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alization of silica using catalytic
hydroesterification modified polybutadienes†
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A new method for covalent immobilization of catalytic hydroesterification modified polybutadiene on

a silica surface is described. Compared to conventional immobilization procedures, the new protocol

enables control of the functional group composition on the modified silica surface.
Molecular level engineering of organic functional groups on
inorganic solid surfaces has a variety of applications ranging
from chemical sensors to cell adhesion.1 Conventional
immobilization protocols using alkoxy, allyl and meth-
allysilane groups to promote covalent bonding can be
utilized to introduce various monomeric functional groups
on surface (Fig. 1a).2 However, it is difficult to produce well-
dened multi-functionalized materials by using these
approaches.3

Previously, we described an interesting method for modi-
cation of polybutadiene, which uses Ru3(CO)12 and 2-pyr-
idinemethanol as catalysts, an alcohol and sodium formate.4

The process generates the corresponding ester modied
polybutadiene. By employing selected ratios of two or more
alcohols in this protocol, modied polybutadienes bearing
various ratios of a mixture of ester on their surfaces can be
obtained.

In the study described below, we extended this strategy by
developing a new method for covalent immobilization of
organic functional group containing catalytic hydro-
esterication modied polybutadiene on a silica surface
(Fig. 1b). In addition, we have shown that polymer-based
hybrid materials containing various proportions of the azo-
benzene group can be prepared using this procedure and
utilized to determine the extent of loading of functional
groups onto silica by using UV/vis absorption spectroscopy.
Finally, we found that uorophores, incorporated into a poly-
mer-based hybrid material containing a pyrene uorophores,
generated using the new approach, can be applied for recy-
clable nitrobenzene sensing.
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Because it is readily available in various molecular weight
distributions, phenyl group terminated polybutadiene 1 was
used as the polymer platform for assessing the new approach
for covalent bond immobilization of organic functional group
containing catalytic hydroesterication modied poly-
butadiene on a silica surface.5 Reaction of 1 with sodium
formate (2), and 9 : 4 : 4 ratio of 2-phenylethyl alcohol (3a),
2,20-(1,4-phenylene)diethanol (3b), and 6-chlorohexanol (3c)
and 2-pyridinemethanol (5) in the presence of Ru3(CO)12 (4) at
150 �C for 12 h was found to produce the modied poly-
butadiene 6a. Modied polybutadiene 6a was puried by
precipitation from methanol and the extent of incorporation
was determined by using 1H NMR spectroscopy. Based on the
protons of terminal phenyl group, we determined that 38% of
the vinyl groups in 1 were converted to a 9 : 4 : 4 ratio of the
corresponding 2-phenylethyl, 4-(2-hydroxyethyl)phenethyl,
and 6-chlorohexyl ester moieties (eqn (1)).
Fig. 1 (a) Conventional immobilization method using methallylsilane
derivatives. (b) Conceptual basis of the new method for constructing
a catalytic hydroesterification modified multi-functionalized
polymer.
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(1)

The alcohol and chlorine moieties proportionally embedded
into 6a group by using the one-pot hydroesterication protocol
can be utilized to incorporate diazo groups for quantitative UV/
vis absorption spectroscopic analysis (Fig. 2a). Specically,
reaction of 6a with sodium azide affords the azide group con-
taining polybutadiene 7, which reacts with the 4-(dimethyla-
mino)azobenzene-40-sulfonamide (DABS) linked acetylene 8 by
using a click reaction6 to form the DABS embedded poly-
butadiene 9 (64%). Reaction of 9 with NHS-ester-functionalized
methallylsilane 10 in the presence of 4-dimethylaminopyridine
(11) in dichloromethane at 100 �C for 12 h was found to form
the dimethallylsilane group containing polymer 12. Finally,
immobilization reaction of derivatized polymer 12 onto silica
Fig. 2 (a) Preparation of UV/vis absorbing DABS bearing poly-
butadiene immobilized silica 15. (b) Correlation between the UV/vis
absorbance of 15 at 497 nm and the loading extent.

12266 | RSC Adv., 2019, 9, 12265–12268
nanoparticles 13, carried out in the presence of 5 mol% of tri-
uoromethanesulfonic acid (TfOH, 14), produces the multiply
functionalized, diazobenzene chromophore-containing
polymer-based hybrid material 15.

