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ABSTRACT: This article reports the fabrication and characterization of a novel type photoresponsive colloids
composed of two amphiphilic azo polymers. The colloids were built up by using an amphiphilic random azo
copolymer (PEAPE) and a polydispersed azo homopolymer (BP-AZ-CA), which were functionalized with
azobenzene type and pseudo-stilbene type chromophores, respectively. The colloids were prepared by gradually
adding deionized water into a THF solution containing both PEAPE and BP-AZ-CA. In order to study the influence
of the preparation conditions on the colloid composition and structure, the colloids were also prepared by mixing
two THF—H,0 solutions or dispersions of the polymers with different initial water contgpf) @nd then adding

water into the mixture. When mixing the solutions with, below the critical water content (CWC), uniform
colloidal spheres composed of the two polymers could be obtained. Upon irradiation of a linearly polarized Ar
laser beam, the hybrid colloidal spheres were deformed to “tadpole-like”, “spindle-like”, and other nonspherical
structures depending on the composition of the colloids. As only the BP-AZ-CA component could be driven by
the light irradiation, the photoinduced deformation degree increased with the increase of the active component in
the hybrid colloids. When mixing the dispersions wih, above CWC, the colloids obtained were observed to

be a mixture of the hybrid colloids and monocomponent colloids. The photoisomerization study confirmed that
the cores of the hybrid colloids were formed from the more hydrophobic PEAPE component, and the coronas
were rich in the BP-AZ-CA component. The colloidal structures were formed due to the gradual hydrophobic
aggregation of the polymeric chains in the THE@HmMedia. In the forming process, the more hydrophobic PEAPE
chains started to aggregate first and then BP-AZ-CA chains gradually assembled on the cores while the water
content gradually increased. The understanding and methodology can be applied to construct colloids composed
of two or more photoresponsive polymers or even other functional polymers.

Introduction energy surface and isomerization pathway of the azobenzenes
at ground and excited stat®sOn the basis of the understanding,

Azobenzene and its derivatives have been widely used as I ith diff h . . b
dyestuffs, pigments, and pH indicators for a long tinfeecent 220 Polymers with different photoresponsive properties can be
designed and fabricated.

studies show that polymers containing azobenzenes (azo poly-
mers for short) can exhibit some fascinating photoresponsive Colloidal particles, which have at least one dimension within
variations such as phase transitfochromophore orientatioh, the nanometer to micrometer range, are well-known as one of
surface-relief-grating (SRG) formatidmhotomechanical bend-  most important components used in many industrial products
ing,> and many other%:® The variations are triggered by the such as inks, paints, coatings, cosmetics, and photographic films,
trans-cis photoisomerization of the azobenzeHeBhe isomer- among other$? Recent studies have expanded the applications
ization behavior of the azo chromophores plays a critical role of the polymer-based colloids to new areas such as drug
in affecting the properties of azo polymérs. According to delivery, biodiagnostics, and combinatorial synth&si¥ Mono-

the differentiation at the isomerization behavior, the azo dispersed colloidal spheres can be used as building blocks to
chromophores have been classified as azobenzene, aminoeonstruct two-dimensional (2D) and three-dimensional (3D)
azobenzene, and pseudo-stilbene tygeor the azobenzene ordered colloidal array®. The colloidal crystals can potentially
type chromophores, the cis-to-trans isomerization is relatively be used in sensors, filters, optical switches, photovoltaic devices,
slow at room temperature, and the existence of the cis isomerssoft lithographic processes, and photonic band gap (PBG)
can be easily detected by the spectroscopic method. This typematerials, among othe#$ Typically, colloids with narrow size

of azo chromophore can be used as a molecular probe to detectlistribution can be prepared by emulsion polymerization and
the local environment surrounding*ftFor amino-azobenzene  self-assembly of block copolymers in a selective solvent.
type and pseudo-stilbene type molecules, the cis state of theEmulsion polymerization can produce monodispersed latex
molecules is relatively unstable, which relaxes back to the transparticles of various polymef8.However, latex particles con-
state at an extremely short time period. Upon light irradiation, taining a large amount of azo chromophores can hardly be

the azo chromophore can rapidly undergo tracis—trans prepared by this method because of the inhibition of azo groups
isomerization cycles, which can result in some accumulated andig the free-radical chain growth. To prepare uniform micellar
enlarged effects such as chromophore orientétfofihe re- spheres from block copolymers usually requires monodispersity

peated transcis isomerization is also considered to be one of of Cop0|ymers in both the molecular We|ght and block |en?§th
the key factors causing the SRG formatioviarious theoretical  Those well-defined copolymers can be prepared by the anionic
and spectroscopic methods have been used to study the potenthi\,ing polymerization and controlled radical polymerizations
such as atom transfer radical polymerization (ATRRjicellar
* Corresponding author. E-mail: wxg-dce@mail.tsinghua.edu.cn. aggregates have been prepared from amphiphilic diblock azo
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copolymers synthesized by ATRP.The aggregates show H CHs oH
interesting photoinduced deaggregation behavior caused by the —éCHngHfCHT&@—?—@—O—CHZ—CH—CHZ—"\‘fn
photoisomerization of the azo chromophores. Recently, it has CHs X
been reported by us that uniform colloidal spheres can be BP-AZ-CA  X: ~«(O)-N=N~O~COCH

obtained from amphiphilic random azo copolymers or polydis-
persed homopolyme#f8:26 The colloidal spheres were formed _
through gradual hydrophobic association of the polydispersed COOH CO0CH;CH;0 (D) N=N-O)-0CHzCHs
polymer chains in aqueou®rganic media induced by a ) ?EAPE

continuous increase in the water cont&nDepending on the ~ Figure 1. Chemical structure of PEAPE and BP-AZ-CA.
chromophores tethered on the polymers, the colloidal spheres

showed different photoresponsive properties. Upon exposure toand photoresponsive properties. Constructing hybrid colloids
linearly polarized At laser single-beam or interfering beams, composed of the two components were demonstrated on the

the colloidal spheres containing pseudo-stilbene type azo _baS|s of the gradual hydrophobic association scheme. Results

chromophores could be significantly stretched along the polar- |nd|c§1ted that the photoresponswe properties of the hyb.”d
ization directiorz® The isomerization behavior of the colloidal CO”%'.O!S weflfehditel;méneﬂl b’é }he composition and préaparatlon
spheres containing azobenzene type chromophores was studiefiOn ttions. tedy r};h.co c:.' | O.rmgt'fr.ll' structure, and proper-
by UV—vis spectroscopy, which supplied information about the 1es are reported in this article in detaul.

