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tion using crosslinking of diamine
and a bis(diarylcarbene): synthesis,
characterization, and antibacterial activity via
binding hydrogen peroxide†

Pengfei Yang ab and Mark G. Moloney *a

A bis(diaryldiazomethane) substitutedwith amino groups was synthesized and used for the surfacemodification

of diverse materials, such as polystyrene, polyethylene, titanium dioxide, and aluminum plate, giving amino-

functionalized materials. These were subsequently reacted with phenyl isocyanate to give urea-

functionalized materials, so that hydrogen peroxide could be reversibly bound, giving in turn antibacterial

materials with high activity. These functionalized materials were characterized using a combination of XPS,

IR, and NMR spectroscopy, and clear evidence for the crosslinking on the surface of materials was achieved.

The crosslinking reaction in the deposited layer contributed to higher loadings of hydrogen peroxide, and

hence the antibacterial activity of urea-functionalized materials significantly increased. This approach gives

a new protocol to prepare high loading antiseptic/antibacterial materials and surfaces.
1. Introduction

Antibacterial materials and surfaces have been widely used1,2

and have become increasingly important to avoid nosocomial
infections because of the rise of antibiotic-resistant and virulent
bacteria.3,4 A great deal of research has created diverse
antiseptic/antibacterial materials and surfaces by the incorpo-
ration of biostats/biocides, such as nanosilvers,5,6 zinc oxides,7,8

tetralkyl ammoniums,9,10 chitins/chitosans,11,12 and N-hal-
amines.13,14 The action of hydrogen peroxide has been known in
food chemistry for some time,15 and antibodies are known to
produce hydrogen peroxide when irradiated in the presence of
oxygen,16,17 so that reactive oxygen species are capable of exert-
ing an immediate and effective bactericidal effect.18,19 However,
hydrogen peroxide is oen overlooked for the preparation of
antibacterial materials and surfaces, probably due to its insta-
bility, which cannot easily give long-term antibacterial activity
to materials or surfaces. In fact, ureas are capable of binding
hydrogen peroxide, and a stabilized form, urea hydrogen
peroxide (UHP), is a very common type of catalyst for oxida-
tion,20,21 which also been used for fuel cells.22,23 The stability of
UHP lies in its extensive network of hydrogen bonding and if
a similar immobilization of hydrogen peroxide might be ach-
ieved on surfaces, it could be used to prepare antibacterial
t of Chemistry, University of Oxford, OX1

c.uk

gineering, Qilu University of Technology,

tion (ESI) available. See DOI:

hemistry 2017
materials.24,25 We have reported that it is possible to incorporate
hydrogen peroxide binding and release behaviour into poly-
styrenes (PS) by a post-polymerization modication.26 However,
it was less successful with very inert surfaces with low surface
energy, such as polyethylene (PE) and polytetrauoroethylene
(PTFE), since only an incomplete monolayer coverage was ach-
ieved on those surfaces, which leads to low binding of hydrogen
peroxide and therefore very poor antibacterial activity.26

In this work, a new bis(diaryldiazomethane) with two
terminal amino groups is reported, along with its application
for the modication of various substrates, including PS bead,
PE powder, titanium dioxide powder, and aluminum plate. An
unexpected crosslinking between those diamines and the
dicarbene intermediate was detected, giving a structurally
robust surface which improved the loading of hydrogen
peroxide and greatly increased the antibacterial activity of
materials or surfaces. Moreover, this crosslinking expands the
surface modication approach, which has already been applied
in colour,27 uorescence,28 biocompatibility,29 protein
binding30 and adsorption,31 hydrophobicity,32 and payload
delivery.33,34
2. Results and discussion
2.1 Synthesis and characterization of bis(diazomethane)

