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ABSTRACT

Silica nanoparticles covered with polystyrene bhamg diarylethene moieties to the
side chains are synthesized by reversible additegmentation chain transfer
polymerization on silica nanoparticles. The resgltinanoparticles are soluble in
toluene and tetrahydrofuran and show reversiblegiamerization upon alternating
irradiation with ultraviolet and visible light. Thehotoreversible isomerization follows
color change, which is called photochromism. Durtihg photochromic reactions, the
nanoparticles are dispersed in solutions such rahydrofuran. The modification by
further block copolymerization oN-isopropylacrylamide results in fabrication of

photochromic silica nanopatrticles soluble in betiahydrofuran and water.

Keywords: Silica nanopatrticle; RAFT polymerization; Photammism; Diarylethene;
Sedimentation



1. Introduction

Inorganic nanoparticles covered with organic polgsrigave drawn much attention
as organic/inorganic hybrid materials in recentrydzecause of their applications for
optical materials, paints, makeup, column filleaad solar cells [1-4]. Inorganic silica
nanoparticles have characteristics such as singilechtions of controlled particular
size, low cost, weather resistance, chemical esist and safeness. Silica
nanoparticles covered with the functional dyessgeful as novel functional dyes and
pigments which have the potential for toughness @ma@bility. The various types of
fluorescent dyes attached on silica nanoparticéa® mecently been used for reversible
fluorescence switch for biological imaging [5-10]he fluorescence modulation is
based on a photochromic molecular switch incorgaranto the silica nanoparticles.
The biocompatibility of the silica nanoparticles kea promising materials for in vivo
imaging applications. Such organic/inorganic hybmadaterials can improve the
solubility in solvents by the modification of thewering agents.

Photochromic compounds exhibit reversible trans&droms between two isomers
upon irradiation at an appropriate wavelength ghtli[11,12]. The interconversion
between the two states is accompanied by changt®iphysical properties such as
absorption spectra, fluorescence, refractive irgjicedielectric  constants,
oxidation—reduction potentials, and so on. Diahgeie is one of typical P-type
photochromic compounds and shows reversible phatasization upon alternating
irradiation with ultraviolet (UV) and visible lighfl3-16]. Silica nanoparticles with
diarylethene polymers are expected to be used pptication as a photochromic
pigment having toughness and durability becaugeghf dispersibility of the particle in
organic solvents in addition to thermal stabilitydafatigue-resistant properties.
Photochromic hybrid materials can be applied as tqamwomic decoloration,
photochromic glasses, UV sensors, photochromic calptiwaveguide, optical

memorydevices, holographic recording media, noediroptics, and so on [17].



The “grafting-from” and *“grafting-to” techniques ipolymer chemistry are
commonly used for connecting polymer chains ordsslibstrate [18-20]. Among them,
the former method can connect polymer with funclayroup on substrate, whereas the
latter method can initiate polymerization from swéte on which an initiator or a chain
transfer agent presents to form grafting polymeairch in high density. Particularly,
living radical polymerizations on the surface ofterals are widely used for grafting
on substrate because of easy control of polymeandbagth and end groups. There are
some reports on the surface-initiated living radipalymerizations such as atom
transfer radical polymerization and reversible #ddifragmentation chain transfer
(RAFT) polymerization [21,22]. Tsujii and coworkefiaund that high-density polymer
brushes can be obtained by living radical polynain from solid substrate [21].
Moreover, they demonstrated that the dispersibdftgilica nanoparticles covered with
polymer brushes in organic solvents is dominatedth®y nature of the polymers
fabricated onto the silica nanoparticles [23].

Here, we report on fabrication of silica nanop#ésccovered with polystyrene
having photochromic diarylethene chromophores te $ide chains, as shown in
Scheme 1. The silica surface-initiated polymeraatiwvas carried out by RAFT
copolymerization of styrene (St) and a diarylethanenomer (DE) using silica
nanoparticle covered with a RAFT agent. To modifg solubility of the nanoparticles
in both hydrophobic and hydrophilic solvents, bloatopolymerization with
N-isopropylacrylamide (NIPAmM) was also performedeTghotochromic behavior and

dispersibility of the resulting nanoparticles in Fldnd water are discussed.

