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ABSTRACT: We demonstrated here novel multistimuli responsive organosilica hybrid nanopaticles
(SiO; s-gPEA NPs) based on graft poly(ether amine)s (gPEAs). Poly(ether amine)s comprised of trimethoxysilyl
moieties (TMS-gPEAs) were synthesized via nucleophilic substitution/ring-opening reaction of commercial
poly(propylene glycol) diglycidyl ether, Jeffamine L100 and 2-aminoethanolthiol, followed by introducing
trimethoxysilyl moieties (TMS) into side-chain via “thiol—ene” reaction. The obtained TMS-gPEAs could be
dispersed directly in water to form the core-cross-linked hybrid nanoparticles (SiO; s-gPEA NPs) with
diameter of about 20 nm, which was revealed by TEM and DLS. These obtained SiO; s-gPEA NPs in aque-
ous solution were responsive to temperature, pH and ionic strength with tunable cloud point (CP).
Simultaneously, SiO; 5-gPEA NPs could encapsulate hydrophobic guest molecule Nile Red in water. It is
interesting that SiO; s-gPEA NPs can sequester the hydrophilic dyes selectively: SiO; s-gPEA11 NPs could
transfer only Rose Bengal (RB) reversibly from the aqueous mixture of RB and Rhodamine 6G (R6G) to
toluene, which was controlled by temperature. These characteristics will give SiO; 5-gPEAs potential in smart

separation.

Introduction

Organic—inorganic hybrid nanomaterials have attracted much
attention for their potential application in optics, mechanics,
electronics, energy, environmental areas.'~” These hybrids combin-
ing both organic and inorganic materials do not only represent a
creative alternative to design new materials and compounds, but
their improved features allow the development of innovative
industrial application. As the important inorganic component,
silica or silsesquioxanes is widely used in the variety of hybrid
material.**~'° The introduction of inorganic silica network will
enhance the rigid nature of the nanomaterials, resulting in excellent
stability even in harsh condition.”!! By providing reinforcement to
the weak intermolecular interactions that facilitate polymer micelle
assembly and existence, the cross-linked core offers stability to
the nanostructured assemblies. Furthermore, silica was approved
as safe by the U.S. Food and Drug Administration (FDA). So
silica-based nanomaterials have broadened their applications in
adsorption, catalysis, sensors and medicine.'*~ "

On the other hand, a lot of research has been carried out in the
promising field of smart materials, i.e., polymeric nanoparticles
that possess the property of response to external stimulus such as
temperature, pH or ionic strength. These materials are of great
interest for their unique and outstanding physical and chemical
properties which are suitable for applications in oil recovery,
sensors, and drug delivery.””~*” Polymeric nanoparticles can
encapsulate guest molecules of poor solubility, low stability, or
undesirable pharmaceutical properties. However, most of the
polymer nanoparticles fabricated by self-assembly were not
stable enough, which limits their application in some fields such
as drug delivery.'®?®% So it is necessary to improve their
stabilization to avoid disintegration of the aggregation at low
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concentration or upon environmental changes. The incorpora-
tion of inorganic component containing silica or silsesquioxanes
into polymeric nanoparticles is an easy and convenient approach.
One such approach involves the covalent incorporation of
trialkoxysilane functionalities into the particle’s building blocks,
followed by hydrolyzation and polycondensation to form the
core or shell cross-linked polymeric nanoparticles.™**°~** Several
researches have been carried out on the stimuli-responsive hybrid
nanoparticles.'®3473*