As shown in Scheme 1, triuoroacetic anhydride was used to
protect the amino group in 4-phenoxyaniline 1 to give amide 2,
which was subsequently converted by Friedel–Cras reaction to
bis(arylketone) 3 in relatively high yield.36 The bis(arylketone) 3
was treated with hydrazine monohydrate to generate
RSC Adv., 2017, 7, 29645–29655 | 29645
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Scheme 1 Synthesis of precursor and modification of materials. Conditions: (i) TFAA, pyridine, DCM, 5 �C-r.t., overnight (96%); (ii) isophthaloyl
chloride, AlCl3, DCM, 5 �C-r.t., 2h (89%); (iii) NH2NH2, H2O, HAc, EtOH, reflux, 40h (87%); (iv) MnO2, Na2SO4, KOH, DCM, r.t., 5 h (89%); (v) HOAc,
DCM, r.t., 20 minutes (68%); (vi) Substrate, 120 �C; (vii) Triethylamine, PhNCO, acetone, 56 �C, 2 h (or r.t., overnight); (viii) 30%(m/m) H2O2, r.t.,
overnight.
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bis(hydrazone) 4, which was subsequently oxidized with
manganese dioxide to obtain bis(diaryldiazomethane) 5. This
protocol is noteworthy for two reasons. Firstly, it has been re-
ported that amines are not active enough to react with diary-
ldiazomethanes at room temperature,37 but easily react with
carbenes through the N–H insertion reaction at higher
temperature; this reactivity difference permits the synthesis and
storage of amino-substituted diazomethane 5 at room temper-
ature, which is required for its convenient application as
a surface modifying agent, but also for its participation in
carbene-amine crosslinking reaction upon heating. Thus,
unlike many diaryldiazomethanes, which are not very stable,
the characterization of diazomethane 5 by 13C NMR spectra was
possible. Secondly, bis(hydrazone) 4 contains unprotected
terminal amino groups, but the use of manganese dioxide as
oxidant permits a very mild, chemoselective oxidation of the
hydrazone to the diazo compound 5,38–40 even in the presence of
the free amine. The greater stability of these systems compared
to the diazo compound derived from Michler's ketone is
noteworthy.26
29646 | RSC Adv., 2017, 7, 29645–29655
2.2 Kinetic studies

The reactivity of diazomethane 5 was assessed before being
used for surface modication, in order to conrm that both
diazo functions were capable of reacting at a suitable rate.
Therefore, acetic acid was reacted with 5 to form ester 6, which
was isolated and characterized as the diester by IR, NMR, and
MS techniques. Moreover, the reaction rate of 5 with acetic acid
was compared with several other diazomethanes. In Fig. 1(1),
clear changes of UV spectra at 527 nm appeared aer acetic acid
was added, and that peak was used for kinetic studies. The
Beer–Lambert law was used to determine the linear relationship
between absorbance (A) and concentration (C) in UV spectra
(Fig. 1(2)), giving a value of k0 (¼198.9 L mol�1) in eqn (1).

A ¼ k0C (1)

Because the amount of acetic acid was in large excess over
that of diazomethane, the conversion of the diazo group could
be given by the pseudo rst-order expression. Thus, the rela-
tionship between ln C and t for different diazomethanes was
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Reaction kinetics of various diazomethanes with acetic acid: (1) absorbance (A) versus reaction time (t) curve for diazomethane 5 at
527 nm; (2) calibration from absorbance (A) to concentration (C); (3) ln C versus t plot for various diazomethanes.

Table 1 Relationships between chemical structure, rate constant, and diazo group peak position in UV and IR spectra

Compound Structure
Rate constant
(s�1)

UV wavelength
(nm)

IR wavenumber
(cm�1)

10a 7.45 � 10�4 521 2039.2

10b 3.37 � 10�3 523 2036.5

5 5.25 � 10�3 527 2030.5

10c 6.98 � 10�3 535 2028.6

10d 4.28 � 10�2 556 2028.1
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plotted to obtain the rate constants (Fig. 1(3)). Detailed data are
shown in Table 1, as well as the peak position of the diazo group
in UV and IR spectra. From this data, it is clearly evident that
reaction rates can differ by as much as 200-fold, and that the
more reactive diazomethanes have the larger wavelength of
diazo group in both UV and IR spectra. Signicantly, compound
5 is intermediate in reactivity, giving a good balance of stability
and reactivity, which is desirable for a reagent to be used “off
the shelf” as a surface modifying agent.

2.3 Preparation of materials

In order to allow rapid access to functionalized materials, we
adapted our previously published approach for surface modi-
cation using carbenes.41 This is a convenient and efficient
method to introduce diverse chemical functionality onto a solid
substrate (Scheme 1). Firstly, each of polystyrene (XAD4), poly-
ethylene or titanium dioxide was carefully mixed with bis(dia-
zomethane) 5 and heated at 120 �C, which formed amino-
functionalized polystyrene 7a, polyethylene 7b or titanium
dioxide 7c. The amino-functionalized aluminium plate 7d was
This journal is © The Royal Society of Chemistry 2017
made by directly heating a plate which had been covered by
a solution of bis(diazomethane) 5 before careful solvent
removal. In this step, carbenes are generated from the precursor
diazomethanes, and their insertion reactions with C–H bonds
(on the surface of polystyrene and polyethylene) or O–H bonds
(on the surface of titanium dioxide and aluminum) give the
modied materials 7a–d. It is interesting that materials 7a–
d were a yellow colour aer being modied by the diazo-
methane, consistent with the introduction of aromatic residues,
which was very different from the unmodied materials. This
immediately suggested that the modication had been
successful, but in order to provide additional conrmation,
ninhydrin was used to dye materials 7a–d, giving the expected
change of color occurred from yellow to brown as a result of the
well-known chromogenic reaction which is used as a qualitative
test for amino groups.42 The color changes of polyethylene aer
modication and dyeing are shown in Fig. 2.