[Scheme 1]



2. Experimental section
2.1. Measurements

'H NMR spectra were measured using a Bruker AV-300WR spectrometer at
300 MHz. Deuterated chloroform (CD{l was used as the solvent and
tetramethylsilane (TMS) as internal standard, retpely. Transmission electron
microscopy (TEM; Hitachi H-7000) was performed atacelerating voltage of 75 kV.
TEM samples were prepared by dropping an ethantdtoahydrofuran (THF) solution
of the particles on a carbon-coated copper griddmetl in air. The particle size was
determined from the TEM image. Absorption specteaenmeasured using a UV/visible
absorption spectrophotometer (Jasco V-560). Phatbation was conducted using a
200 W mercury-xenon lamp (Moritex MUV-202) or a 300 xenon lamp (Asahi
Spectra MAX-301) as a light source. Monochromagbtl was obtained by passing the
light through a monochromator (Jobin Yvon H10 UVJasco CT-10) and glass filters.
Gel-permeation chromatography (GPC) was perfornsgugua Tosoh 8000 series GPC
system equipped with TSK-gel columns at 40 °C asidguTHF as the eluent.

2.2. Materials
All reagents were purchased from Wako Pure Cheniiwdlistries. NIPAm and
2,2’-azobis(2,4,4-trimethylpentane) (ATMP) werergestallized fromn-hexane. DE was

synthesized according to the method describedrip@yvious paper [24].

2.3. Synthesis of 1-[3-(methoxydimethylsilyl)progytarbonyl]ethyl dithiobenzoate
(RAFT-Si)

RAFT-Si was synthesized according to the methodrdeed in literature as follows
[25]. Phenylmagnesium bromide was prepared frommbhkenzene (12.4 mL, 118
mmol) and magnesium turnings (1.90 g, 78.2 mmoldin THF (30 mL). Carbon
disulfide (4.80 mL, 79.5 mmol) was slowly addedthe THF solution of the Grignard



reagent at 40 °C. To the mixture was slowly addgdn&thoxydimethylsilyl)propyl
2-bromopropionate (20.2 g, 71.2 mmol) at 40 °C. Theture was stirred for 24 h at
room temperature. An adequate amount of ice wadsradded to the mixture to quench
the reaction. The reaction mixture was extracteth wther, washed with brine, dried
over MgSQ, filtrated, and concentrated in vacuo. The crudelpct was purified by
column chromatography on silica gel usimipexane/ethyl acetate (8:2) as the eluent.
The pure product was obtained by a recycle HPLCl (JB-908) on gel columns
(JAIGEL-1H and 2H) using CHGlas the eluent in 72.2% yield (18.3 tj. NMR (300
MHz, CDCk, TMS): & (ppm) = 0.11 (s, 6H, Si(€s),OCHs), 0.56-0.65 (m, 2H,
COOCHCH,CH,), 1.67-1.75 (m, 2H, COOGEH,), 1.68 (d,J = 7.4 Hz, 3H,
SCH(H5CO), 3.41 (s, 3H, Si(C¥LOCHs), 4.09-4.17 (m, 2H, COOE,), 4.75 (q,d =
7.4 Hz, 1H, SEICH3CO), 7.26-7.57 (m, 3H, Aromatic H), 7.97-8.01 (rk, ZAromatic
H).