On the basis of the amphiphilic responsive poly(ether amine)s
(PEAs) developed by our group,” ™ we demonstrated novel
multistimuli responsive organosilica hybrid nanoparticles in this
text. With the excellent amphiphilic property and sharp response
to temperature and pH, PEAs could be synthesized via nucleo-
philic substitution/ring-opening reaction of epoxy and amine
groups, which possesses characteristics of “click-chemistry”.
Here, we introduced trimethoxysilyl (TMS) moieties into the
side-chain of the graft poly(ether amine) containing thiol groups
(gPEA-SH) via “thiol—ene” reaction.*® The obtained TMS-
¢PEAs could be dispersed directly in water to form polymer
nanoparticles with hydrophobic PPO and TMS as core and
hydrophilic L100 as shell. The subsequent cross-linking of
TMS moieties into silsesquioxane networks resulted in formation
of the hybrid polymer nanoparticles (SiO; s-gPEA NPs), which
exhibit multiresponse to temperature, pH and ionic strength with
tunable cloud point (CP). After investigating the formation of
these hybrid nanoparticles and their responsive behavior, we
tested their properties as container. It is interesting that besides
hydrophobic guest molecules, SiO; s-gPEA NPs can encapsulate
hydrophilic dyes with unique selectivity.

Experimental Section

Materials. Poly(propylene glycol) diglycidyl ether (PPO—DE,
Aldrich, M, = 640 g/mol), Jeffamine L100 (Huntsman, M, =
1000 g/mol), 2-aminoethanethiol (AET, TCI Chemical Reagent),
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Table 1. Composition and Molecular Weight Data of gPEA-SHs

molar ratio

polymer” AET Jaffamine L100 PPO—-DE M, (x10%° My M,P products of thiol—ene reaction
gPEA-SH11 1 1 2 1.2 2.61 TMS-gPEAT1
gPEA-SH12 1 2 3 0.9 1.90 TMS-gPEA12
¢PEA-SH13 1 3 4 1.2 2.58 TMS-gPEA13

“osPEA-SHxy, where x, y represent the molar ratio of the raw AET and Jaffamine L100, respectively. * Molecular weight and molecular weight

polydispersity were measured by GPC.

Scheme 1. Synthesis Process for TMS-gPEAs
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3-(methacryloylpropyl)trimethoxysilane (MPS, Alfa Aesar),
Photoinitiator I-907 (Tronly. Changzhou, China), Nile Red (TCI
Chemical Reagent), Rhodamine 6G (Aldrich), were used as
received. Rose Bengal (RB), Amido Black 10B (10B), Bordeaux R
(BoR), Methyl Orange (MO) and Calcein (Cl) were bought from
Sinopharm Chemical.

Synthesis of gPEA-SH. gPEA-SH was synthesized according
to the previous report.** Typically, to a 50 mL two-neck flask
equipped with a nitrogen inlet tube and a reflux condenser,
PPO—DE, Jaffamine L100 and AET were added to the flask in
proportion (shown in Table 1), and then ethanol was added. The
total monomer concentration was kept at 0.5 g/mL. The mixture
was refluxed for 12 h, and then poured into n-hexane. After
removing the supernatant, gPEA-SH was collected and dried.

Synthesis of TMS-gPEAs. To the solution of toluene with trace
of photoinitiator I-907, gPEA-SH and MPS (thiol/acrylate = 1:1.3)
were added. The mixture was irradiated by 365 nm ultraviolet
light for 12 h. Then the mixture was poured into n-hexane. After
removing the supernatant, the graft polymer containing trimethox-
ysilyl moiety (TMS-gPEA) was collected and dried.

Formation of the Hybrid Nanoparticles (SiO; s-gPEAs). The
hydrolysis and condensation of TMS-gPEAs was conducted in
one pot by direct dispersion in water. The polymer was dispersed
in aqueous solution immediately to form transparent solution,
followed by gradual hydrolysis and condensation of the tri-
methoxysilyl groups for 3 days to form the core cross-linked
hybrid SiO; 5-gPEA NPs

Separation Experiment. To 4 mL of dye aqueous solution with
concentration of 0.15 mg/mL in centrifuge tube, 40 mg SiO 5-
gPEA11 NPs was added. After heating at 80 °C for 10 min, the
turbid solution was centrifuged. Meanwhile, the UV—vis spectra of
dyein initial aqueous solution with or without SiO; s-gPEAT11 as
well as in supernatant after centrifugation were recorded. The
separation efficiency (®) of water-soluble dyes was defined as
the following eq 1:

¢ = C”; S % 100% (1)

0

o]

Here Cyis the dye’s concentration in the initial solution and Cis
the dye’s concentration in the supernatant. The concentration of
dye in the supernatant and in the initial solution could be
determined by the UV —vis spectra.