local structure variation during the colloid formatiéh. Experimental Section

Colloids Cqmposeq of more than one Compongnt €an poSSess  \aterials. Analytical pure tetrahydrofuran (THF) from com-
more complicated inner structure and combine interesting mercial source was refluxed with cuprous chioride and distilled
properties of those components. For low molecular weight for dehydration before use. Deionized water (resistivityg MQ-
surfactants, comicellization of multicomponents in aqueous cm) was obtained from a Millipore water purification system and
solutions has been extensively studiéd® Aggregation of used for the following experiments. Other reagents and solvents
diblock copolymers with different chain lengths and block were used as received without further purification. PEAPE (its
compositions has also been repoed? As the aggregates have ~ chemical structure is given in Figure 1) was prepared by the

a compact core of the insoluble blocks surrounded by a loose Schotter-Baumann reaction between poly(acryloyl chloride) (PAC)

shell of soluble blocks, the aggregates are usually named as"d 2-[4-(4-ethoxyphenylazo)phenoxylethanol (EAPE), and then

micelles because of the structural similarities to the surfactant the unreacted acy| chioride groups were hydrolyzed to obtain the

. carboxyl groups. As it was difficult to directly measure the
micelles. However, the block copolymer aggregates and low- mgjecular weight and its distribution of PAC due to the high
m0|eCU|ar-WeIght SurfaCtant m|Ce”eS haVe S|gn|f|cant d|ﬁ:erences reactivity of acy| chloride groupsl the gel permeation Chromatog_
in the formation mechanism. In comparison with micelles of raphy (GPC) measurement was performed on a poly(methyl
low-molecular-weight surfactants, the kinetics of exchange acrylate) sample that was prepared by the reaction between the
between block copolymer in micelles and single chains in same-batch synthesized PAC and excess methanol. The number-
solution are far slower owing to the high viscosity of the average degree of polymerizatioDR) of PAC estimated by the
insoluble blocks within the micelle cor8%ln most cases, the  result of the poly(methyl acrylate) sample was 325 with a
cores of polymer micelles are regarded as “frozen” structures, Polydispersity index of 1.9. The PEAPE sample used in this study
lacking dynamic equilibrium between polymers in micelles and had the average degree of functionalizatiddF) of 47.8%,
in the suspensior’8e Because even the block copolymers defined as the average percentage of the structure units. bearing

dispersed system, the block copolymer micelles can be consid-characterization details can be seen in our previous Paje-
ered to consist of polymers with different chain lengths. AZ-CA (its chemical structure is given in Figure 1) was synthesized

o . ; by the reaction between an epoxy-based precursor BP-AN and the
H.owever, mixing two or more block copolymers with obviously diazonium salt of 4-aminobenzoic acid. The average degree of
different structure and molecular weight can hardly produce

i icell {640 | hiphili d functionalization D_F) was about 100%. The number-average
uniform miceflar aggregates. oramphiphilic random azo — 5j6cylar weight of the polymer was estimated to be 41 000 with

copolymers or polydispersed homopolymers mentioned above, e polydispersity index of 2.2. The preparation and characterization
the colloidal spheres are formed through a gradual hydrophobic details of BP-AZ-CA can be seen in our previous pager.
association of the polymer chains in mixed aqueeniganic Sample Preparation.The hybrid colloids composed of PEAPE
dispersion medi&28In this self-assembling process, the most and BP-AZ-CA were prepared by a method similar to that used to
hydrophobic chains or segments start to aggregate at the criticalobtain colloids containing a single polymeric compor#rit.in a
water content (CWC). After that, other polymeric chains or basic process, suitable amounts of PEAPE and BP-AZ-CA were
segments gradually assembled on the cores according to thejPremixed and dissolved in THF to obtain a solution with a total
hydrophobicity as the water content gradually increases. This concentration of 0.4 mg/mL. Mill-Q water was added into the
mechanism implies that colloids composed of different poly- stirred THF solution at a rate of sL/s. After the water content

di d ool b dth h thi if bl reached 80 vol %, the formed colloids were “quenched” by adding
Ispersed polymers can be prepared through this self-assembly,y cess amount of water, and the suspension was dialyzed against

process. However, a report concerning the formation, structure,water for 72 h to remove THF. To study the effect of the polymer
and properties of such hybrid colloids is still lacking in the concentration, a series of THF solutions containing both polymers
literature. were prepared, which had the concentrations in range from 0.05 to

In this work, the fabrication of the hybrid colloids composed 0'5| mg/mL. Fort s?Iunons cor:ltalnlrgjg. tn/]o fp(l)llymerst, ”:e |fn|t|al
of two amphiphlic azo copolymers (PEAPE and BP-AZ-CA) polymer concentrationCeo) mentioned in the following text refers

. tinated. PEAPE i d | taini to the total initial concentration of polymers in THF. The solutions
was investigated. IS a random copolymer containing e e kept stirring for 20 min and then put aside for 72 h, and then

azobenzene type chromophores, and BP-AZ-CA is an €poxy-the required amounts of water were added into the stirred THF
based homopolymer bearing pseudo-stilbene type azo chro-solutions at a rate of fL/s. For light scattering study, a series of
mophores. The polymers were selected as the polymericsolutions or dispersions of the polymers in the THO media
components because of their significantly different structures with different water contents were prepared. After the water addition