To determine the correlation between the loading efficiency
and UV/vis absorption intensity of the diazo chromophore in
15, the amounts of the DABS group incorporated polymer 12
used in the immobilization reaction with silica 13 were varied
(Fig. 2b).7 For this purpose, 1, 3, 5, 8 and 10 mg of 12 were
independently reacted with 50 mg silica nanoparticle in the
presence of TfOH (5 mol%) at room temperature for 12 h to
give 15. Comparisons were made of the modied silicas
produced in the manner to assess the extents of loading by
using elemental analysis and UV/vis absorbances at 497 nm
associated with the DABS chromophore. The results show that
15 with a loading extent of 0.001 mmol g�1 has an absorbance
of 0.035 while 15 loaded to the extent of 0.029 mmol g�1 has an
absorbance at 497 nm of 0.314. An analysis of all of the
modied silicas showed that a linear correlation exists
between the intensity of UV/vis absorbance at 497 nm and the
loading extent.8

An investigation was conducted to determine if this protocol
enables precise control of the ratio of the functional groups in
the generated modied polybutadiene (Table 1). Polybutadiene
1 was reacted with sodium formate (2) and a 1 : 7 : 2 ratio of
pyrenylmethanol (3d), 2-phenylethyl alcohol (3a) and 2,20-(1,4-
phenylene)diethanol (3b) in the presence of Ru3(CO)12 (4) and 2-
pyridinemethanol (5) at 150 �C for 12 h. By the 1H NMR spectral
analysis, we determined that polymer 6b contains a 1 : 7 : 2
ratio of corresponding pyrenylmethyl, 2-phenylethyl, and 4-(2-
hydroxyethyl)phenethyl esters. Identical reactions carried out
using 3d : 3a : 3b in ratios between 3 : 5 : 2 and 8 : 0 : 2 were
found to form polymers 6c–f containing proportionally
increasing ratios of the pyrenylmethyl ester group (entry 1–5).9

Similarly, polymers 6g and 6h produced in reactions using 3 : 6
and 0 : 9 ratios of 3a to 3b with a xed ratio of 3d, were observed
to contain increasing ratios of the diol derived ester groups
(entry 6–7).

The uorescence properties of the polymer 6b–f containing
different ratios of pyrenylmethyl ester determined (Fig. 3).
Fluorescence spectrum of the low ratio pyrenyl group-
embedded polymer 6b contains a maximum emission bands
at 395 nm, which corresponds to monomeric uorescence of
pyrene. In this case, the 2-phenylethyl ester group in 6b serves
as a spacer between the pyrenyl ester groups. In contrast, the
intensities of the emission band at 395 nm in the uorescence
spectrum of the modied polybutadienes 6c–f decrease as the
ratio of the pyrenylmethyl ester group increases. In addition,
a maximum emission appears simultaneously in the spectra at
480 nm, which corresponds to uorescence from the pyrene
intramolecular excimer. This phenomenon is also seen in the
excimer to monomer emission intensity ratios (IE/IM).10 In the
case of 6b, IE/IM is 0.313 and as the extent of pyrene ester
incorporation increases to 10 mol% in 6f this ratio increases to
2.227. These results are consistent with the assignment of the
emission band at 480 nm to an intramolecular pyrene excimer,
the amount of which increases as the pyrenylmethyl ester
This journal is © The Royal Society of Chemistry 2019
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Table 1 Preparation of multi-functionalized polybutadiene using varying mole percentage ratios of pyrenylmethyl, 2-phenylethyl, and 4-(2-
hydroxyethyl)phenethyl ester groupsa

Entry
Alcohol (2 equiv.)
ratio of 3d : 3a : 3b Ratio (%) x/y/z/w

Incorporation rateb of
esters in 6 (%)

Yieldc (%)x : y : z

1 1 : 7 : 2 1/11/3/85 34 1 : 7 : 2 72 (6b)
2 3 : 5 : 2 4/7/4/85 35 3 : 5 : 2 86 (6c)
3 5 : 3 : 2 7/4/3/86 33 5 : 3 : 2 79 (6d)
4 7 : 1 : 2 7/1/2/90 23 7 : 1 : 2 99 (6e)
5 8 : 0 : 2 11/0/4/85 33 6 : 0 : 2 84 (6f)
6 1 : 3 : 6 1/4/9/86 32 1 : 3 : 6 71 (6g)
7 1 : 0 : 9 1/0/9/90 23 1 : 0 : 9 73 (6h)

a All reactions were carried out with 1 (0.416mmol of vinyl group), 2 (0.832mmol), 3d, 3a, 3b, 4 (5 mol%), and 5 (20 mol%) in 1mL of 1,4-dioxane at
150 �C. b Incorporation rate of the ester group was calculated as: 100 � (x + y + z)/(45, vinyl%). c Isolated yields.
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View Article Online
groups more populated the polymer. The result of this analysis
clearly shows that the extent of pyrenyl group impregnated on
polymer can be readily controlled in the new hydroesterication
protocol.