Phenyl isocyanate was reacted with these amino-
functionalized materials 7a–d to give urea-functionalized
materials 8a–d, and these materials were immersed into
RSC Adv., 2017, 7, 29645–29655 | 29647
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Fig. 2 Color changes of modified and dyed polyethylenes: (1) blank; (2) amino – functionalized; (3) ninhydrin – dyed.

Fig. 3 XPS spectra before and after modification: (1) survey spectra of pure Al sheet; (2) survey spectra of 7d; (3) C 1s spectra of 7d; (4) C 1s
spectra of 8d.

29648 | RSC Adv., 2017, 7, 29645–29655 This journal is © The Royal Society of Chemistry 2017
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hydrogen peroxide aq. solution to give H2O2-loaded materials
9a–d.
2.4 XPS analysis

The surface chemical composition of 7a–d and 8a–d should be
very different before and aer the modication, since nitrogen
was introduced, and XPS spectra of Al sheet, 7d, and 8d were
obtained (Fig. 3). As shown in Fig. 3(2), nitrogen appeared and
aluminum disappeared in 7d when compared to the pure Al
sheet (Fig. 3(1)), which indicated that the surface modication
by diazomethane 5 was successful. Moreover, as shown in
Fig. 3(3), there were three types of carbon on the surface of 7d:
HO–C (285 eV), C-OR (286 eV), and p–p* (292 eV), and this is
consistent with surface modication by compound 5. The
carbon of C-OR conrmed the reaction of carbene with hydroxyls
on the surface of aluminum, and the carbon of p–p* showed the
appearance of benzene ring, both of which indicated the success
ofmodication. Aer 7d reacted with phenyl isocyanate, another
type of carbon, C]O (289 eV), appeared on the surface of 8d
(Fig. 3(4)). This carbon of C]O belonged to the urea groups and
indicated the success of reaction with isocyanate.

Detailed results are shown in Table 2, and these suggest that
the modied surface layer of materials 7a–c is likely to be very
thin because, for example, the titanium(IV) in TiO2 was found
Table 2 Chemical composition determined by XPS before and after mo

Materials Detected dataa (%) Materials Detecte

XAD4 beads N 6.3, C 80.5, O 13.19 7a N 7.0,
PE powder —b 7b N 0.9,
TiO2 powder —b 7c N 2.4,
Al sheet C 30.5, O 42.9, Al 26.6 7d N 5.7,

a Ratio taken from nitrogen, carbon, oxygen, titanium and aluminum cou
detected.

Fig. 4 IR spectra of blank, amino – functionalized and urea – functiona

This journal is © The Royal Society of Chemistry 2017
both before and aer modication. However, the element
aluminum in Al sheet could not be found aer modication,
consistent with a thicker surface loading, and this suggests that
the size and shape of materials might inuence the modica-
tion process. In addition, the detected nitrogen data for the
polyethylene was lower than other materials, and it indicates
that the polyethylene is intrinsically less reactive, and is a diffi-
cult substrate for modication; possible reasons for this have
been previously discussed.26
2.5 IR analysis

The surface modication with bis(diaryldiazomethanes) intro-
duced aromatic rings onto the surface of materials, which
should be detectable by ATR-IR spectroscopy. Fig. 4(1) is the
unmodied polyethylene, from which the spectra only display
four peaks attributed to the alkyl chain. Fig. 4(2) is the amino-
functionalized polyethylene 7b, in which it can be seen that
there are several new peaks which have appeared aer poly-
ethylene was modied by the bisdiazomethane. The character-
istic peaks in the regions of 1598 and 1496 cm�1 belong to the
C]C double bond in the aromatic ring, and the peak in the
region of 1224 cm�1 belongs to the C–O bond in the aryl ether,
all of which indicate the successful modication of poly-
ethylene. Subsequent reaction of amine-modied surface with
dification

d dataa (%) Materials Detected dataa (%)

C 79.6, O 13.4 8a N 7.7, C 78.3, O 14.1
C 91.6, O 7.6 8b N 2.3, C 90.0, O 7.6
C 76.1, O 18.9 Ti 2.6 8c N 2.8, C 76.9, O 19.0 Ti 1.3
C 85.1, O 9.2c 8d N 8.8, C 85.3, O 8.9c

nts in a survey spectrum. b (—) not determined. c Aluminum cannot be

lized polyethylenes.