CHz=GH) (CHa~CH,
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was completed, the solutions or dispersions were left to equilibrate Results and Discussion

for at least 24 h. The light scattering measurement was performed ) o

on the solutions or dispersions to determine the parameters such 1he chemical structure of PEAPE and BP-AZ-CA is given
as the critical water content (CWC) and the hydrodynamic radius in Figure 1. PEAPE is an amphiphilic random copolymer
(Ry). For preparation of the stable colloidal dispersions, water was functionalized with azobenzene type chromophores (4-hydroxyl-
further added into the polymer solutions or dispersions until the 4'-ethoxyazobenzene (HEAZ) moieties). BP-AZ-CA is a ho-
water content reached 80 vol %, and then the diSperSiOﬂS Weremopo|ymer Cova|ent|y bonded with pseudo_st"bene type azo

“quenched” by adding excess water and dialyzed against water forchromophores (4-amino-¢arboxylazobenzene (ACAZ) moi-
72 h to remove THF. To adjust the preparation conditions, PEAPE eties). Both PEAPE and BP-AZ-CA could be completely
and BP-AZ-CA were separately dissolved in THF, and then Milli-Q dissol'ved in anhydrous THF to form homogeneous solutions

water was added into the stirred THF solutions at a rate.df/s. ; . ; . ;
When the water content of both solutions reached the required value With different concentrations. The hybrid colloids could be

the solutions were mixed and Milli-Q water was added into the Obtained by gradually adding water into a THF solution
mixtures in the above-mentioned manner. After the total water containing both polymers. To study the possible structure
content reached 80 vol %, the formed colloids were quenched by variation of the colloids, the polymers were also separately
adding excess amount of water, and the suspensions were dialyzedlissolved in THF, and a predetermined amount of water was
against water for 72 h to remove THF. added into each solution. After that, the solutions were mixed
Characterization. TEM images of the colloidal spheres were  gnd colloids were obtained by adding more water into the
obtained by using a JEOL-JEM-1200EX electron microscope with mixtyre. The colloid formation, composition, and properties are
zn gfge'?‘faﬂg_g ‘t’ogagfl of 13.0 KV. The TE':/' fﬁmples Were.greparte%related to the structural characteristics of the polymers and the
y dropping gruted Spnere GISpersions onto the copper grids coate preparation conditions. The results obtained from the preparation

with a thin polymer film and then dried in a 3@ vacuum oven o - . -
for 24 h. No staining treatment was performed for the measure- and characterization study will be presented in the following

ments. Laser light scattering experiments were performed on aParts.

commercial LS instrument (ALV/DLS/SLS-5022F) equipped with  Hybrid Colloid Preparation. The most straightforward way

a multic digital time correlator (ALV/LSE-5003) and a solid-state o prepare the hybrid colloids was dissolving both polymers in
laser (Uniphase, output power 22 mW, ati = 632.8 nm). FOr 1y ang then gradually adding water into the solution. In a
estimating the average hydrodynamic radigg @nd polydispersity typical process, PEAPE and BP-AZ-CA (L:1, w:w) were

by dynamic light scattering (DLS), the cumulant method was used . . . K .
to describe logarithm of the total autocorrelation function as a series diSSolved in THF to obtain a homogeneous solution with a total

expansion, where the first cumulank)(yields the z-averaged  initial concentrationGpo) of 0.4 mg/mL, and then Milli-Q water
diffusion coefficient and the second cumulans)(is a measure of ~ Was gradually added into the stirred THF solution. After the
polydispersity’* R, was obtained from the particle diffusion water content reached 80 vol %, the formed colloids were
coefficient based on the StokeEinstein relatiorf* The static light “guenched” by adding excess amount of water, and the
scattering (SLS) was used to determine the critical water content suspension was dialyzed against water to remove THF. For
ﬁi\é\éci)na?ﬁethg\;\?glu;g;gg:g&%ﬁ% T/\t]aeslI%htrzt?gnce)fnr;%;t]tt:rnesétylight comparison, the colloids containing single type polymers were
; : -~ e ; . . prepared by the same method. Figure 2 shows some typical TEM
Q;eri?iség/éo g%df;t;]“g'\?itll'im;gs]li?t'é:—%lst?]t}‘t:ggzs”uiﬂq'gnlzls‘agge images of the colloids, which were obtained from the stable
ye- b : dispersions of PEAPE (Figure 2a), BP-AZ-CA (Figure 2b), and

done at 20t 0.05°C. The UV-vis absorption measurements were TS . . _
performed on a Perkin-Elmer spectrophotometer (Lambda Bio-40). PEAPE/BP-AZ-CA (1:1 w:w) colloids (Figure 2c). The colloids
all appear as uniform colloidal spheres. The hybrid colloidal

Photoisomerization Study.The photoisomerization of the azo - )
chromophores was induced by irradiation with UV light, which Spheres possess a more uniform shape compared with the
was from a high-intensity 365 nm UV lamp equipped with 12.7 monocomponent colloids.

