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ABSTRACT: A novel synergistic effect during supramolecular hagpiest encapsulations of cershell
amphiphilic hyperbranched polymers to two kinds of dyes was reported. Two kinds of palmityl chloride-modified
hyperbranched polymer, polyamidoamine (HPAMAM10K-C16) and poly(suf@mine) (HPSA11K-C16), were

used as the hosts of supramolecular encapsulations, and water-soluble dyes such as methyl orange (MO) and
methyl blue (MB) were selected as the corresponding guests. In cases of single-dye encapsulations, each host
can extract one kind of guest from water phase into chloroform phase with a certain loading capagjtyirf

the double-dye encapsulations, a pair of dyes, MO and MB, was employed as the guesEgaqdlinereased
significantly for one or both of the pair dyes with tl .4 Of the single-dye encapsulation as the reference. This

is defined as synergistic encapsulation in this paper. For the HPAMAM10K-CJd&,0f MO can be increased

by about 100% with the cooperation of MB. For HPSA11K-C@g,q of MB can be raised to a 40100-fold

level of single-dye encapsulation without loss of MO. Experiments with different encapsulating sequence showed
that the synergistic encapsulation for HPAMAM10K-C16 is a parallel-type process because the sequence has no
significant impact on th€,,4 of each dye, while the case of HPSA11K-C16 is a cascade-type process since the
results with different encapsulating order were different. The synergistic encapsulation phenomenon was confirmed
by the measurements &i NMR, DSC, and TGA on the resulting dye-encapsulated hyperbranched polymers. In
addition, investigations on the guestost supramolecular systems with different pH indicated that the pH value

has certain influence on the synergistic encapsulaigg, but it was not the dominating factor for the synergistic
encapsulation. The synergistic effect was found simultaneously in the supramolecular encapsulation of two hosts,
indicating this effect is not limited to a peculiar dendritic polymer. The phenomenon presented here will trigger
further application of dendritic and other complex polymeric materials in the supramolecutaghest chemistry.

Introduction prepared by a cost-effective methodology of one-step poly-
merization of AR (X = 2)-type monomers, without the

The history of hostguest supramolecular chemistry of - ! N .
Y 9 P y numerous protection, deprotection, and purification steps during

dendritic polymers can be dated to the early of 1980s, when . . .
Maciejewskt proposed the possibility for trapping guest the preparation proce:’_%%.AIthough their structure is not so
molecules inside hosts of dendritic macromolecules. Triggered perfect .as.that of dendr!mgrs, hyperbranghed polymgrs still have
by the work of encapsulating dyes into dendritic box, research many S|m|I_ar chqractensthS and prqpemes of dendrimers, _sych
efforts in this area have grown rapiciy® Some research groups as three-dlmen5|9nal globular architecture, numerous cavities,
were interested in the synthesis and characterization of den-2nd plenty of peripheral functional groups, which offer hyper-
drimer-encapsulated metal nanopartiélesmd their uses as Pranched polymers the possibility of promising usage in the
catalysts. Some others gave their attention to the eeshell topological encapsulation area. As early as in 1990, hyper-
amphiphilic dendritic polymers and achieved good results. ThesePranched polyphenylene was ever used to encapsyate
mainly included the synthesis of amphiphilic dendritic polymers toluidine® Some other hyperbranched polymers, mainly includ-
with a hydrophobic core surrounded by a hydrophilic shell and ind hyperbranched polyglycerdfspolyesters; and poly(ethylene-
their application in delivering hydrophobic compoufid§and ~ imine) (PEI)>“also have been used to encapsulate guests. Frey
the synthesis of amphiphilic dendritic polymers with a hydro- and co-workers encapsulated dyes into amphiphilic hyper-
philic core surrounded by a hydrophobic skeland their branched polyglycerols successfully and investigated the release
application in transferring water-soluble dyésts such as rose condition of the encapsulated dyes. Haag ét aynthesized a
bengal, congo red, eosin Y, fluorescein, bromophenol blue, PH-responsive hyperbranched polymer and found it could
methyl red, and methyl orange, from an aqueous solution to an Selectively release the encapsulated guest molecules by adjusting
apolar solvent. During the transferring process, the polymeric PH. Recently, Frey et &lreported that the quaternization of
macromolecules encapsulated the small dye molecules, forminga2mino groups of functionalized hyperbranched PEI can improve
host-guest supramolecules. In this regard, most of the re- the dye-loading capacity.
searches focused on the encapsulation behavior of dendrimers, However, up to now, almost all of the dye encapsulation-
especially the modified poly(amidoamine) (PAMAM}-'¢and related works reported were concentrated on the single-dye
poly(propyleneimine) (PP¥"18dendrimers. encapsulation in which only one kind of dye was used as the