RSC Adv., 2017, 7, 29645–29655 | 29649
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phenyl isocyanate gave new urea groups, which would be ex-
pected to show a characteristic vibration band of C]O double
bonds in the region of 1710–1650 cm�1. In addition, the
subsequent reaction of the generated urea groups with excess
phenyl isocyanate would give carbamyl urea groups and
generate another peak in the region of 1720–1690 cm�1.43,44

Fig. 3(3) shows the IR spectra of urea-functionalized poly-
ethylene, and as is expected, two clear peaks in the regions of
1713 and 1663 cm�1 appear (Fig. 4(3)). In fact, other materials
show the same changes (see the spectra in ESI†).
2.6 Solid state NMR analysis

Solid state 13C NMR with CP/MAS was used to further assess the
surface structure, since the materials could not be dissolved in
any deuterated solvent before or aer modication. Fig. 5(1)
gives the spectra of pure polyethylene (PE), amino-
functionalized polyethylene 7b and urea-functionalized poly-
ethylene 8b, and Fig. 5(2) gives the spectra of amino-
functionalized titanium dioxide 7c and urea-functionalized
titanium dioxide 8c, respectively (for carbon assignments of
Fig. 5, see Scheme 2). Aer the materials were modied by the
bis(diazomethane) 5, aryl rings and amino groups were intro-
duced onto their surface. As a result, ve peaks appeared clearly
in the spectra of 7b and 7c, which were attributed to the carbons
1–5 (Scheme 2). Aer 7b or 7c reacted with phenyl isocyanate to
Fig. 5 Solid state spectra of blank, amino – functionalized and urea – f

Scheme 2 The chemical reactions during the preparation of materials (

29650 | RSC Adv., 2017, 7, 29645–29655
give 8b or 8c, additional peaks appeared, which were attributed
to the carbons 10–70 (Scheme 2). A clear peak (70) arose in the
region of 154 ppm and another peak (4) diminished in size in
the region of 145 ppm in Fig. 4, which belonged to the carbon in
the urea group and the carbon in the benzene ring that linked
with the nitrogen directly. All this evidence conrms successful
modication.

More importantly, there are two diazo groups and two amino
groups in each molecule of 5, so there is the possibility of
crosslinking inside the surface modication layer. In the NMR
spectra, it was noticeable that a small peak (#) in the region of
62.9 ppm (7b) or 60.4 ppm (7c) could be observed, which was
likely to belong to the product of the crosslinking reaction
between amines and carbenes (Scheme 2), namely, the N–H
insertion reaction; this conrms that the modied layer cross-
linked on the surface of materials. The chemical shi of this
peak is very similar to the result given for a diarylmethylene–N
bond by simulation (65.8 ppm).
2.7 Loading of hydrogen peroxide

Since the crosslinking of amines with carbenes forms a very
dense crosslinked layer, and the subsequent reaction with
isocyanates generates a large number of urea groups, this was
expected to enhance the loadings of hydrogen peroxide on the
surface of various materials which might be achieved. In order
unctionalized polyethylenes: (1) polyethylene; (2) titanium dioxide.

related to Fig. 5).

This journal is © The Royal Society of Chemistry 2017
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Table 3 The loadings of hydrogen peroxide and the antibacterial activity of materials

Materials Polymers

Detected dataa Data from referenceb

Loadings of
H2O2 (mmol g�1)

Activity against
S. aureus (mm)

Activity against
E. coli (mm)

Loadings of H2O2

(mmol g�1)
Activity against
S. aureuse (mm)

Activity against
E. colie (mm)

9a XAD4 0.423 23c 24c 0.083 25 17
9b Polyethylene 0.108 14c 16c 0.025 Inactive —f

9c TiO2 0.063 12c 12c —f —f —f

9d Al sheet —f 22d 22d —f —f —f

a Blank samples of polystyrene, polyethylene, TiO2, and Al sheet all gave no measurable value for hydrogen peroxide loading and no observable
bioactivity. b Data from the reference: Langmuir, 2010, 26, 14142. c Zone of inhibition results (diameter for the circle) using material (10 mg) in
10 mm wells in a hole-plate bioassay (against Ceph C. standard). d Zone of inhibition results (length for the square) using 10 � 10 mm sheet on
the surface of a plate bioassay (against Ceph C. standard). e Zone of inhibition results using material (50 mg) in 10 mm wells in a hole-plate
bioassay (against Ceph C. standard). f (—) not determined.
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to compare with earlier data,26 a titration method with KI-
Na2S2O3 was used to determine the loadings of hydrogen
peroxide, and the results are shown in Table 3. Compared with
that earlier data, the loading of hydrogen peroxide on the
surface of XAD4 and polyethylene increased by about 5 times. In
particular, the modication approach was so successful that it
led to a large loading of hydrogen peroxide not only for poly-
mers but also for inorganic materials, such as TiO2 and Al. The
reason is likely to be that there are large numbers of hydroxyl
groups on the surface of metallic oxides, as well as most metals,
so that the original carbene modication gives a surface layer
that in turn allows the introduction of large numbers of urea
groups, which could easily bind hydrogen peroxide with higher
loading levels.
2.8 Antibacterial activity