2.4. Synthesis of 1-(ethoxycarbonyl)ethyl dithidtoate (EEDB)

EEDB was synthesized according to the method de=trin literature as follows
[26]. Phenylmagnesium bromide was prepared fronmbimenzene (10.5 mL, 100
mmol) in THF (50 mL) and magnesium turnings (2.43@0 mmol) in dry THF (7 mL)
by heating for 20 min at 60 °C. Carbon disulfidel(mL, 101 mmol) was slowly
added to the THF solution of the Grignard reagem®50 °C. To the mixture was
slowly added ethyl 2-bromopropionate (18.1 g, 10@at) at 40 °C. The mixture was
stirred for 16 h at room temperature. An adequateumt of ice water was added to the
mixture to quench the reaction. The reaction mitwas extracted with ether, washed
with brine, dried over MgS#) filtrated, and concentrated in vacuo. The crudmpct
was purified by column chromatography on silica gghgn-hexane as the eluent. The
pure product was obtained by a recycle HPLC (JAI-908) on gel columns
(JAIGEL-1H and 2H) using CHGlas the eluent in 37.8% yield (9.62 t. NMR (300



MHz, CDCk, TMS): 6 = 1.29 (t,J = 7.1 Hz, 3H, CHCH3), 1.67 (d,J = 7.4 Hz, 3H,
CHCHy), 4.23 (9J= 7.1 Hz, 2H, E©l,), 4.75 (qJ = 7.4 Hz, 1H, ©), 7.34-7.43 (m, 2H,
Aromatic H), 7.51-7.58 (m, 1H, Aromatic H), 7.998.(m, 2H, Aromatic H).

2.5. Synthesis of silica nanoparticle by the Stabethod

A 28 wt% aqueous solution of ammonia and absoltiter®l (50 mL) were added
into a flask. To the solution was added a solutwdrtetraethoxysilane (TEOS) and
absolute ethanol (50 mL). The mixture was stir@d24 h at room temperature. Silica
nanoparticles were obtained as solid by centrifgdaor 10 min at 6000 rpm in ethanol.
The silica nanoparticles were purified by centrifigg5 times in ethanol. The silica

nanoparticles obtained were dried in vacuo.

2.6. Synthesis of silica nanoparticle covered \R&FT agent

The silica nanoparticles obtained above were adoeétiN hydrochloric acid, and
the mixture was stirred for 24 h at room tempemrtirhe silica nanoparticles were
washed by distilled water and purified by centrifigg5 times in distilled water, and
dried. The silica nanoparticles were added to aTdif solution (10 mL) of RAFT-Si
(500 mg, 1.4 mmol). The mixture was refluxed for b8 The resulting silica
nanoparticles were purified by centrifuging 5 timesn-hexane. The nanoparticles

(SNP-RAFT) were dried in vacuo.

2.7. Polymerization

RAFT polymerization was carried out in a glass tudgmaled under vacuum.
Monomer, EEDB, SNP-RAFT, ATMP, and toluene were jpua glass tube. The tube
was degassed by several freeze-pump-thaw cyclesealdd off under vacuum. After
polymerization for a prescribed time at 100 °C, tlsulting nanoparticles were

collected as solid by centrifugation for 10 min6&00 rpm and washed 5 times with



THF followed by drying in vacuo. The silica-free lpmer was collected by

precipitation in methanol.

2.8. Block copolymerization

NIPAm, EEDB, AIBN, N,N-dimethylformamide (DMF), and SNP-poly(§¢-DE)
were put in a glass tube. The tube was degasses\wral freeze-pump-thaw cycles
and sealed off under vacuum. After polymerizationd prescribed time at 60 °C, the
resulting nanoparticles were collected as soliddmytrifugation for 10 min at 6000 rpm
and washed 5 times in THF followed by drying inwacThe silica-free poly(NIPAm)

was isolated by precipitation mhexane.

2.9. Sedimentaion behavior

The sedimentation behavior of the nanoparticlesalution was observed by the
light-transmission method of the nanoparticles IHFTand in water. Before the
measurement, the solution of the nanoparticlesimediated with 313 nm light to reach
the photostationary state. The number of the natiolgs in solution was determined
from absorbance of the diarylethene closed-ringmfoat absorption maximum

wavelength in the visible region.