Bmogigzjlge;egrffilter) (gﬁlel-.Pﬁrr.ner '—'976?0;]05| long waviélo\(/)lan\;\?/, The dynamic light scattering (DLS) was used to determine

- -23 filter). The light intensity of the lamp was m ; ; ; :
cn? at a distance of 38 cm and 21 000 mW#cat a distance of 5 E:Zello?(\jlzlrzgiekrlzgr;?\dt);lla;nc;ﬁerggéugrsxpz?giﬂ?%éﬂlrsepg r:;;[}(;v\(,);
cm. The samples were placed at ca. 15 cm away from the lamp. . AN

sampes wer p Way P the size distribution curves of the PEAPE, BP-AZ-CA, and

The UV—vis spectra of the samples were measured over different . i . . .
irradiation time intervals by using an Agilent 8453 UVis PEAPE/BP-AZ-CA (1:1, w:w) colloids. The hybrid colloids

spectrophotometer. To study the effect of the water content on have an obviously lower polydispersity (0.061) compared with
photoresponsive behavior, the solutions or dispersions with different both the PEAPE colloids (0.138) and the BP-AZ-CA colloids
water contents were irradiated with the 365 nm UV light, and the (0.156), which is consistent with the TEM observation. The
UV —vis spectra were recorded over different time intervals until static light scattering (SLS) was used to determine the radius
the photostationary states were achieved. For measuring the thermagt gyration Ro).*® Table 1 summarizes tHR,, Ry, andRy/R, of
cis-to-trans isomerization, the samples were kept in a dark oven the colloidal spheres of PEAPE, BP-AZ-CA, and PEAPE/BP-
with constant temperature (38 1 °C), and the UV~vis spectra AZ-CA. The R, of the PEAPE éP-AZ-CA étnd PEAPE/BP-
were recorded over different time intervals. ) o ’ ' .

AZ-CA colloids is 154, 102, and 111 nm and tRgis 119, 79,

Photoinduced Shape Deformation Study.The samples for .
photoinduced shape deformation study were prepared by dropping®d 86 nm, respectively. ThBy/R, value can be used to

diluted sphere dispersions onto the copper grids coated with a thincharacterize the shz.ipe of the collofds? Rg/Rh estimated for
polymer film and then dried in a 38C vacuum oven for 24 h. A the above samples is all around 0.775, which confirms that the

linearly polarized beam from an Adaser at 488 nm was used as colloids are spherical particles in the suspensions.

the light source. The spatially filtered laser beam was expanded  goth TEM observation and DLS study show that the hybrid
and collimated. The intensity of the laser beam was about 150 mW/ .. iqe could be obtained from the solution containing different

cn®. The linearly polarized laser beam was incident perpendicularly .. . .
to the grid surfaces containing the colloids. The laser irradiation ratios of PEAPE and BP-AZ-CA. Generally, the hybrid colloids

experiments were carried out at room temperature under an ambienf€ More uniform and have narrower size distribution than the
condition. After the samples were irradiated for different time Monocomponent colloids. When the ratio of PEAPE to BP-

periods, the TEM observations were performed to detect the shapeAZ-CA is in range from 50:50 to 70:30 (w:w), the hybrid
deformation. colloids with smaller size and the narrowest size distribution
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Figure 2. Typical TEM images of the colloidal spheres: (a) PEAPE, (b) BP-AZ-CA, and (c) PEAPE/BP-AZ-CA (1:1, w:w).
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Figure 4. Scattering light intensity as a function of the water content

1000

Figure 3. Distribution of the hydrodynamic radiuRy) of the colloidal
spheres of PEAPE, BP-AZ-CA and PEAPE/BP-AZ-CA (1:1, w:w) in
the aqueous dispersions.

(vol %) for PEAPE, BP-AZ-CA, and PEAPE/BP-AZ-CA (1:1, w:w)
dissolved in THF-HO media. The scattered light intensity shown here
is a ratio of scattered light intensity to incident light intensity.

Table 1. DLS and SLS Experimental Results for the Colloidal
Spheres Dispersed in Watet 40+ ® PEAPE
2 O BP-AZ-CA
samples Ry (nm) poIT Ry (nm) RyRy A PEAPE / BP-AZ-CA

PEAPE 154 0.138 119 0.775 .

BP-AZ-CA 102 0.156 79 0.775 %

PEAPE/BP-AZ-CA 111 0.061 86 0.775 2 30

[S]

aHereu/T? is the polydispersity index of the colloids dispersed in the =
water, measured by DLS. ©
can be obtained (Figure S1, in the Supporting Information; also -
see TEM images given in Figure 9d). 15 10 05

Effect of Water Content on Colloid Formation. The logC,,

formation process of the hybrid colloids can be understood by Figure 5. Plots of the critical water content (CWC) vs logarithm of
studying the relationship between the polymer chain associationthe initial polymer concentrationCfo) for PEAPE, BP-AZ-CA, and
and the water content in the media. For the purpose, the critical PEAPE/BP-AZ-CA (1:1, w:w) in THF.

water content (CWC)_Was used to cha_racterize the water content(24 vol %) compared with that of the BP-AZ-CA solution (36
at which po'y”?ef chams_start to associate. CWC_ can be Obtf”“necj\/ol %). For the PEAPE/BP-AZ-CA solution, the sudden increase
from t.he turning-up point on the plot ,Of the Ilgh.t-scattenng in scattered light intensity occurs at the water content of 25 vol
intensity vs the water content in the medié#?CWC is related %. The CWC of the PEAPE/BP-AZ-CA solution is close to
to the hydrophobicity of the polymers and the initial polymer that of PEAPE.

concentr ationGypo) in_ the organic_solvent. CWCs were meas_ur_ed As the Cy increased, a decrease of the CWC was observed
by the light scattering performing on the solu_nons containing o the soluptions containing PEAPE/BP-AZ-CA (1:1, w:w) and
two components (PEAPE/BP-AZ-CA) and a single component i ¢, rresponding monocomponent counterparts. Similar to block
(PEAPE or BP-AZ-CA) with differenCpo. When water was — o,n4ymer syster® CWC was observed to decrease linearly

gradually gddec_j into _the solutions, an abru_pt incr(_aase in the asCpo logarithmically increases (Figure 5). The relationship can
scattered light intensity was observed, which indicated that p . fitaq by the following equation:

polymer chains started to associate in the solutions caused by

the hydrophobic interaction. Figure 4 gives the plots of the light CWC=—-AlogC,+B (@)
scattering intensity of the PEAPE, BP-AZ-CA, and PEAPE/