The crosslinking increased the density and the thickness of the
modied layer, improved the loading of urea functions and
therefore hydrogen peroxide. Upon incubation with bacteria (S.
aureus and E. coli), large zones of inhibition were found for each
material (Table 3). The most prominent of these materials was
polyethylene 9b, which showed clear antibacterial activity; this
could be achieved using up to only 1/5 of the amounts which
Fig. 6 log(nmole per well)–diameter plot for cephalosporin C and the e

This journal is © The Royal Society of Chemistry 2017
had previously been reported (50 mg).26 The inorganic mate-
rials, such as TiO2 9c and Al sheet 9d, also showed favorable
antibacterial activity, which greatly expands the application of
the carbene modication approach. In addition, the Al sheet 9d
showed better antibacterial activity than that of TiO2 9c, which
might derive from the difference of the morphology and the
modication protocol of the substrate. In order to calibrate the
antibacterial activity, cephalosporin C in aqueous solution was
used as a standard, giving log(nmole per well) versus diameter of
inhibition zone as a straight line.45 Using this calibration, the
equivalent concentration of cephalosporin C for materials 9a–
d (Fig. 6) can be determined from the diameter of their inhi-
bition zones (from Table 3), and compared with other antiseptic
treatments.46,47

3. Experimental section
3.1 Materials and characterization

All commercial reagents were purchased from Sigma-Aldrich
Co. XAD4 (composed of polystyrene that is crosslinked with
divinylbenzene, and is hereinaer referred to as polystyrene),
polyethylene, and titanium dioxide were purchased from Sigma-
Aldrich Co. and washed with methanol, distilled water, and
acetone sequentially. Aluminum plate was purchased from
quivalent of cephalosporin C for materials: (1) S. aureus; (2) E. coli.

RSC Adv., 2017, 7, 29645–29655 | 29651
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Merck KGaA as a TLC plate, and immersed into water/methanol
(1 : 1) solution to remove the silica from the surface before use.
NMR spectra were recorded using an AVANCE III spectrometer,
and ATR-IR spectra were recorded by a Tensor 27 spectrometer,
both of which were manufactured by Bruker Co. XPS analysis
was performed with a VG – Escalab X-ray Photo-electron Spec-
trometer VGX900 using Al Ka radiation with an energy of
1486.6 eV at an operating pressure less than 1� 10�8 mBar. The
Pass Energy was set at 50 eV for the survey scan of the sample
and 20 eV for scans of specic areas: C 1s, N 1s, O 1s, Ti 2p, and
Al 2p. Casa XPS peak tting soware was used to analyze spectra
and a reference charge correction of 284.8 eV for C 1s was used.
The area under the elemental peaks and standard sensitivity
factors (C, 1.00; O, 2.93; N, 1.80; Ti, 7.91; Al, 0.537) were used to
calculate relative chemical composition within the surface and
near-surface sampling depth of the XPS.
3.2 Synthetic procedures

3.2.1 2,2,2-Triuoro-N-(4-phenoxyphenyl)acetamide (2). 4-
Phenoxyaniline 1 (3.0 g, 16.2 mmol) and pyridine (3.93 mL, 48.6
mmol) were dissolved in DCM (50 mL) with magnetic stirring.
Aer the mixture was cooled to 5 �C in an ice/water bath,
a solution of triuoroacetic anhydride (3.38 mL, 24.3 mmol) in
DCM (15 mL) was added dropwise. Aer the addition, the
solution continued stirring overnight at room temperature
before evaporation under vacuum. Acetone (10 mL) was added
to dissolve the residue and the solution was poured into cold
water (300mL) and stirred for 10minutes. Themixture was then
ltered under vacuum and the solid was collected and dried in
an oven at 80 �C (96%). mp: 118–120 �C; dH (400.3 MHz, CDCl3):
6.83–6.95 (m, 4H), 7.02 (t, 1H), 7.24 (t, 2H), 7.40 (d, 2H), 8.27 (s,
1H); dC (100.7 MHz, CDCl3): 115.9(q), 119.1, 119.3, 122.6, 123.8,
129.9, 130.1, 155.2(q), 155.6, 156.8; dF (376.6 MHz, CDCl3): 75.6;
IR nmax (cm

�1): 3293, 1704, 1593, 1540, 1488, 1229, 1151, 916,
875, 845, 749, 714, 691; HRMS: m/z calcd for C14H11O2NF3:
282.07364; found: 282.07376 [M + H]+.