Characterization. '"H nuclear magnetic resonance spectros-
copy ("H NMR) measurements were carried out on a Varian
Mercury Plus spectrometer, operating at 400 MHz by using
CDCl; as solvent and tetramethylsilane as an internal standard.
Fourier transform infrared spectroscopy (FT-IR) spectra of
products were recorded on a Perkin-Elmer Paragon1000 FT-IR
spectrometer. Molecular weights (M},) and molecular weight
distributions (M,,/M,) were determined by a Serious 200 gel
permeation chromatography (GPC) with differential refract-
ometer as the detector. N,N-Dimethylformamide (DMF) was
used as the eluent at a flow rate of 1.0 mL/min and polystyrene
as the calibration standard. Transmission electron microscopy
(TEM) was carried out on JEOL JEM-2100 microscope, oper-
ating at 200 kV. A drop of 1 mg/mL SiO; s-gPEA NPs aqueous
solution was placed onto a copper grid and the excess solution
was removed by a filter paper.

Cloud Point (CP) Measurements. The optical transmittance of
the polymer solutions were measured at 500 nm with a UV-2550
spectrophotometer (Shimadzu, Japan) equipped with circulat-
ing water bath. The temperature at 90% light transmittance of
the polymer solution was defined as the CP. The copolymer
aqueous solutions were prepared from 0.1 M citrate buffered
aqueous solutions with 0.3 wt % copolymer concentration.

Dynamic Light Scattering (DLS). The measurements were
performed in the 1 mg/mL copolymer solution with pH 7.0 using
a Zetasizer Nano ZS90 instrument (Malvern Instruments)
equipped with a 4 mW He—Ne laser (A = 633 nm) at an
angle of 90°, an avalanche photodiode detector with high
quantum efficiency, and an ALV/LSE-5003 multiple 7 digital
correlator electronics system. Regularized Laplace inversion
(CONTIN algorithm) was applied to analyze the obtained
autocorrelation functions. The size of the nanoparticles was
determined using the volume-weighted distribution of particle
sizes.
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Results and Discussion

Synthesis and Characterization of TMS-gPEAs. The strat-
egy for synthesis of TMS-gPEAs is illustrated in Scheme 1.
We synthesized three gPEA-SHs containing different
amount of thiol groups, which were named as gPEA-SH11,
gPEA-SH12, and gPEA-SH13, respectively. Their compo-
nent and molecular weight (M) are summarized in Table 1.
Accordingly, the synthesized TMS-gPEAs containing TMS
moieties in side-chains were named as TMS-gPEA11, TMS-
¢PEA12, and TMS-gPEA13. The structure of TMS-gPEAs
was confirmed by FT-IR and '"H NMR. As shown in the FT-IR
spectra (Figure 1), the bands at 3441, 1726, and 1109 cm ™
are attributed to stretching vibration of O—H, C=0, and
C—0—C in TMS-gPEAs, respectively. Compared to gPEA-
SH11, the appearance of peak at 1726 cm~' (C=0) in the
FT-IR spectra of TMS-gPEAs indicates the successful
introduction of TMS moieties into the copolymers. From
TMS-gPEA13 to TMS-gPEAII, the band at 1726 cm ™!
increases obviously. The successful synthesis of TMS-gPEAs

gPEA-SH1 q
TMS-gPEAﬂ\M'\
TMS-gPEA12_X
TMS-gPEA13  \ L

b

3441 1726 §1109
v(O-H) v(C=0) | v(C-0-C)
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Figure 1. FT-IR spectra of gPEA-SH11 and TMS-gPEAs.
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Figure 2. 'H NMR spectra of gPEA-SH11 and TMS-gPEAs in CDCl,.
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is further confirmed by 'H NMR. As shown in Figure 2, the
peak of TMS-gPEAT11 assigned to Hd (0 = 0.6 ppm) appears
after the “thiol—ene” reaction of gPEA-SH11 with MPS.
From TMS-gPEA13 to TMS-gPEA11, the peak (6 =0.6 ppm)
becomes more obvious with the increasing amount of TMS
moieties, which is in good agreement with the result from
FT-IR.