BP-AZ-CA (1:1, w:w) solutions vs the water content, where whereA andB are two constants and need to be determined for
Cpois 0.4 mg/mL. The PEAPE solution shows a far lower CWC a specific polymer system. The result also shows that the
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Figure 6. Fraction of the associated chains of PEAPE and BP-AZ- Cu (vOI%)
CA as a function of the water content. Figure 7. Hydrodynamic radiusR,) and polydispersity index of the

. . . colloidal spheres, which were obtained by adding water into PEAPE/
solutions containing PEAPE/BP-AZ-CA and containing PEAPE BP-AZ-CA solutions or dispersions with differe@t,o.

have a similar relationship between CWC and the logarithm of ) ) )

Cyo. The results given in Figure 4 and 5 imply that in the with d|fferer_1t water contents were prepared in this way. Eaph

PEAPE/BP-AZ-CA solutions more hydrophobic PEAPE chains ©f the solutions or dispersions represented a special growing

start to aggregate first, and the CWC of the solutions is Stage of the colloid formation. By mixing PEAPE/THR®I

determined by the more hydrophobic PEAPE component. ~ &nd BP-AZ-CA/THF-HO solutions or dispersions with the same
For PEAPE and BP-AZ-CA. the influence of the water Water content, a solution or dispersion having this initial water

content on chain association fraction can be estimated by usingc®ntent was obtained. In the following parts, the initial water
a method proposed by Eisenberg et al. to calculate the micelleSONteNt Cwo) refers to the water content at which the PEAPE/

fraction of amphiphilic block copolymer$§.The fraction of the 1 HF-H20 and BP-AZ-CA/THF-HO solutions or dispersions
associated chains as a function of the water content can be/ere mixed. The colloids of the polymers were then obtained
estimated by by gradually increasing the water content in the media. After

the water content in the media reached 80 vol %, the structures
(Cpo — CunasQ/Cpo =1-exp(2.30AH,0/A) (2) formed in the suspensions were “quenched” by adding excess
water, and the suspensions were dialyzed against water to
where Cynassrepresents the concentration of the unassociated remove THF.
polymer chains in the solution andH,O represents the According to the results given in above section, the mixed
increment of added water above CWT he constanf, whose solutions or dispersions can be divided into several different
value depends on specific polymer and organic solvent, can beinitial states depending on th&,,. For the THF solution with
obtained from the slope of the plot of CWC vs 1@y, (Figure the Cpo of 0.4 mg/mL, PEAPE and BP-AZ-CA start to associate
5)4849 By using eq 2, the change 0€f — Cunas3/Cpo @s a at the water contents of 24 and 36 vol % (CWC), and almost
function of the HO increment was calculated. The plots Gh{ all polymer chains are involved in the aggregates when the water
— Cunasy/Cpo againstAH,O are shown in Figure 6, where the contents reach 40 and 77 vol %, respectively. If not considering
initial polymer concentration is 0.4 mg/mL. For PEAPE, the the mutual interaction between the two components, the mixed
percentage of the associated chains is estimated to be 99.5%olutions or dispersions can have the following states. When
when the water content reaches 40 vol % (4,0 = 16 vol Cwo is lower than 24 vol %, chains of both polymers exist in
%). As mentioned above, BP-AZ-CA polymer chains start to the “isolated” state in the solutions. Whéh, is between 24
associate at 36 vol % (CWC). Only when the water content and 36 vol %, more or less PEAPE chains are associated and
reaches 77 vol % (i.eAH,0O = 41 vol %) can the percentage BP-AZ-CA still exist as the “isolated” chains. Whe®y is
of the associated chains reach 99.5%. between 36 and 40 vol %, almost all PEAPE chains and only
For the dispersions containing both polymers, the variation a small fraction of BP-AZ-CA chains are involved in the
of aggregation fraction vs theB® increment cannot be directly  aggregates. Whe@,, is higher than 40%, all of the PEAPE
calculated by using eq 2. Although the interaction between the chains are aggregated, and the amount of the associated BP-
PEAPE and BP-AZ-CA molecules could cause some deviation, AZ-CA chains depends on the water content. Wi&p is
the tendency given in Figure 6 should be correct at least higher than 77%, both PEAPE and BP-AZ-CA are involved in
semiquantitatively. It means that a significant amount of PEAPE their own aggregates. Therefore, it can be expected that by
chains in the dispersion have associated when BP-AZ-CA chainsaltering theC,, the colloid composition and structure can be
start to associate. If the less hydrophobic BP-AZ-CA chains adjusted.
assemble on the PEAPE-dominated cores as the water content TEM observation showed that colloids obtained with the
further increases, hybrid colloids containing both polymers can different Cyo values all appear as spherical particles. Figure 7
be obtained. This nucleation and growth scheme is supportedshowsR, and polydispersity of the colloidal spheres varying
by the photoresponsive behavior study that will be presented with C,o, which were obtained by DLS performed on the stable
in the following parts. water dispersions containing the colloids. Whegp is below
Possible Structure Variation. To further explore the colloid 24 vol %, the colloids have narrow size distribution. In this
formation mechanism and possible structure variation, the range,R, and polydispersity show a slight change with G
colloids were also prepared by mixing the polymer solutions variation.R; significantly decreases whe@y increases in the
or dispersions containing a predetermined amount of water. In range from 24 to 36 vol %. The polydispersity abruptly increases
the process, PEAPE and BP-AZ-CA were separately dissolvedwhenC,y in the range from 24 to 28 vol %. Whey is higher
in THF, and a suitable amount of water was added into the than 40 vol %, bothR, and polydispersity increase &3y
solutions to form PEAPE/THF-$0 and BP-AZ-CA/THF-HO increases. As will be clarified by the photoresponsive behavior
solutions or dispersions. A series of solutions or dispersions study, the colloids obtained in the differe@o ranges can be
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Figure 8. TEM images the colloids after exposed to a linearly polarizeti laser beam for different time periods: (a) PEAPE, 2 h; (b) BP-AZ-
CA, 20 min; (c) PEAPE/BP-AZ-CA (1:1, w:w), 2 h.