3. Resultsand Discussion
3.1. Synthesis of RAFT-SNP

Silica nanoparticles were synthesized accordingh# technique established by
Stober and coworkers [27]. The Stober method haarackeristic to produce a
monodispersed silica nanoparticle with small sizgridbution. The diameter of the
particle is controlled by adjusting the concentnasi of TEOS, water, and ammonia.
Table 1 shows the preparation conditions and tlopeasties of the resulting silica
nanoparticles. The reaction was performed by sgrthe solution of TEOS, water, and
ammonia in ethanol for 24 h at room temperatureeuradgon atmosphere, and the
resulting silica nanoparticles were isolated andfied by centrifuging the suspension
in ethanol. After drying the resulting silica naadiicles, they were distributed in
ethanol, and casted on the copper grid to meadtik. The average particle diameter
(d) and the standard deviatioo)(were obtained from the TEM image. Figure 1 shows
the TEM images of the resulting silica nanoparticl&he silica nanoparticles have
particle diameters of 60-350 nm and narrow partstike distributions d/d = 5-10%).
The relationship between tlievalue and the concentration of ammonia used fer th
reaction was plotted in Figure 2. THesalue can be controlled by the concentration of
ammonia because the particle size increased witheasing the concentration of

ammonia.

[Table 1]
[Figure 1]
[Figure 2]

The RAFT agent, RAFT-SIi, is required to be immagt onto the silica
nanoparticle surface. In general, the silane cagpdigent with a methoxysilyl group to

attach the silica nanoparticle surface is used wititee basic condition. Because the



RAFT agent is unstable under the basic conditidnjsi necessary to use the
immobilization technique of the silane coupling eig@ithout the basic condition. Thus,
the silica nanoparticles were treated with hydrogblacid and washed with distilled
water, followed by refluxing the THF solution of RA-Si under argon atmosphere. The
siloxane bond was formed by the reaction of theatkilyl group of RAFT-Si and the
silanol group on the silica nanoparticle surfadee Tesulting SNP-RAFT has a pale red
color originated from dithiobenzoate group. Thisame that the RAFT agent is

successfully immobilized onto the silica nanopéetic

3.2. Synthesis and characterization of SNP-polg¢SDE)

RAFT copolymerization of DE and St using SNP-RAFSTthe RAFT agent was
carried out at 100 °C. The RAFT polymerization gsBNP-RAFT without a silica-free
RAFT agent cannot contrdll, and M,/M,, of the grafting polymers [22]. Therefore,
EEDB as the silica-free RAFT agent was added tgtiigmerization mixture. Table 2
shows the polymerization condition and the resniltthe polymerization. Two different
sizes of SNP were used for the polymerization. rAfthe polymerization,
SNP-poly(Steo-DE) was collected as solid by centrifugation, asdica-free
poly(Stco-DE) was isolated by precipitation to methanol.ufeg3 shows TEM images
of SNP-poly(Steo-DE). The silica core maintains particle diameted aarrow particle
size distribution. The polymer shell around théailcore is observed in the image. The
thickness of the polymer shell in dry was foundb® 3-6 nm from the image. This
means that RAFT polymerization was successfully riedr out to form

SNP-poly(Steo-DE).

[Table 2]
[Figure 3]



The composition of DE in silica-free poly(86-DE) was determined to be 34-39
mol% by 'H NMR spectroscopy, whereas the composition of BEnonomer is 25
mol%. The copolymer has M, of 17000-30000 and a low polydispersitM (M, =
1.1-1.2) determined by standard poly(St) calibratiasing GPC. The copolymer
attached to the silica nanoparticle surface is idened to have the similar

characteristics.

3.3. Photochromism of SNP-poly(St-co-DE)

Photochromic reaction behavior of SNP-poly¢8tbE) was examined in THF and
in neat powder. Figure 4 shows color change in dBly(Stco-DE) with a diameter
of SNP in 60 nm upon alternating irradiation with/and visible light. The THF
solution of the silica nanoparticle, which is wdispersed in THF, turned blue by
irradiation with UV light. The color was thermallgtable and was bleached by
irradiation with visible light. The powder of SNRg(St-co-DE) also shows blue color
upon irradiation with UV light. The color was blded by irradiation with visible light.
The coloration and decoloration can be repeatecerabvimes. Figure 5 shows
absorption spectral changes of poly¢BtbE) and SNP-poly(Sto-DE) in THF upon
alternating irradiation with UV and visible lighthe open-ring form is colorless in THF.
Upon irradiation with 313 nm light, new absorptioand appeared at 450-700 nm, and
the absorption band disappeared upon irradiatioh wsible light. The light scattering
of the silica nanoparticles was observed in thesmesnent as an increase in the base
line in Figure 5b. No change of the light scattgrimwas observed during the
photochromic reactions. SNP-poly(&DE) was found to exhibit photochromism as

well as poly(Steo-DE).