To explore the immobilization method further, the dime-
thallylsilane group-embedded polymer 16 was prepared by ester
bond forming reaction of the residual alcohol groups in the 4-
(2-hydroxyethyl)phenethyl ester moiety of polymer 6b with NHS-
ester-functionalized methallylsilane 10 (Fig. 4a).11 Then immo-
bilization reaction of polymer 16 with silica nanoparticles 13 in
the presence of 5 mol% of 14 was carried out to produce the
polymer-based hybrid material 17.
Fig. 3 Fluorescence spectra of 6b–f excited at 330 nm in CH2Cl2.

This journal is © The Royal Society of Chemistry 2019
It is known that electron-decient nitroaromatic compounds
are efficient electron transfer quenchers of the uorescence of
aromatic compounds like pyrene.12 Consequently, the nitro-
aromatic compound sensing ability of the pyrene containing,
polymer-based hybrid material 17 was investigated (Fig. 4b).
Inspection of its uorescence spectra shows that the polymer
based hybrid material 17 strongly uoresces with amaximum at
395 nm. The ratio of the pyrene excimer to monomer uores-
cence intensities (IE/IM) of 17 was observed to be 0.333, a value
that is similar to the IE/IM (0.313) of the non-immobilized
polymer 6b. Upon addition of nitrobenzene (NB) to a solution
of 17 in CH2Cl2, the intensity of uorescence at 395 nm
decreases, and disappears completely when the concentration
of NB reaches 1.248 mM. It should be noted that the pyrene
group incorporated silica nanoparticle 17 can be separated
from the assay solution, washed and reused for NB detection 5
times without diminishment of its NB sensing ability (Fig. 4c).

In the study described above, we developed a newmethod for
immobilization of catalytic hydroesterication modied multi-
functionalized polybutadiene on a silica surface. The protocol
enables generation of organic–inorganic hybrid silica surface
nanomaterial containing controlled ratios of multiple func-
tional groups. Moreover, this protocol was used to produce
polymer-based hybrid materials, bearing proportionally regu-
lated ratios of DABS group, which were utilized to assess the
loading efficiencies of functional groups onto silica employing
UV/vis absorption spectroscopy. Finally, a pyrene-incorporated
polymer-based silica hybrid materials, generated by using the
new approach, were demonstrated to be applicable to recyclable
nitrobenzene sensing.
RSC Adv., 2019, 9, 12265–12268 | 12267
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Fig. 4 (a) Immobilization reaction with multi-functionalized polymer
modified by catalytic hydroesterification on silica. (b) Fluorescence
spectra of solutions of 17 (IE/IM ¼ 0.333) in CH2Cl2 in the presence of
different concentrations of nitrobenzene (NB) (excitation at 330 nm). (c)
Fluorescence intensities of solutions of 17 in CH2Cl2 at 395 nm following
addition of nitrobenzene (0.078 mM) and washing with CH2Cl2.
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R. Mart́ınez-Máñez and F. Sancenón, Chem. Rev., 2016, 116,
561; (e) U. Hanefeld, L. Gardossi and E. Magner, Chem.
12268 | RSC Adv., 2019, 9, 12265–12268
Soc. Rev., 2009, 38, 453; (f) R. Georgiadis, K. P. Peterlinz
and A. W. Peterson, J. Am. Chem. Soc., 2000, 122, 3166; (g)
M. Krishnamoorthy, S. Hakobyan, M. Ramstedt and
J. E. Gautrot, Chem. Rev., 2014, 114, 10976; (h) H. Jiang and
F.-J. Xu, Chem. Soc. Rev., 2013, 42, 3394.

2 (a) K. B. Yoon, Acc. Chem. Res., 2007, 40, 29; (b) F. Hoffmann,
M. Cornelius, J. Morell and M. Fröba, Angew. Chem., Int. Ed.,
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