Formation of the Hybrid SiO; s-gPEAs NPs. TMS-gPEAs
are comprised of hydrophilic L100 as graft chain, and
hydrophobic PPO backbone and TMS moieties in side chain.
Just like other amphiphilic PEAs, TMS-gPEAs could be
dispersed directly into water to form nanoparticles with
hydrophobic PPO and TMS as core and hydrophilic L100
as shell. The hydrophobic core can be further cross-linked
through hydrolysis and condensation of TMS moieties for
3 days. It should be noted that no other catalyst such as
ammonia was added for hydrolysis of TMS moieties due to
the existence of amine groups in TMS-gPEAs. The whole
strategy for formation of hybrid core-cross-linked nanopar-
ticles (SiO; s-gPEA NPs) is illustrated in Scheme 2. The
morphology and size distribution of the obtained hybrid
nanoparticles (SiO; s-gPEA NPs) were revealed by TEM and
DLS. Figure 3 shows the representative TEM images of
Si0O; s-gPEAs in aqueous and tetrahydrofuran (THF) solu-
tion. In aqueous solution, the diameter of SiO; 5-gPEA13,
SiO; 5-gPEA12, and SiO; s-gPEA11 nanoparticles are 22.4 +
2.2 nm, 22.8 4+ 3.5 nm and 24.2 4+ 2.3 nm, respectively.
According to DLS results (Figure 4), the Z-average dia-
meters of SiO; s-gPEA13, SiO;s-gPEA12, and SiO;s-
¢PEAT11 nanoparticles in aqueous solution are 17.6 + 6.3,
21.7+ 6.1, and 22.5 £ 5.8 nm with low polydispersity index
(PDI) of 0.420, 0.311, and 0.301, respectively, which is
comparable to TEM results. The obtained SiO; s-gPEAT11
particles do not even disassemble in good organic solvent
such as THF, indicating the tight cross-linked core and its
good stability. Figure 3D presents TEM image of SiO; s5-
¢PEAI11 in THF. Compared to SiO; 5-gPEA11 in aqueous
solution, the diameter in THF is 41.7 & 5.7 nm, about twice
larger than those in water (Figure 3A). This was further
confirmed by the DLS results (Figure 4). The larger size of
SiO; 5-gPEA11 NPs in THF might be due to swelling of the
cross-linked core in good solvent.

Responsive Aggregation Behaviors of Hybrid SiO; s5-
gPEAs NPs. The aggregation behaviors of SiO; s-gPEA
NPs under different conditions were investigated. The ob-
tained hybrid nanoparticles are comprised of hydrophobic
organosilica and PPO backbones as core and hydrophilic
L100 chain as outer shell, which prevents them to aggregate
further. With the increase of temperature, the L100 outer
shell becomes less hydrophilic because hydrogen bond
between L100 chain and water can be destroyed at high
temperature. Therefore, the nanoparticles will aggregate,
resulting in turbidity of solution. To test the possibility of
response to temperature, we checked the size distribution of

Scheme 2. Proposed Mechanism of Phase Transition of SiO; s-gPEAs Aqueous Solution
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Figure 3. TEM images (left) and particle size distribution (right) of (A) SiO, s-gPEAI1I, (B) SiO; s-gPEA12, (C) SiO; 5s-gPEA13 in water, and
(D) SiO, 5-gPEA11 in THF at room temperature (¢ = 1 mg/mL). 35 particles were counted for size distribution.