[Figure 4]
[Figure 5]
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Figure 6 shows the photocyclization and photocyslersion reactivities of
SNP-poly(Steo-DE) and poly(Seo-DE) in THF upon irradiation with 313 nm light
and 600 nm light, respectively. There is no diffee® in the photocyclization and
photocycloreversion rates of DE for SNP-poly(BtbE) and poly(Sieo-DE); thus, the
photoisomerization of DE takes place in high edfiey even in SNP-poly(Sts-DE). A
few retardation on photocyclization and photocyel@rsion reaction rates of
SNP-poly(Steo-DE) is considered to be brought by light scatigriof the silica

nanoparticles.

[Figure 6]

3.4. Synthesis and characterization of amphiplphotochromic silica nanoparticles
Block copolymerization of NIPAm using SNP-poly(&+DE) was carried out in
DMF using AIBN as the initiator at 60 °C. Tablel8svs the polymerization conditions
and the results of the polymerization. The polymation was successfully carried out
in a glass tube for 20 h or 40 h at 60 °C. Figureshbws TEM images of
SNP-poly(Steo-DE)-blockpoly(NIPAmM). The TEM images show that the parscle
were well-dispersed in THF and spread on the copperwithout aggregation. The
polymer layer was also observed in the vicinityha silica nanoparticles with the layer

thickness of 5-10 nm.

[Table 3]
[Figure 7]

The degree of polymerization for  poly(NIPAm)  segmenin
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poly(St-co-DE)-blockpoly(NIPAm) can be determined from thid-NMR spectrum of
silica-free poly(NIPAm) obtained simultaneouslythg polymerization. Figure 8 shows
'H-NMR spectrum of poly(NIPAm). The broad peak at-2.7 ppm is assigned to the
methylene and methine protons in the main chath@fpolymer. The peaks at 1.14 and
3.8-4.4 ppm are assigned to methyl and methineopsotof isopropyl group,
respectively. The broad peak at 5.5-7.7 ppm is tduthe NH proton. The aromatic
protons of the dithiobenzoate group at the polyemet appeared at 7.39, 7.56, and 7.96
ppm. The degree of polymerization of poly(NIPAm) sweetermined base on the
comparison of the proton intensities of the aromptbtons at the polymer end and the
methine protons of the isopropyl group in the moapnmit. The results are shown in

Table 3.

[Figure 8]

3.5. Photochromism of SNP-poly(St-co-DE)-block¢dIPAM)

The resulting SNP-poly(Ste-DE)-blockpoly(NIPAmM) is soluble in THF and water.
The photochromic behavior of the nanoparticles @emmined in THF and water upon
alternating irradiation with UV and visible lighEigure 9 shows absorption spectral
changes of the nanoparticles in THF and water. Up@aiation with UV light, the
solution turned blue both in THF and water. Theogbison maximum wavelength in
the visible region appeared at 622 and 613 nm i BiAd water, respectively. The
maximum wavelength of silica-free poly(DE) and SpiBty(Stco-DE) in THF is 592
nm. Therefore, the red shift of 30 nm is ascribedhe presence of the poly(NIPAm)
segment. Although the poly(NIPAmM) segment is introed to the polymer chain as a
block segment, it is considered to affect an aligmrproperty of diarylethene in THF

and water. The pendant diarylethene chromophomliyn(St-co-DE) is considered to

12



serve as surrounded by hydrophilic poly(NIPAm). fEfere, the shift is due to the local
structure around the diarylethene chromophore.ii$tability of diarylethene molecule
at the ground state brings about the red shift h&f &bsorption spectrum of the

closed-ring form.

