;(d)L: Ag=1:1;(e)L: Ag
=1:3;(f)L:Ag=1:10.

to 1:1, the hybrid mainly showed new emission, which was
centered at about 480 nm, while the characteristic emission
peak of L was only a shoulder peak. When the usage of Ag
increases to ng, : nag =1 : 10, the characteristic emission peak of
L did not appear. The product exhibited emission at 480 nm for
the whole nanohybrid.

3.9 Antibacterial effect

In this study, besides the interesting optical properties, the
interactions of L and Ag at the interface also brought about the
improvement of antibacterial effects. The antibacterial effects
of L, Ag NP and L-Ag nanohybrid were investigated by two
methods, one was paper disk diffusion assay and the other was
minimal inhibitory concentration (MIC).

For disk diffusion assay, the size of the zone of inhibition can
be clearly seen from the bright field images in Fig. 8a and b. As
for E. coli, the diameter of the zone of inhibition for L was
~1.0 mm (Fig. 8a), which was ~2.6 mm for Ag NPs (Fig. S147).
The diameter extended to about 5.0 mm for the nanohybrid
(Fig. 8b). As for S. aureus, the diameter of the zone of inhibition
for L nanoribbon disks was approximately 2.7 mm (Fig. S13af).
It was approximately 2.5 mm for Ag NPs (Fig. S147), while it was
about 3.2 mm for the nanohybrid (Fig. S13b?}). The mixture of

Fig. 8 Photograph images of the zone of inhibition of E. coli. (a) and (b) bright-
field image of L and L-Ag nanohybrid, respectively; (c) and (d) fluorescence
microscopy of (a) and (b) respectively.
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physically mixed L nanoribbons and Ag NPs also reflected a
small enhancement effect to some extent. The diameter of the
inhibition zone for the mixture was ~2.8 mm for S. aureus and
~3.5 mm for E. coli, respectively, as shown in Fig. S15.1

These results indicated that, the L-Ag nanohybrid exhibited
superior performance as an antibacterial agent compared to
either pure Ag or pure L. There were several explanations to
understand the phenomenon. Firstly, the antibacterial activity
of Ag NPs was influenced by the size of the particles: the smaller
the particles, the greater the antibacterial effect.*® The size of Ag
in the L-Ag nanohybrid was smaller than that of pure Ag NCs,
which can improve the antibacterial property of the whole
nanohybrid. Secondly, as mentioned above, the Ag NPs in the L-
Ag nanohybrid had an excellent dispersibility, which will result
in strong adsorption ability among the bacteria, Ag NPs and L.
As a consequence, the bacteria had more opportunities to
contact with Ag NPs and L, which was regarded to be advanta-
geous to improve the antibacterial activity.®” Thirdly, as L was a
molecule rich in negative charge, when L coupled with Ag NPs,
the concentration of Ag" at the interface was lower than that of
pure Ag NPs, which may decrease the antibacterial activity.*®
However, the antibacterial effect of the nanohybrid was stronger
than that of pure Ag NPs. In the case of this point, it was
believed that the synergetic effects of both L and Ag phases
might be responsible for the enhanced bactericidal activity of
the nanohybrid against E. coli and/or S. aureus. That is to say,
the synergistic effect between L and Ag caused the enhancement
of the antibacterial ability.

The results of optical properties, TD-DFT calculation and
electrochemical analysis mentioned above revealed that the
changes in the optical properties were due to the coupling
interactions and synergistic matching effects between the two
components at the molecular level, through which it was
natural to assume that the microscopic mechanism of
enhanced antibacterial activity was also related to the syner-
gistic matching effects, not just a simple physical mixture.