SiO; s-gPEA11 nanoparticles in aqueous solution at the
increasing temperature by DLS. As shown in Figure 5,
Si0; s-gPEA11 aqueous solution was clear and transparent
with size of ~20 nm in diameter at low temperature. When
heated to 60 °C, the solution turned turbid and SiO; s-
gPEAT11 nanoparticles could aggregate into large particles
with size of several micrometers in diameter. After cooling to

room temperature, the solution turned to transparent again
and SiO; 5-gPEA11 returned to nanoparticles with diameter
of ~20 nm (inset in Figure 5A). Figure 5C reveals the TEM
image of the aggregation at high temperature. Because of
their cross-linked organosilica core, SiO; 5-gPEA11 could
not fully integrate to form mesoglobules but irregular parti-
cles with obvious silica-contained cores.
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Figure 4. Volume-weighted size distribution of SiO; s-gPEAs aqueous
and THF solution (¢ = 1 mg/mL) obtained by DLS at room tempera-
ture (pH = 7.0 in aqueous solution).
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Figure 5. (A) Volume-weighted size distribution of SiO; s-gPEAI11
aqueous solution obtained by DLS at different temperature, inset: size
distribution of SiO; 5-gPEA11 NPs aqueous solution cooling to 25 °C.
(B) Temperature dependent size of SiO, s-gPEA11 NPs. (C) TEM
image of SiO; s-gPEA11 at 70 °C. ¢ = 1 mg/mL.

To investigate systematically the responsive aggregation
behavior of SiO; 5-gPEAs nanoparticles under different
conditions, we recorded temperature dependent transmit-
tance measurements by using UV—vis spectrometer. The
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Figure 6. Optical transmittance at 500 nm vs temperature curves for
3 mg/mL SiO, s-gPEAs in aqueous solution at pH 7.0.
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Figure 7. Optical transmittance at 500 nm vs temperature curves for
3 mg/mL SiO, s-gPEA11 in aqueous solution at different pH.

corresponding temperature dependence of transmittance for
three aqueous solutions of SiO; s-gPEAs at pH 7.0 is shown
in Figure 6, from which cloud point (CP) can be obtained.
These solutions exhibit sharp transition from transparence
to turbidity with increase of temperature, indicating the
aggregation of SiO; 5-gPEAs NPs. From SiO; s-gPEA13 to
SiO; s-gPEAT11. CP decreased with the increasing amount of
hydrophobic TMS moieties.

Because of the tertiary amine moieties in the structure of
SiO, s-gPEAs which can be protonated or deprotonated at
dlfferent pH Si0, s-gPEA NPs are expected to be responsive
to pH.*** Temperature dependence of transmittance for
SiO; 5-gPEA11l aqueous solutions at different pH was
recorded by UV—vis spectra. As shown in Figure 7, the effect
of pH on transition temperature of SiO; s-gPEA11 solution
is very obvious, suggesting that CP can be controlled by pH:
i.e., by increasing pH value, CP becomes lower accordingly.
With the increasing pH value from 5.0 to 8.0, CP of SiO s-
gPEAI11 decreases from 74.2 to 43.4 °C, indicating its sharp
response to pH. CP of all SiO, 5-gPEAs at different pH value
is summarized in Table 2. For all SiO, 5-gPEAs, the increas-
ing pH value leads to the decrease of CP due to the depro-
tonation of amino groups at high pH. Size distribution of
SiO, s-gPEAT11 at different pH was also determined by DLS
(Figure S1, Supporting Information), from which pH has no
obvious effect on the size of SiO; s-gPEA11 nanoparticles in
the range of measurement.

Because of the outer shell of L100 chain, the aggregation
of SiO s-gPEA nanoparticles is also expected to be sensitive
to ionic strength, which is one of the dominating parameters
in various aqueous system. Figure 8 shows transmittance
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Table 2. CP of SiO; s-gPEAs Aqueous Solution at Different pH

CP of SiO, s-gPEAs aqueous solution
at different pH (°C)

polymer pH=80 pH=70 pH=60 pH=50
SiO, s-gPEAILL 43.4 56.5 68.2 74.2
SiO, s-gPEA12 53.1 60.1 69.0 76.1
SiO; s-gPEAI13 56.1 62.2 71.1 79.3
1004 —
80+ NaCl concenreation
;\3 —u—1 mg/mL
-~ ] —eo— 3 mg/mL
§ 60 —A— 5 mg/mL
£ —v—7 mg/mL
E 40- —&— 9 mg/mL
2
o
= 201 v\
0 -—n