3.2.2 N,N0-(((Isophthaloylbis(4,1-phenylene))bis(oxy)bis(4,1-
phenylene))bis(2,2,2-triuoroacetamide)) (3). Aluminum tri-
chloride (0.49 g, 3.70 mmol) was added to DCM (20 mL) and the
solution was cooled to 5 �C with a ice/water bath. To that mixture
was added 2 (0.42 g, 1.48 mmol) and isophthaloyl chloride (0.15 g,
0.74 mmol) sequentially. The mixture was stirred at room
temperature for 2 hours. The reaction mixture was evaporated
under vacuum before acetone (10 mL) was added. The mixture in
acetone was poured into cold water to yield a light pink precipitate,
which was ltered and dried in an oven (80 �C). Aer that, the solid
was dispersed in DCM (10 mL) and ltered again, and the
precipitate was dried under room temperature to obtain a light
pink solid (89%).mp: 236–238 �C; dH (500.3MHz, acetone-d6): 7.14
(d, 4H), 7.23 (d, 4H), 7.77 (t, 1H), 7.85 (d, 4H), 7.91 (d, 4H), 8.05 (d,
2H), 8.11 (t, 1H), 10.4 (s, 2H); dC (125.8 MHz, acetone-d6): 116.1(q),
117.2, 120.7, 122.8, 128.8, 130.4, 131.8, 132.4, 132.8, 133.2, 138.1,
152.9, 154.7(q), 161.7, 193.7; dF (376.6 MHz, acetone-d6): 76.1; IR
nmax (cm

�1): 3285, 1706, 1650, 1598, 1542, 1504, 1238, 1179, 1152,
999, 950, 880, 834, 739, 701; HRMS: m/z calcd for C36H21O6N2F6:
691.13093; found: 691.12988 [M � H]�.
29652 | RSC Adv., 2017, 7, 29645–29655
3.2.3 4,40-((((1E,10E)-1,3-Phenylenebis(hydrazonomethylene))
bis(4,1-phenylene))bis(oxy))dianiline (4). A suspension of 3
(0.36 g, 0.51 mmol) in ethanol (7 mL) was treated with hydrazine
monohydrate (0.51 mL, 10.2 mmol). A few drops of acetic acid
(about 0.2 mL) were added as catalyst. The resulting mixture was
heated to a gentle reux for 40 h. Aer cooling, the solution was
evaporated under vacuum. The residue was dissolved in DCM (50
mL), washed with water (50 mL � 4), dried with MgSO4, and
evaporated under vacuum. The crude product 4 (87%) was a white
solid as a mixture of diastereoisomers and was used without
further purication. mp: 92–96 �C; dH (500.3 MHz, CDCl3): 3.52 (s,
4H), 5.43 (s, 4H), 6.52–6.64 (m, 4H), 6.70–6.85 (m, 6H), 6.89–6.96
(m, 2H), 7.05–7.13 (m, 3H), 7.25–7.60 (m, 5H); dC (125.8 MHz,
CDCl3): 116.2, 116.3, 116.8, 117.5, 117.6, 121.2, 121.3, 121.6, 121.7,
124.7, 125.5, 126.0, 126.4, 126.5, 127.1, 127.8, 127.9, 128.3, 129.3,
129.4, 130.3, 132.3, 132.5, 133.0, 134.4, 138.7, 140.0, 142.9, 143.0,
143.3, 143.4, 147.4, 147.6, 147.8, 148.1, 148.3, 148.8, 149.1, 159.1,
159.3, 159.5, 159.7; IR nmax (cm

�1): 3353, 3210, 3038, 1603, 1495,
1228, 1198, 1165, 871, 834, 701; HRMS:m/z calcd for C32H29O2N6:
529.23465; found: 529.23431 [M + H]+.

3.2.4 4,40-(((1,3-Phenylenebis(diazomethylene))bis(4,1-
phenylene))bis(oxy))dianiline (5). A mixture of manganese
dioxide (0.22 g, 2.48 mmol), sodium sulfate (0.19 g, 1.34 mmol),
and potassium hydroxide (0.06 g, 1.35 mmol) was added to
a solution of 5 (0.24 g, 0.46 mmol) in dichloromethane (15 mL).
The mixture was vigorously stirred for 5 hours in the dark, and
then ltered through a pad of Celite™. The ltrate was
concentrated under vacuum to yield 5 (89%) as a purple solid
and then stored at sub-ambient temperature to avoid decom-
position. mp: 115 �C (decomposed); dH (500.3 MHz, CDCl3): 3.52
(s, 4H), 6.50–7.34 (m, 20H); dC (125.8 MHz, CDCl3): 61.8, 116.3,
118.1, 119.9, 121.1, 121.1, 122.1, 127.4, 129.8, 131.3, 142.9,
148.4, 157.5; IR nmax (cm

�1): 3446, 3366, 3038, 2031, 1590, 1495,
1228, 870, 828.