The fluorescence microscopy technique was used here to
study the possible mechanism of the improvement.** As shown
in Fig. 8c, S13c and d,f the diffusion of L in the bacteria was
much weaker than the diffusion of the L-Ag nanohybrid in
bacteria, which was thought to be the direct cause of the
difference of the antibacterial ability.** As for L, the whole
system showed clearly yellow fluorescence and the fluorescence
intensity was somewhat high, which revealed that much of L
still gathered on the filter paper disk and only a small amount of
L diffused into the bacteria (both for E. coli and S. aureus). Thus,
the diameter of the zone of inhibition for L might be small. In
contrast, as for the L-Ag nanohybrid, the whole system showed
weak blue emission. The result showed that a small amount of
L-Ag nanohybrids still gathered on the filter paper disk while
much of it diffused into the bacteria. In the case of this point,
more released Ag" from the nanohybrid had the opportunity to
act with the bacteria.*®** As a result, the antibacterial ability of
the L-Ag nanohybrid might be strong and the diameter of the
zone of inhibition would be extended. Here, the tunable fluo-
rescence was used as a wavelength-based biodetection tool to
study the mechanism. The synergistic effects between the

J. Mater. Chem. C, 2013, 1, 5047-5057 | 5055


http://dx.doi.org/10.1039/C3TC30515E

Published on 07 June 2013. Downloaded by Anhui University on 29/06/2015 05:43:44.

Table 4 Minimum inhibitory concentration tests against E. coli®

View Article Online

Concentration of the samples (mg mL ")

Sample Microorganism 500 250 125 62.5 31.25 15.63 7.81 3.91 1.95 0.98
L E. coli - - - - + + + + + +
Ag E. coli - - — — — — - + + +
L-Ag E. coli - - - - - - - - - +

“ Liquid media is clear before incubation of E. coli, ‘—’ no growth, “+’ growth.

components acted on both the photophysical properties and
the bioactivity, which meant that the photophysical properties
can be applied in bio- and chemical sensing and can be used as
a new type of optical device to study the bioactivity.

In the following research, the MIC method was used to test
the growth inhibition effects for E. coli as L-Ag nanohybrids
showed higher bactericidal activity against E. coli than S. aureus.
L nanoribbons, Ag NPs and L-Ag nanohybrids were studied
respectively. The samples were firstly dispersed into high-purity
water, then diluted 2-1024 times with 100 pL of Mueller-Hinton
broth inoculated with the tested bacteria at a concentration of 9
x 10 CFU mL™". The MIC value was measured after 24 h of
incubation at 37 °C. Growth or no-growth was determined by
visual inspection. The representative photographs of the test
against E. coli are listed in the ESI (Fig. S161). High antibacterial
activities against the bacteria are shown in Table 4. The MIC of
the nanohybrid was about 1.95 ug mL™ ", which was about four
times lower that of pure Ag NPs (7.81 ug mL ') and about 32
times lower than that of pure L (62.5 pg mL ™) after 24 h
incubation. Notably, the L-Ag nanohybrid exhibited enhanced
antibacterial activity compared to both pure L and pure Ag.

The results of antibacterial assay suggested that the as-
prepared L-Ag nanohybrid had potential application in anti-
adhesion. We therefore proposed its potential application in
fabricating other silver-loaded antibacterial organic-metal
nanohybrid materials.

4 Conclusion

In this work, an organic-metal nanohybrid (L-Ag nanohybrid)
was designed and prepared. L coupled with Ag NPs via the
electron-donor unit and resulted in a significant blue-shift of
the fluorescence, an obvious increase of FL lifetime. The energy
match between the Fermi level of Ag NPs and the frontier
molecular orbital energy of L was an effective factor in distrib-
uting the photogenerated electrons at the interface and in
constructing the L-Ag nanohybrid to tune the optical proper-
ties. The week interactions between the two components also
brought about an improvement in antibacterial activity against
both bacteria E. coli and S. aureus compared to either pure Ag
NPs or pure L. The tunable fluorescence was used as a wave-
length-based biodetection tool to study the mechanism of
enhanced antibacterial activity. The energy transfer between the
components, the tunable optical properties and the application
for antibacterial activity made the L-Ag nanohybrid intrinsically
interesting for further spectral and/or biological studies.
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