50 52 54 56 58 60 62

Temperature (°C)

Figure 8. Optical transmittance at 500 nm vs temperature curves for
3mg/mL SiO s-gPEAT11 in aqueous solution at different NaCl concen-
trations.

versus temperature curves of SiO; 5-gPEA11 with different
NaCl concentration. SiO; s-gPEA11 exhibits very sharp
phase transition in wide range of NaCl concentration when
heated. CP decreased with the increasing NaCl concentra-
tion because of partial dehydration of polymer chain. These
results can be explained by salting-out effect.*® With the
increasing NaCl concentration from 0 mg/mL to 9 mg/mL,
CP decreases from 58.1 to 53.0 °C. Lutz et al. reported that
CP of copolymer containing PEO short chain decreased
from 37.5 to 34.5 °C with the increasing NaCl concentration
from 0 to 11 mg/mL.*’ Compared to Lutz’s results, SiO s-
¢PEAs NPs are responsive to ionic strength more signifi-
cantly. We also checked the size distribution of SiOj s-
gPEALI at different NaCl concentration by DLS (Figure
S2, Supporting Information), and found that ionic strength
has no obvious effect on the size of SiO; 5-gPEA11 nano-
particles in the range of measurement.

On the basis of the above studies, we proposed the possible
transition process of SiO; s-gPEA nanoparticles in aqueous
solution, which is illustrated in Scheme 2. At room tempera-
ture SiO; s-gPEAs were dispersed as nanoparticles in water
with hydrophobic core of PPO backbones and robust orga-
nosilica cross-links and hydrophilic shell of L100. Raising
temperature higher than their CP, the L100 graft chains
become less hydrophilic, resulting in aggregation to form
microparticles. The process is thermal-reversible, which
means SiO; s-gPEAs can return to nanoparticles after cooling.
Furthermore, if the hydrolysis and condensation of
TMS-gPEAs were conducted at temperature higher than
their CP, we could obtain much larger SiO; s-gPEAs parti-
cles (~700 nm in diameter). The detailed DLS and TEM date
of the obtained microparticles were outlined in the Support-
ing Information (Figure S3 and S4).

Smart Separation and Transfer of Dyes. Because of the
excellent performance of response to temperature, pH and
ionic strength, SiO; s-gPEAs are expected to be potential in
applications such as controlled drug delivery and separa-
tion.'**34 Just like polymeric micelles formed by self-assembly
of other amphiphilic poly(ether amine)s in water,*>*' the
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Figure 9. Encapsulation of hydrophobic guest molecules. (A) Photo-
graphs of Nile Red in water before (left) and after (right) the addition of
SiO, s-gPEAT11. (B) UV—uvis spectra of Nile Red dispersed in water by
various concentrations of SiO; s-gPEAT11. Inset: plots of maximum
absorbance of Nile Red vs SiO; 5-gPEA11 concentration.

robust hybrid SiO, 5-gPEAs core-cross-linked nanoparticles
could encapsulate hydrophobic guest molecules in water. As
Figure 9A shows, hydrophobic Nile Red which is insoluble in
water, could be dispersed immediately in water in the presence
of SiO, s-gPEA11 NPs, which can be reflected by change of the
solution’s color visible to eye. This could also be proved by
UV—vis spectra (Figure 9B). Upon addition of SiO, s-gPEAT11,
the absorption band at ~550 nm increases with the increasing
SiO, s-gPEAT11 concentration. The dispersion behavior of Nile
Red in water in presence of SiO; s-gPEA11 can be explained by
the encapsulation properties of nanoparticles. Hydrophobic
dye Nile Red can be encapsulated in hydrophobic core of
SiO; s-gPEAT11 in water, resulting in good dispersion of Nile
Red in water.