Compared with dendrimef8,another important subclass of guest and encapsulated into dendritic boxes. A key question
dendritic macromolecules, hyperbranched polymers, can behence appears: is it possible to encapsulate more than one kind

of dyes into the single-molecule level dendritic nanobox? We

* Corresponding author: Tel{86) 21-5474 2665; Faxk86) 21-5474 are very interested in the multidye encapsulation, in which

1297; e-mail chaogao@situ.edu.cn. multiple kinds of dyes are used as the guests, because it promises
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extensive applications in the area of supramolecular science andsolution and used in the experiments to investigate the pH influence
nanotechnology. What will happen when an agueous solution on the correspondinGioac

containing two or more kinds of dyes is mixed with an organic ~ One-Step Double-Dye Encapsulation.Typically, a 6 mL
(e.g., chloroform) solution of an amphiphilic dendritic polymer? @dueous solution containing 1:010~* M MO and 1.0x 10 M

Two consequences are easily conceivable: (1) at least one kind1B Was mixed with an equal volume of polymer chloroform

. . ) o .. solution (0.05 g/L). The same protocol as that of the single-dye
of di/)e Ids ?ele(;;tlvely Ienqapsulaitgg Into dendrltlgﬂggi(?? ’ V(;/h'Ch encapsulation was used to record the corresponding UV/vis spectra.
can be defined as selective (multidye) encapsu »-an Note: in order to collect samples with enough quantity to do some

(2) the dyes are encapsulated into dendritic boxes with a gther measurements such as NMR, DSC, and TGA, high concentra-
stochastic manner and the loading capabil@y4) of each dye tions of both dyes (2.0< 10-3 M) and polymer (0.5 g/L) were

is lower than that of single-dye encapsulation, which is termed used; the corresponding UWis spectra of the diluted solution are

as stochastic or random (multidye) encapsulation. Except thecomparable with those of one-step double-dye encapsulation
two cases, we discovered the third one when methyl orangeaforementioned at the same concentration.

and methyl blue were selected as the pair of guests: the loaded Gradual Double-Dye Encapsulation.Typically, when MO (or
amount of one dye increased significantly as compared with MB) was encapsulated in the polymer chloroform solution with
the case of single-dye encapsulation with the cooperation of the manner of single-dye encapsulation and achieved its saturation

another one. This novel phenomenon is coined as synergistic}’ﬁéusc’)tttree Ephpevgztféoinsdsgﬁ%n; grlﬁgfgrmM%ﬁz{sofvoggeMl;ept n
(multidye) encapsulation and discussed herein. )

was gradually added into the bottle by several times with given

volumes each time. After every addition, the same protocol as that

of the single-dye encapsulation was used to record the corresponding
Materials. The palmityl chloride-functionalized amphiphilic ~ UV/vis spectrum.

hyperbranched poly(amidoamine) (hamed HPAMAM10K-Qdg, Result d Di .

=10 780, PDI= 2.39, ca. 61% amino groups were functionalized) esults and Discussion

and poly(sulfone-amine) (hamed HPSA11K-C164, = 11 150, I. Selection of Hosts and GuestsTo investigate hostguest

PDI = 1.67, ca. 65% amino groups were functionaliZédyere double-dye encapsulation of hyperbranched polymers, the host

synthesized in our lab according to the procedures published before.of hyperbranched polymer and the guest of pair dyes should be

The hyperbranched poly(amidoamine) (HPAMAM) was synthesized carefully chosen in advance. In our experiments, palmityl

by polycondensation of methyl acrylate (MA) and diethylenetri- - chioride functionalized poly(amidoamine) (HPAMAM10K-C16)

amine (DETA) (1.2/1 mole rafié) (for synthesis details, see 5,4 ooy(sulfone-amine) (HPSAL1K-C16) were used as the

Supporting Information, SM1). The hyperbranched poly(sulfene hosts to encapsulate the guests of a pair dye, MO and MB.