[Figure 9]

3.6. Dispersibility of SNP-poly(St-co-DE)-blockhg®IPAmM) in solution

The hydrophilicity of the silica nanoparticle cosd with the diarylethene
chromophore can be expected to improve by intraduthe poly(NIPAm) segment into
the outside of SNP-poly(S#-DE) by block copolymerizatiorThe dispersibility of
SNPRsg-poly(Stco-DE) and SNEByx-poly(Stco-DE)-block-poly(NIPAmM) in THF and
water was observed by the sedimentation behavitineoparticles, as shown in Figure
10. In THF, both nanoparticles are well-dispersedowever, in water,
SNPRse-poly(Stco-DE) was not dispersed because of the hydrophaiyener chain. On
the other hand, SNRpoly(Stco-DE)-blockpoly(NIPAm) was well-distributed in

water as well as in THF.

[Figure 10]

The chain length dependence of poly(NIPAmM) segnoentdispersibility in water
was examined. Figure 11 shows the time dependenicethe number of
SNPRse-poly(Stco-DE)-block-poly(NIPAmM) (m = 137) and
SNPRse-poly(Stco-DE)-blockpoly(NIPAmM) (m = 217). The polymer chain length of the
latter particles is 1.5 times longer than that bé tformer particle. Both of the

nanoparticles were dispersed highly in water arib 88 particles maintain a dispersion

13



state even after 2 h. This means that the poly(RiPAegment is long enough to

disperse in water.

[Figure 11]

Poly(NIPAm) shows lower critical solution temperneau(LCST) near room
temperature. Therefore, the sedimentation behavior of
SNPRse-poly(Stco-DE)-block-poly(NIPAmM) was examined at 25 and 40 °C, as shiown
Figure 12. The sedimentation speed of the partiskes estimated from the slope of the
linear relationship to be 1.1 x #tand 1.4 x 1 particles [* min® at 25 and 40 °C,
respectively. The speed at 40 °C is 1.3 times ifabtn that at 25 °C. Although this is
due to the decrease in the hydrophilicity of they/@dlPAmM) segment at 40 °C, the large
difference of the sedimentation behavior was noseoked. It is concluded that
SNP-poly(Steo-DE)-blockpoly(NIPAmM) is well-dispersed in water even at a

temperature above LCST.

[Figure 12]
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4. Conclusion

We succeeded in preparing a novel photochromic @gnthat originates from silica

nanoparticles and photochromic polymers. The phwotouic silica nanoparticles

showed photochromism in high efficiency in solutiand neat powder. According to
introduction of the poly(NIPAm) segment by the tHocopolymerization, the silica

nanoparticles were well-dispersed in both THF armtew Such amphiphilic silica

nanoparticles covered with photochromic diarylethehromophores can be useful for

applications such as organic/inorganic hybrid pblotomic pigments.
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Figure Caption

Scheme 1. Synthetic scheme of an amphiphilic photochromicashnanopatrticle.

Figurel. TEM images (left) and histograms of diameter dstion (right) for silica
nanoparticles prepared by the Stober method: [TEOG]L1 mol LY, [NH3] = 2.0 (a),
1.3 (b), 1.0 (c), 0.77 mol £ (d), [Hz0] = 2.4x[NHj).

Figure2. Relationship between the particle diameter ofgsiiea nanoparticle and the
concentration of ammonia used for the reaction.efmor bar expresses the standard

deviation of the particle diameter.

Figure3. TEM images of SNRgpoly(Stco-DE) (d = 150 nm,M, = 27500) (a) and
SNRy-poly(St-co-DE) (d = 60 nmM,, = 29800) (b).

Figure4. Photographs of SNERpoly(Stco-DE) (M, = 29800) before (left) and after
(right) irradiation with UV light in THF (a) and aé&powder (b).