3.2.5 1,3-Phenylenebis((4-(4-aminophenoxy)phenyl)methy-
lene) diacetate (6). Acetic acid (2.86 mL, 50.0 mmol) was
added to a solution of 5 (0.27 g, 0.5 mmol) in DCM (10 mL).
The mixture was stirred in the dark at room temperature
until the color changed from purple to light yellow (about 20
min). The mixture was washed with 2 M Na2CO3 aq. solution
(60 mL), water (20 mL � 3), dried with MgSO4 and concen-
trated under reduced pressure. The crude product was puri-
ed by chromatography on a silica gel column eluting with
DCM/acetone (10/1) to give the product 6 as a light yellow
solid (68%). mp: 76–80 �C; dH (500.3 MHz, CDCl3): 2.03
(d, 6H), 3.51 (s, 4H), 6.51–6.58 (m, 4H), 6.70–6.82 (m, 10H),
7.08–7.18 (m, 6H), 7.18–7.25 (m, 2H); dC (125.9 MHz, CDCl3):
21.3, 76.3, 116.3, 117.0, 121.3, 125.4(d), 126.4(d), 128.8,
133.5, 140.6, 143.1, 148.1, 158.9, 170.1; IR nmax (cm

�1): 3453,
3368, 3040, 2980, 1733, 1611, 1498, 1370, 1223, 1167, 1022,
872, 833; HRMS: m/z calcd for C36H32O6N2Na: 611.21526;
found: 611.21453 [M + Na]+.
3.3 Kinetic studies

Bis-4-(chlorophenyl)diazomethane 10a, diphenyldiazomethane
10b, bis-4-(phenoxyphenyl)diazomethane 10c, and bis-4-
This journal is © The Royal Society of Chemistry 2017
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(methoxyphenyl)diazomethane 10d were synthesized according
to the literature.35 Firstly, UV spectra were obtained for all
compounds. Secondly, a series of diazomethane solutions with
different concentrations were prepared. The relationship
between UV absorbance and concentration was recorded and
tted linearly to calculate the molar absorption coefficient. This
allowed a calibration curve from absorbance to concentration to
be determined, which was necessary for kinetic studies. Finally,
to the cuvette with diazomethane solutions were added two
drops of acetic acid (about 20 times excess). The mixture was
immediately scanned by the UV spectrometer at regular inter-
vals until adequate spectra were recorded for calculation of the
reaction rate (25 �C, in CH2Cl2).
3.4 Materials functionalization

3.4.1 Preparation of amino-functionalized beads and
powders (7a–c). To a solution of diazomethane 5 (1.0 g) in
dichloromethane (50 mL) was added the required material (4.0
g), and the mixture was concentrated under vacuum. The
polymer was collected and heated (120 �C for 30 minutes) in
a ask with a nitrogen balloon. The resulting solid was washed
three times with acetone and dried to yield the amino – func-
tionalized polystyrene 7a, polyethylene 7b, and titanium dioxide
7c. A portion of materials 7a–c were mixed with ninhydrin in
a solution of water/ethanol (1 : 1) and reuxed for 1 h until the
color changed from yellow to brown.

3.4.2 Preparation of amino-functionalized sheet (7d). To
a solution of diazomethane 5 in dichloromethane (2 mL) was
added the required aluminum sheet (10 � 10 mm). Aer being
immersed into the solution for some time, the aluminum sheet
was taken out and dried under N2 ow. Subsequently, it was
heated with a heat gun for some time until the pink color faded.
The resulting sheet was washed with acetone for 3 times and
dried to yield the amino – functionalized Al sheet 7d.

3.4.3 Preparation of urea-functionalized beads and
powders (8a–c). To a stirred suspension of required materials
7a–c (0.6 g) in acetone (25 mL) was added triethylamine (5 mL)
and phenyl isocyanate (2 mL). The mixture was heated to reux
for 2 hours. The modied materials were collected by ltration,
washed with acetone (25 mL) for 3 times, and dried in an oven
(80 �C, 4 h) to obtain urea-functionalized polystyrene 8a, poly-
ethylene 8b, and titanium dioxide 8c.

3.4.4 Preparation of urea-functionalized sheet (8d). To
a one-neck ask with amino – functionalized Al sheet (10 � 10
mm) was added triethylamine (5 mL), acetone (25 mL) and
phenyl isocyanate (2 mL). The mixture was stirred overnight at
room temperature. The Al sheet were collected, washed with
acetone (25 mL) for 3 times, and dried at room temperature to
obtain urea-functionalized Al sheet 8d.