On the other hand, hydrophilic dyes could also be incor-
porated into the amphiphilic nanoparticles. Maskos et al.
reported on a kind of amphiphilic polymeric core—shell
nanocontainers with ammonium groups contained hydro-
philic core and nonpolar shell.>*>! The hydrophilic dyes
could be incorporated into the particle’s core, resulting in
the dissolution of hydrophilic dyes in organic solvents. So it
is interesting to know whether or not hydrophilic dyes can be
encapsulated in our hybrid nanopartilces. To verify this idea,
we dissolved the water-soluble dye Rose Bengal (RB) in
SiO; 5-gPEA11 aqueous solution and covered it with an
apolar solvent such as toluene, in which the dye is known
to beinsoluble. After heating at 80 °C for 10 min, the mixture
was stirred, followed by centrifuging to yield the phase-
separated mixture. The coloration of the toluene phase and
decoloration of the aqueous phase were observed, indicating
the transfer of RB from aqueous phase to the toluene phase
(Figure 10A,B). After cooling to room temperature, the
toluene phase could return to colorless, indicating the redis-
solution of RB in aqueous solution. Our previous study
indicated that gold nanoparticles with amphiphilic responsive
poly(ether amine)s as the protected shell possessed reversible
phase transition property in water/toluene solution.** So we
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Figure 10. Photograph of the dye transfer between toluene and water
phase at low temperature (left) and high temperature (right): (A and B)
Rose Bengal; (C and D) Rhodamine 6G; (E and F) Rose Bengal and
Rhodamine 6G mixture. (G) Proposed mechanism for the dye transfer.

proposed that the hydrophilic dye RB was sequestered in the
SiO; s-gPEA11 nanoparticles and migrated with them, which
can be controlled by temperature. The similar experiment was
also carried out by using a cationic dye Rhodamine 6G (R6G).
In contrast, R6G did not transfer to the toluene phase after
heating and centrifugation (Figure 10C,D). This was an inter-
esting phenomenon. R6G could not be encapsulated in the
SiO; s-gPEA11 nanoparticles while RB exhibited strong ability
to be encapsulated, indicating that SiO; s-gPEA11 nano-
particles possess the unique selective encapsulation of hydro-
philic dye in water.

Motivated by the unique selective encapsulation of hydro-
philic dye, we tried to use SiO; s-gPEA11 nanoparticles to
separate RB/R6G in their mixture aqueous solution. To test
this possibility, both RB and R6G were dissolved in the
aqueous phase, it is obvious that only RB (purple dye)
migrated to the toluene phase while R6G (orange dye)
was left in the aqueous phase (Figure 10E,F) after heating.
The proposed mechanism for separation is illustrated in
Figure 10G.

To further understand the selective encapsulation of hydro-
philic dye in water, we did the separation experiment directly in
aqueous solution and checked the UV—vis spectra of hydro-
philic dyes in pure water, as well as in SiO, s-gPEA11 aqueous
solution before and after separation (Figure 11). As for RB,
after heating and centrifugation most of the dye precipitated or
adhered to the centrifuge tube wall, and the supernatant was
almost colorless. Compared to the initial RB/SiO, s-gPEA11
solution, the absorbance of the supernatant decreased signifi-
cantly, and the separation efficiency was 90%. It is notable that
after adding SiO, s-gPEA11 the maximum absorption wave-
length (A,ax) red-shifted from 546 to 561 nm, which is close to
RB absorption in medium polar solution THF (A,,,,x = 562 nm).
The significant red-shifted 1,,,x of RB in the presence of
SiO; s-gPEA11 might be ascribed to the change of microenvi-
ronment of RB in water, indicating that RB were sequestered
as guests into the hydrophobic core of SiO; s-gPEAT11, and
precipitated with them at temperature higher than CP. The
polarity of the nanoparticles’ core comprised of PPO chain is
similar to THF. Although RB is hydrophilic, the polarity of
RB might be comparable to THF and the core of SiOj s-
gPEA11, and the negatively charged RB molecules could also
be adsorbed by the positively charged core of SiO; 5-gPEA11
due to the amine groups. As for R6G, the dye did not
precipitate after heating and centrifugation. UV —vis spectra
(Figure 11B) also show that after adding SiO; s-gPEAT11 the
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Figure 11. UV—vis spectra of (A) Rose Bengal and (B) Rhodamine 6G
solution in separation experiment (csior.s.epean = 10 mg/mL, cqye =
0.15mg/mL). Initial dye in pure water (solid line); dye in SiO s-gPEA11
solution (dash dot line); dye in supernatant after heating and centrifu-
gation (dot line); dye in THF solution (dash line).