Figure5. Absorption  spectral changes of poly(#bDE) (a) and
SNPRse-poly(Stco-DE) (M, = 29800) (b) in THF: open-ring form ( - - - ) arde

photostationary state upon irradiation with 313light (——).
Figure6. Time-conversion plot of SNEgpoly(Stco-DE) (M, = 29800) ¢) and

poly(Stco-DE) (o) in photocyclization by irradiation with 313 nnglit (a) and in

photocycloreversion by irradiation with 600 nm ligh).
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Figure7. TEM images of SNRgpoly(Stco-DE)-blockpoly(NIPAmM) (m = 160) (a)
and SNRoy-poly(Stco-DE)-block-poly(NIPAM) (m= 137) (b).

Figure8. 'H NMR spectrum of silica-free poly(NIPAm) obtainedy RAFT

polymerization of NIPAm with SNREgpoly(Stco-DE) in DMF for 20 h at 60 °C:
[NIPAmM] = 3.5 mol L%, [EEDB] = 16 mmol [, [SNP.s¢-poly(Stco-DE) ] = 10 g L',

[AIBN] = 8.0 mmol L™,

Figure9. Absorption spectral change of Sipoly(Stco-DE)-blockpoly(NIPAmM)
(m=137) in THF (a) and water (b) upon alternatimgdiation with 313 nm light and
visible light: open-ring form (broken line) and thkotostationary state upon irradiation

with 313 nm light (solid line).

Figure 10. Time-dependent change of the number of ShBly(Stco-DE) (M, =
17000) (a) and SNgpoly(Stco-DE)-blockpoly(NIPAmM) (m = 137) (b) dispersed in

THF and water. The sedimentation behavior was @bddn the photostationary state.

Figure 11. Time-dependent change of number of @)
SNPRse-poly(Stco-DE)-block-poly(NIPAmM) (m = 137) and (b)
SNPRse-poly(Stco-DE)-block-poly(NIPAmM) (m = 217) dispersed in water.

Figure 12. Time-dependent change of the number of

SNRso-poly(Stco-DE)-blockpoly(NIPAmM) (m = 137) dispersed in water at 26 (e )
and 40°C (o).
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Scheme 1. Synthetic scheme of an amphiphilic photochromlicasnanoparticle.
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Figure 1. TEM images (left) and histograms of diameter @istion (right) for silica
nanoparticles prepared by the Stéber method: [TEOG]L1 mol L, [NH3] = 2.0 (a),
1.3 (b), 1.0 (c), 0.77 mol & (d), [H:0] = 2.4x[NHj).
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Figure2. Relationship between the particle diameter ofsihea nanoparticle and the
concentration of ammonia used for the reaction.efmor bar expresses the standard

deviation of the particle diameter.
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Figure 3. TEM images of SNRgpoly(Stco-DE) (d = 150 nm,M, = 27500) (a) and
SNPRe-poly(Stco-DE) (d = 60 nm M, = 29800) (b).
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ACCEPTED MANUSCRIPT

(a)

Figure 4. Photographs of SNRpoly(Stco-DE) (M, = 29800) before (left) and after
(right) irradiation with UV light in THF (a) and aé powder (b).
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Figure 5. Absorption spectral changes of poly(aDE) (a) and SN&-poly(St-co-DE)
(M, = 29800) (b) in THF: open-ring form ( - - - ) atite photostationary state upon

irradiation with 313 nm light —).
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Figure 6. Time-conversion plot of SNgpoly(Stco-DE) (M, = 29800) ¢) and
poly(Stco-DE) (o) in photocyclization by irradiation with 313 nnyglit (a) and in

photocycloreversion by irradiation with 600 nm ligh).
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Figure 7. TEM images of SNRqpoly(Stco-DE)-blockpoly(NIPAmM) (m = 160) (a)
and SNRo-poly(Stco-DE)-block-poly(NIPAmM) (m = 137) (b).
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Figure 8. 'H NMR spectrum of silica-free poly(NIPAm) obtaineoly RAFT

polymerization of NIPAm with SNREgpoly(Stco-DE) in DMF for 20 h at 60 °C:
[NIPAmM] = 3.5 mol =%, [EEDB] = 16 mmol [, [SNP.s¢-poly(Stco-DE) ] = 10 g L',