aggregates with different compositions, which are caused by mation upon Af laser irradiation, while PEAPE colloids do
the different nucleation and growth processes. not show such deformation under the same condition. When
Photoinduced Deformation and Colloid Composition.The the colloids are obtained from a THF solution containing both
hybrid colloids can show photoinduced deformation upon the polymers, all particles show very similar deformation upon the
relative amount of the BP-AZ-CA component. The colloid light irradiation and the deformation degree is lower than the
composition variation caused by th@,, change can be BP-AZ-CA colloids. This result clearly indicates that both BP-
identified by the study on the photoinduced shape deformation. AZ-CA and PEAPE components are involved in the colloids.
The samples for the study were prepared by dropping diluted The formation of the hybrid colloidal spheres can be explained
colloidal dispersions onto the copper grids coated with a thin by the gradual hydrophobic association schémé/hen the
polymer film. A linearly polarized At laser beam at 488 nm  water content is lower than CWC, both polymers are homoge-
with intensity of 150 mW/crh was used as the light source. neously dissolved in the solvents. When the water content
The colloidal spheres were exposed to the spatially filtered and reaches CWC, only the most hydrophobic fraction of the PEAPE
collimated laser beam incident perpendicularly on the substratechains meets the phase separation condition and starts to
surfaces. The morphologies of colloidal spheres were observedaggregate. For the PEAPE/BP-AZ-CA solution Witk equal
by TEM before and after the laser irradiation. For comparison, to 0.4 mg/L, PEAPE starts to associate at the CWC of 25 vol
the hybrid colloids prepared under different conditions and the %. Those most hydrophobic chains or segments form the cores
monocomponent colloids were studied in the same way. of the hybrid colloidal spheres. When the water content further
Figure 8 gives the TEM images of the colloidal spheres after increases, more and more polymer chains meet the phase
the light irradiation. The TEM images of the colloidal spheres separation condition and transfer from the solution into the
before light irradiation have been given in Figure 2. There is aggregates. Those polymer molecules gradually assemble on
no observable shape deformation for PEAPE colloids after being the cores, which is the colloidal sphere growth process. In this
irradiated f 2 h (Figure 8a). The BP-AZ-CA colloidal spheres ~gradual growth process, the more hydrophobic PEAPE chains
can be significantly elongated along the light polarization compose the inner parts and the BP-AZ-CA chains form the
direction (Figure 8b), after being irradiated for 20 min. The shells.
deformation behavior has been reported in our previous paper.  For the colloidal spheres prepared by mixing the PEAPE/
For the hybrid colloids, the spheres can be deformed to “spindle- THF-H,O and BP-AZ-CA/THF-HO solutions or dispersions,
like” or “tadpole-like” particles with dark spherical cores (Figure the photoinduced deformation behavior depends onGhe
8c). Obviously, after the light irradiation, the hybrid colloids Figure 10a-d shows the TEM images of the colloidal spheres
show unique deformation morphology and a lower deformation after exposed to a linearly polarized Ataser beam for 2 h,
degree compared with the BP-AZ-CA colloids. where the colloids were obtained from systems with some
Figure 9 shows the TEM images of the hybrid colloids representativeC,o, andCyo is fixed to be 0.4 mg/mL. When
containing different amount of BP-AZ-CA before the light Cwois below or even equal to 24 vol % (CWC of PEAPE), all
irradiation and after exposure to the linearly polarized Bser colloidal spheres can be deformed by the light irradiation (Figure
beam for 2 h. Before the light irradiation, the colloids all appear 10a,b). The deformed colloids show the “tadpole-like” or
as uniform spheres (Figure 9d). The hybrid colloids contain-  “spindle-like” shapes. Wheyo is 28 vol %, the irradiated
ing 80 wt % of BP-AZ-CA show a similar shape deformation colloids show three very different morphologies, i.e., unaffected
as BP-AZ-CA colloids (Figure 9e), although the degree of spheres, “tadpole-like”, or “spindle-like” colloids, and the
deformation is less for the same irradiation time period. For completely deformed colloids (Figure 10c). By comparing the
the hybrid colloids containing 20 wt % of BP-AZ-CA, the same images given in Figures 8 and 9, the colloids can be identified
light irradiation can only cause a much less degree of the as the PEAPE-dominated colloids, PEAPE/BP-AZ-CA hybrid
deformation (Figure 9h). For the hybrid colloids containing 40 colloids, and BP-AZ-CA dominated colloids, respectively. When
and 60 wt % of BP-AZ-CA (Figure 9f,g), a similar shape Cuo is 80 vol %, only two type morphologies can be observed
deformation like that given in Figure 8c can be observed. (Figure 10d), which correspond to the PEAPE colloids and BP-
The above results confirm that uniform colloidal spheres AZ-CA colloids.
composed of the two polymers have been obtained. The colloidal These different situations are directly related to@g, which
spheres formed from BP-AZ-CA can exhibit significant defor- can be understood by considering its influence on the composi-
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Figure 9. Typical TEM images of the PEAPE/BP-AZ-CA colloids containing a different percentage of PEAPE before and aftet aser
irradiation for 2 h: (a) 20 wt %, before irradiation; (b) 40 wt %, before irradiation; (c) 60 wt %, before irradiation; (d) 90 wt %, before irradiation;
(e) 20 wt %, after irradiation; (f) 40 wt %, after irradiation; (g) 60 wt %, after irradiation; (h) 90 wt %, after irradiation.
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tion of the colloids. WherC,y is below 24 vol %, the colloids relationship between the factors will require more investigations
formed from the mixture show similar photoinduced shape both experimentally and theoretically.