maximum absorption wavelength (1,,.) red-shifts slightly
from 526 to 527 nm, while A,,,, of R6G in THF is 533 nm.
The relative red-shift value of RB (15 nm in the presence of
SiO; 5-gPEA11; 16 nm in THF) is much greater than that of
R6G (1 nm in the presence of SiO 5-gPEA11; 7 nm in THF),
indicating the almost no interaction between R6G and the
core of SiO; 5s-gPEAT11.

To find the factors to determine the unique selectivity,
more separation experiments of four other hydrophilic dyes
were tested and their UV—vis spectra were recorded in
Figure S5 (Supporting Information). As for anionic dyes
Amido Black 10B (10B) and Bordeaux R (BoR), most of 10B
precipitated with separation efficiency of 85% while the
separation efficiency of BoR is 52%. Similar to RB, an
obvious red-shift of 10B was observed after adding SiOy s-
gPEA11, which means 10B is also encapsulated into the core
of the nanoparticles. However, this phenomenon is not
observed for BoR, which might be due to sole adsorption.
As for amine group-contained dyes Methyl Orange (MO)
and Calcein (Cl), the separation efficiency is low (35% and
21%). However, the slight blue-shift of MO absorption from
464 to 457 nm means that a part of dye molecules could also
be encapsulated into the core of nanoparticles. Compared to
that in pure water, there is no shift of Cl absorption in SiO 5-
gPEAT11 aqueous solution, indicating no encapsulation of Cl
in the core. At the same time, the amine groups in Cl reduce
its adsorption in the surface of SiO; 5-gPEA11 nanoparticles,
resulting in the low separation efficiency.

The reasons why SiO; 5-gPEA NPs exhibited the unique
selective encapsulation of hydrophilic dyes were not com-
pletely clear. Taking the structure of dyes and their separa-
tion efficiency into consideration, however, we propose that
the interaction between dyes and SiO, 5-gPEAs nanoparti-
cles include two factors: (1) Charge-based specificity.™* >
The ionic interactions between the positively charged
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ammonium groups of the nanoparticles and the negatively
charged groups of the dye are the important factor. Nega-
tively charged dyes such as RB and 10B showed separation
efficiency higher than 85%. In contrast, positively charged or
amine group-contained dyes showed low separation effi-
ciency (lower than 35%). (2) Structure of the dyes such as
the polarity and their interaction with SiO, 5-gPEAs’ core.
We observed that for negatively charged BoR the separation
efficiency is only 52%. This might be due to no encapsulation
of dye molecules into the nanoparticles’ core. So in addition
to ionic interaction, the structure of the dyes such as the
polarity is also of importance for loading. In summary,
negatively charged dyes such as RB and 10B, which could
be encapsulated into the nanoparticles’ core showed remark-
able separation efficiency higher than 85%, while positively
charged dyes such as R6G, which could not be encapsulated
into the nanoparticles’ core showed almost no separation
efficiency.

Conclusions

We prepared a series of amphiphilic organosilica hybrid
nanoparticles that contain robust silsesquioxane network and
hydrophobic PPO as the core and hydrophilic L100 as the shell.
The obtained hybrid nanoparticles exhibited response to ionic
strength, especially sharp response to temperature and pH. The
hybrid nanoparticles exhibited unique encapsulation selectivity
for different hydrophilic dyes, and can separate RB and R6G in
the aqueous solution by controlling temperature. This property
provides a unique handle for smart separation. Further work will
be conducted on the factors to determine the unique selectivity of
encapsulation.
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