[AIBN] = 8.0 mmol L™,
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Figure 9. Absorption spectral change of Sipoly(Stco-DE)-blockpoly(NIPAM)
(m=137) in THF (a) and water (b) upon alternatimgdiation with 313 nm light and

visible light: open-ring form (broken line) and tpkotostationary state upon irradiation

with 313 nm light (solid line).
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Figure 10. Time-dependent change of the number of &hBly(Stco-DE) (M, =
17000) (a) and SNgpoly(Stco-DE)-blockpoly(NIPAmM) (m = 137) (b) dispersed in

THF and water. The sedimentation behavior was @bddn the photostationary state.
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Figure 1. Time-dependent change of number of

SNRso-poly(Stco-DE)-blockpoly(NIPAmM)

(m

= 137) and

SNPRse-poly(Stco-DE)-block-poly(NIPAmM) (m = 217) dispersed in water.

32

(b)

(@)



0.0 1 1 1 1 1
O 20 40 60 80 100 120

Time/min

Figure 12. Time-dependent change of the number of
SNRso-poly(Stco-DE)-blockpoly(NIPAmM) (m = 137) dispersed in water at 26 (e )
and 40°C (o).
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Table 1. Preparation conditions, average diametgrgnd standard deviation)(of

silica nanoparticles prepared by the Stober methatbsolute ethanol for 24 h at r.t.

[TEOS] [NH] [H20]
d/nm o/nm (©/d)/%
/mol L™t /mol L /mol L™t
0.11 2.0 4.8 350 19 5.4
0.11 1.3 3.2 290 27 9.3
0.11 1.0 2.3 150 7.6 51
0.11 0.77 1.9 60 57 9.7
0.11 0.60 1.4 54 6.8 13

34



Table 2. RAFT copolymerization of St and DE in the preseat&NPRAFT at 100 °(

in toluene?
d) ¢  Molar

) by [SNP-RAFT] _ _ M Mw/Mh _
d”/nm ¢ ”/nm . Time/h Conversiofl/% fraction of

gL (GPC) (GPC) d)
DE”/mol%
1509 7.6 133 9 36.3 27500 1.15 39
60° 5.7 133 18 43.3 29800 1.20 37
60° 5.7 80 20 37.3 17000 1.20 34
60° 5.7 50 20 43.3 24200 1.19 34

a) [St] = 2.25 mol [*, [DE] = 0.75 mol [*, [EEDB] = 5.0 mmol L}, [ATMP] = 0.50
mmol L.

b) Diameter §) and standard deviation)(of SNP.

c) Percentage of monomers used to form SNP-pobd®RE) or poly(Steo-DE).

d) Number average molecular weight, polydispersity] molar fraction of DE of
silica-free poly(Sto-DE) obtained by RAFT copolymerization of St and DEhe
presence of SNP-RAFT.

e) The resulting silica nanoparticles< 150 and 60 nm) covered with the polymers are

called SNRsg-poly(Stco-DE) and SNBy-poly(Stco-DE), respectively.
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Table 3. RAFT block copolymerization of NIPAm using SNP-yp@t-co-DE) in DMF

at 60 °C: [NIPAm] = 3.5 mol I, [EEDB] = 16 mmol L}, [SNP-poly(Steo-DE) | =

10 g L'}, [AIBN] = 8.0 mmol L™

SNP-poly(Steo-DE)

<)

Time/h Conversion/% m
d?nm M, ?
150 27500 20 59.2 160
60 17000 20 50.5 137
60 24200 40 66.5 217

a) Diameter of SNP in SNP-poly(86-DE).

b) M, of silica-free poly(Sto-DE).
c) Degree of polymerization for poly(NIPAm) obtaithim the RAFT polymerization.
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Graphical Abstract
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Highlights:

We succeeded in preparing organic/inorganic hybrid photochromic pigments.

The photochromic block copolymers are grafted on silica nanoparticle.

The block copolymers were prepared by aliving radical polymerization.

The organic/inorganic hybrid pigments are well-dispersed in tetrahydrofuran and water.

The organic/inorganic hybrid pigments show photochromism in solution and powder.