deformation as those obtained from the THF solution. In this  Photoisomerization of Azo ChromophoresThe top curves
case, PEAPE and BP-AZ-CA are homogeneously dissolved inin Figure 11a,b show the UWis spectra of the stable
the mixed solutions, and the colloids form through the hydro- suspensions of the PEAPE/BP-AZ-CA (1:1, w:w) hybrid
phobic association process involving both polymers. W8gn colloids, obtained from a THF solution and a solution Wity

is over 80 vol %, the colloids obtained are a mixture of two equal to 24 vol %. For single component colloids of PEAPE
different type colloids: one is mainly composed of PEAPE, and BP-AZ-CA, ther—x* bands {may appear at 365 and 470
and the other is mainly composed of BP-AZ-CA. At the initial nm (Figure S2, in the Supporting Information). For the hybrid
moment when the two dispersions are mixed, the two type colloids, the absorption bands appearing at 365 and 455 nm
polymers are already involved in their own aggregates, and thebelong to the HEAZ and ACAZ moieties of the polymers. The
component exchange between the aggregates is too slow to causeew band appearing at 387 nm could be assigned to the charge-
a significant component variation. Adding water into the mixture transfer absorption from the HEAZ/ACAZ charge-transfer
only results in the “freezing” of the colloidal structure, which  complex. As the photoisomerization of azobenzenes is sensitive
are composed of the PEAPE or BP-AZ-CA components to the local environment surrounding them, information about
separately. When an intermedia@go is adopted, more com-  the inner structure can be obtained by measuring the isomer-
plicated situations have been observed. When the solutions ofization rate®?> As mentioned above, BP-AZ-CA and PEAPE
PEAPE and BP-AZ-CA wittC, of 28 vol % are mixed, three  are covalently bonded with the pseudo-stilbene type azo
different type colloids (the hybrid colloids and colloids mainly chromophores (ACAZ moieties) and azobenzene type chro-
containing PEAPE or BP-AZ-CA) are observed. In this case, mophores (HEAZ moieties), respectively. As only the photoi-
when two solutions are mixed, a part of PEAPE chains are somerization of azobenzene type chromophores can be moni-
involved in the aggregates, and BP-AZ-CA chains are still in tored by ordinary UV-vis spectroscop$?12it was investigated

the “isolated” state. While water is gradually added into the to probe the local environment surrounding the HEAZ moieties.
system, the colloid nucleation and growth can involve some  The colloid suspensions were irradiated with 365 nm UV light
diversified processes, such as growth on the PEAPE nuclei,for different time periods, and the UWis spectra of the
formation of new nuclei of PEAPE or BP-AZ-CA, and growth samples were recorded until the photostationary states were
on the newly formed nuclei. The processes depend on the factorsachieved. Figure 11 shows two typical series of the-tyis

such as the nucleation energy barrier, compatibility of the spectra. Upon the light irradiation, the absorption at 365 and
components, charge interaction, and surface tension as well a887 nm decreases gradually as the result of the trans-to-cis
the composition. The involved influence 6f,, on theR, and isomerization of the HEAZ chromophores. As ACAZ is a
polydispersity of the colloids (given in Figure 7) can be partially pseudo-stilbene type chromophore, its traois isomerization
understood by considering the complication. To clarify the full is too fast to be detected at the time scale given in this Work.
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Figure 11. Variation of the UV-vis spectra of the colloidal dispersions

20E1m induced by the UV light irradiation. The dispersions were obtained by
adding water into (a) a THF solution of PEAPE/BP-AZ-CA (1:1, w:w)

(d) and (b) a THF-HO solution of PEAPE/BP-AZ-CA (1:1, w:w) with
Cuwo of 24 vol %.

Figure 10. Typical TEM images of the colloids after exposed to a

linearly polarized At laser beam for 2 h. The colloids were obtained 1.0
by adding water into the solutions or dispersions with@agequal to

(@) 9, (b) 24, (c) 28, and (d) 80 vol %.

Hybrid Colloid, C_=0%
Hybrid Colloid, C_=9%
Hybrid Colloid, C =24%

Therefore, no variation is observed for its absorption band at ¢
PEAPE Colloid

455 nm. From the figures, the absorbance at 365 nm before the
light irradiation @Aorigin), and the absorbance at the same
wavelength after the irradiation for different time periods) ( < 08f
can be obtained. The relative absorbanéeAgigin) of the
samples can be used to indicate the relative amount of the trans
isomers remaining dttime. The variations of/Aorigin With t
represent the kinetics of the photoisomerization. The variations

origin
oOpOnm

IA

0 200 400 600 800

can be best fitted by the first-order exponential decay function UV irradiation time (s)
AJAiin = Ao+ A, exp(t/T,) ©) Figure 12. Plot of the relative absorbancéuAqrigin) varying with the
rigin

irradiation time and the fitting curves for dispersions containing PEAPE/

. T BP-AZ-CA (1:1, w:w) colloids, prepared by adding water into the THF-
whereT, is the characteristic time of the decay process. For g sojutions with differenCyo. The data and fitting curve for PEAPE

comparison, the photoisomerization behavior of a stable disper-colioidal dispersion are also given for comparison.

sion of the PEAPE colloids was studied in the same way (Figure

S3, in the Supporting Information). Both experimental data and Table 2. Parameters of the Photoisomerization Kinetics Obtained
fitting curves are shown in Figure 1P, obtained from the curve from the Curve Fitting for the PEAPE Colloids and Hybrid