3.4.5 Preparation of hydrogen peroxide-loaded materials
(9a–d). The requiredmaterials 8a–dwere immersed in hydrogen
peroxide solution (30% in water) overnight. The materials were
collected, washed with water (100 mL), acetone (5 mL), and
dried at room temperature to obtain hydrogen peroxide-loaded
polystyrene 9a, polyethylene 9b, titanium dioxide 9c, and Al
sheet 9d.
This journal is © The Royal Society of Chemistry 2017
3.5 Hydrogen peroxide loading determination

A sample of the required material (10 mg for 9a, 30 mg for 9b or
9c) was added to a mixture of potassium iodide aq. solution
(10% (m m�1), 20 mL) and acetic acid (10 mL). Aer standing
for 5 minutes, aqueous starch solution (1% (m m�1), 2 mL) was
added and the suspension was le to stand for 1 h. The
resulting dark-blue solution was titrated with 0.001 M sodium
thiosulfate to a colorless end-point. Typically it required 5.0–
10.0 mL of solution. Blank material samples without loading
H2O2 were taken as a reference.
3.6 Bioassay

The specic bacterial solution was diluted to 1 : 50 with sterile
water and was added to cooled molten agar in a 1 : 100 ratio
(bacterial solution (1 : 50): agar, v/v). The inoculated agar (17
mL) was pipetted into empty Petri dishes (90 mm), which were
then swirled to ensure even thickness of agar. The Petri dishes
were allowed to set and were refrigerated until needed.

Using a sterile method, 10 mm-diameter circles were
punched in the bacteria-seeded agar plate, and the inner agar
was removed to produce empty wells. The required material 9a–
c (10 mg) and DMSO (30 mL) were added to pre-punched wells of
the seeded agar plates. The well was then sealed with another 70
mL of molten agar so that a uniform layer of agar was produced.
For the material 9d, the sheet was placed on the agar plate
seeded with bacteria and sealed with some agar on the surface.
The agar plates were covered and incubated for 18 h to
encourage bacterial growth. The diameter (for 9a–c) or the
length (for 9d) of the antimicrobial clear zones around each
material was measured and recorded. Blank material samples
without loading H2O2 were taken as a reference.

An aq. solution of cephalosporin C was used to calibrate the
antibacterial activity. For Staphylococcus aureus, the concentra-
tion of cephalosporin C was 1.0 mgmL�1 and the dosage was 20
mL, 40 mL, 60 mL, 80 mL, and 100 mL. For Escherischia coli, the
concentration of cephalosporin C was 10 mg mL�1 and the
dosage was 20 mL, 40 mL, 60 mL, 80 mL, and 100 mL. Aer the
solution was added to pre-punched wells of the seeded agar
plates, the well was fullled to 100 mL with distilled water. The
agar plates were covered and incubated for 18 h to encourage
bacterial growth. The diameter of the antimicrobial clear zones
around each well was measured and recorded.
4. Conclusions

An amino-functionalized bis(aryldiazomethane) was synthe-
sized, and kinetic studies with acetic acid by UV spectroscopy
conrmed its reactivity. This was used to functionalize poly-
styrene, polyethylene, titanium dioxide, and Al plate by
a bis(arylcarbene) insertion reaction. These were subsequently
reacted with phenyl isocyanate to give urea-functionalized
materials. The signals of nitrogen in the XPS spectra showed
that the protocol is successful for both organic and inorganic
materials. The peaks of 1713 and 1663 cm�1 in their IR spectra
conrmed their surface chemical structure, which were shown
to be comprised of urea and carbamyl urea groups. The
RSC Adv., 2017, 7, 29645–29655 | 29653
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difference of urea-functionalized materials and amino-
functionalized materials to unmodied substrates was shown
by solid state NMR spectra, which conrmed the reaction of
amino groups with isocyanate groups. In particular, an unex-
pected crosslinking between amines and carbenes was discov-
ered by the solid state NMR spectroscopy in the modied layer.
The surface urea layer was used for binding hydrogen peroxide
to give antibacterial activity. Compared with the earlier data,
this crosslinking layer with the urea groups increases the
loading of hydrogen peroxide by 5 times, and hence increases
the antibacterial activity greatly. The discovery of this cross-
linked modication followed reaction with isocyanates opens
a new horizon for loading hydrogen peroxide, which is expected
to be general for not only organic but also inorganic materials
and surfaces to give excellent antibacterial activity. This
approach neatly complements other approaches recently re-
ported which introduce antibacterial activity using silver
nanoparticles.48,49
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