I . . Colloids?
fitting are 43.4 and 50.7 s for the colloids obtained from a THF ~
solution and a solution witlCy equal to 24 vol %. For the sample Ao A T1(s) X
PEAPE colloid sample,T; was measured to be 37.3 s. HC® (Cwo= 9)%) 0.75 0.26 43.4 8.k 102
Comparing with the monocomponent PEAPE colloids, the trans-  HC(Cwo = 9%) 075 025 45.2 8& 107
-CiS i izati is far slower for the hybrid colloids HC® (Cwo = 24%) 0.70 0.24 0.7 12107
to-cis lsomerlzaIIOQ rate Is far s Yy PEAPE colloid 0.69 0.31 31.8 23104
(Table 2). As mentioned above, for the systems prepared from ) ) ) )
the dispersions with a highe,o (such as 28 vol %, foCn a2The hybrid colloids were prepared by adding water into the PEAPE/
, p

o ; BP-AZ-CA (1:1, w:w) solutions with differen€uo. ° Herey? is the mean
equal to 0.4 mg/mL), the composition of the colloids can be gqyared e”(or of the)ﬁtting_,_,ybrid colloids. x

diversified. As other effects such as “screen effect” could cause

problem to clearly interpret the result, the photoisomerization paper. As mentioned in the last section, although the hybrid

behavior of the systems will not be presented here. colloids can be deformed by the light irradiation, TEM observa-
The result obtained from the photoisomerization study is tion shows that the deformed shape is different to the BP-AZ-

consistent with the results discussed in the other parts of thisCA colloids. A typical appearance shows a circle core with
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higher contrast and tails stretched from the core. By comparing (4) (a) Rochon, P.; Batalla, E.; Natansohn,Aapl. Phys. Lett1995 66,

the photoresponsive behavior of both polymers, it can be

136. (b) Kim, D. Y.; Tripathy, S. K.; Li, L.; Kumar, JAppl. Phys.
Lett. 1995 66, 1166.

concluded that the cores and tails are composed of PEAPE and 5y () Finkelmann, H.: Nishikawa, E. Pereira, G. G.; WarmerPys.

BP-AZ-CA, respectively. The result also implies that the PEAPE
and BP-AZ-CA components in the colloids are not mixed with

each other at the molecular level. Only in this case can light

force drive the BP-AZ-CA component out of the colloids. The
photoisomerization rate is obviously lower for the hybrid
colloids than that of the PEAPE colloids, which also indicates

Rev. Lett. 2001 87, 015501. (b) Li, M. H.; Keller, P.; Li, B.; Wang,
X. G.; Brunet, M.Adv. Mater.2003 15, 569. (c) Yu, Y. L.; Nakano,
M.; Ikeda, T.Nature (London003 425, 145.

(6) (a) Delaire, J. A.; Nakatani, KChem. Re. 2000 100, 1817. (b)
Natansohn, A.; Rochon, Ehem. Re. 2002 102, 4139.

(7) (a) Jiang, H. Y.; Kelch, S.; Lendlein, Adv. Mater.2006 18, 1471.
(b) Kondo, M.; Yu, Y. L.; Ikeda, TAngew. Chem., Int. EQ00] 45,

that the PEAPE component consists of the cores of the hybrid ®) @) YU. H. F.- Okano. K.: Shishido. A.- lkeda. T.: Kamata. K.: Komura

colloids. Compared with the PEAPE colloids, where a fraction
of HEAZ chromophores distributes in the shells, the free volume
for the photoisomerization is reduced if PEAPE chains are
mainly confined in the cores of the hybrid colloids. By
comparing the three types of the hybrid colloids obtained for
the solutions withCyo equal to 0, 9, and 24 vol %, the
photoisomerization rate decreases as @g increases. This

M.; lyoda, T.Adv. Mater.2005 17, 2184. (b) Morikawa, Y.; Nagano,
S.; Watanabe, K.; Kamata, K.; lyoda, T.; Seki,Adv. Mater. 2006
18, 883. (c) Hackel, M.; Kador, L.; Kropp, D.; Schmidt, H. \dv.
Mater. 2007, 19, 227.

9) (@ Sin, S. L.; Gan, L. H.; Hu, X.; Tam, K. C.; Gan, Y. Y.
Macromolecule®005 38, 3943. (b) Zheng, P. J.; Wang, C.; Hu, X,;
Tam, K. C.; Li, L. Macromolecule005 38, 2859. (c) Tian, Y. Q.;
Watanabe, K.; Kong, X. X.; Abe, J.; lyoda, Macromolecule2002
35, 3739.

result can be explained by considering that a small amount of (10) Kumar, G. S.; Nechers, D. ©Chem. Re. 1989 89, 1915.

preassociated PEAPE chains can act as the “seeds” &,he

(11) Xie, S.; Natansohn, A.; Rochon, €hem. Mater1993 5, 403.

increases, which causes more PEAPE chains to be involved in(12) Rau, H. InPhotochemistry and Photophysiésabek, J. F., Ed.; CRC

the cores.

Summary

A novel type photoresponsive colloid has been created by

using two amphiphilic azo polymers (PEAPE and BP-AZ-CA),
which possess different hydrophobicity. Uniform colloidal
spheres were fabricated by dissolving both polymers in THF
or a THF-HO medium withCyo below CWC and then gradually

Press: Boca Raton, FL, 1990; Vol. Il, Chapter 4.

(13) See for examples: (a) Fliegl, H.; Kohn, A.; Hattig, C.; AhlrichsJR.
Am. Chem. So@003 125 9821. (b) Chang, C. W.; Lu, Y. C.; Wang,
T. T.; Diau, E. W. GJ. Am. Chem. So2004 126, 10109.
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Marcel Dekker: New York, 1986.
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388, 860.

(17) Moffitt, M.; Eisenberg, AMacromoleculesl997 30, 4363.

adding water into the solutions. By selecting a suitable PEAPE (18) Kramer, E.; Foster, S.; Gtner, C.; Antonietti, M.Langmuir 1998

content in the mixture, more uniform colloids with a narrow
size distribution could be obtained. The light scattering study

indicated that when the water content increased, more hydro-
phobic PEAPE chains started to aggregate before BP-AZ-CA

chains involved in the process. The hybrid colloids showed
shape deformation upon the linearly polarized™ Alaser

irradiation. The photoinduced deformation degree increased with

the increase of the BP-AZ-CA component in the colloids. Upon
UV light irradiation, the hybrid colloids showed a photochromic

14, 2027.

(19) Lopes, W. A.; Jaeger, H. MNature (London001, 414, 735.
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