amine) (HPSA) was synthesized by polyaddition of divinyl sulfone
and 1-(2-aminoethyl)piperazine (1/1 mole rafi®)The dye of Scheme 1 shows the structures of the polymers and the dyes

methyl orange, 4-[4-(dimethylamino)phenylazo]benzenesulfonic Selected. The pair dyes are picked out from the family of water-
acid sodium salt (MO), was purchased from Tianjin No.3 Chemical Soluble and oil insoluble dyes according to the following
Reagent Factory. The dye of methyl blue, ((4-piggulfoanilino)- principles: (1) the absorption peaks of the pair dyes between
phenyl)methylene-2,5-cyclohexadien-1-ylidene)amino)benzene- 350 and 700 nm do not overlap each other so that the absorption
sulfonic acid disodium salt) (MB), and hydrochloric acid (HCI) intensities can be detected by UV/vis individually when the pair
were purchased from Sinopharm Chemical Reagent Co., Ltd. All dyes are in a solution; (2) the difference between the molar
of them were used as received. The water used to prepare the dy&hsorption coefficients of pair dyes is not too big (or in the
solution was deionized water after double distillations. same order of magnitude), so that the absorption peaks can be

Instrumentation. UV/vis spectra were recorded on a Perkin- :
Elmer Lambda 20/2.0 UV/vis Zpectrometbﬂ.NMR measurements accurately measured_ when concentrations of dyes are compa-
were carried out on a Varian Mercuryplus 400 NMR spectrometer rable; and (3) the existence of one dye has no mterfe_rence on
with CDC, as solvent. Dynamic light scattering (DLS) measure- absorbance of the other one. Besides, we also considered the

ments were performed in chloroform solution at 25 by using C0mp|ementary StrUCtura| CharaCteI’IStICS Of palr dyeS fOI’ the
Zetasizer Nano S (Malvern Instruments Ltd., Malvern, Worcester- purpose of synergistic encapsulation: MO is a rodlike molecule,
shire, UK) at a wavelength of 632 nm and a scattering angle of while MB is cone- or platelike one.

173. The concentrations of the polymer solutions were 0.05, 0.50,  |l. Encapsulations of the HPAMAM10K-C16. Single-Dye

and 15 g/L. Prior to analysis, the solutions were filtered with and One-Step Double-Dye Encapsulations of the HPAMAM-
disposable syringe filters of 0.48n pore size. The pH values were  10K-C16. After selecting the hosts and the guests, we carried

measured by a RIDAO pHS-2C digital pH meter. Differential 1 the single-dye encapsulation experiments to determine the
scanning calorimetric (DSC) measurements were conducted under,

nitrogen on a Perkin-Elmer Pyris-1 DSC thermal analyzer. Samplesﬁ"’ad gf ear(]:hddyel n chI(I)_lrgfor;n So:ﬁtlosv?f. amphltphlllc f
were heated from-60 to 100°C for the first scan, then cooled to yperbranched polymers (HPs) from the VIS spectrum o

260 °C. and then heated to 106C for the second scan. he corresponding bottom chloroform layer quantitatively by
Thermogravimetric analysis (TGA) was performed under nitrogen @ssuming the same absorption coefficients for the dyes in the
on a Perkin-Elmer Pyris-7 thermal analyzer. All samples were amphiphilic polymer chloroform solutions and in aqueous

Experimental Section

heated at 20C/min heating rate. solutions!! The dye absorption coefficients were gained from
Single-Dye EncapsulationTypically, a 6 mLaqueous solution  the calibration curve of the dye in aqueous solution. Then the
of MO or MB (1.0 x 10"% M) was mixed wih a 6 mLchloroform aqueous solution containing both MO and MB was mixed with

solution of the amphiphilic hyperbranched polymer (HPAMAM10K-  the chloroform solution of the HPAMAM10K-C16 to measure
C16 or HPSA11K-C16, 0.05 g/L) in a glass bottle. The mixture ¢, s of dyes in the double-dye encapsulation. Such a double-

was shaken by hand for 10 min to ensure the two phases wereqya encapsulation is called as one-step (double-dye) encapsula-
mixed adequately. The bottom layer of chloroform solution was tign P p( ye) P

transferredd a 1 cmUV/vis cuvette after the two phases separated : . . .
completely, and its UV/vis spectrum was recorded. In all of the Figure 1 displays the UV/vis spectra of single- and double-

experiments, the dye in the aqueous solution was greatly excessivélye encapsulations for HPAMAM10K-C16. According to the
to ensure its encapsulated amount achieved the maximum of theabsorption peak of the dye in the single-dye encapsulation
loading capacity Coad). A series of MO (or MB) solutions with (spectra 1 and 2), th€,54 Of each dye for the HPAMAM10K-
different pH were prepared by adding aqueous HCI to the original C16 was determined, as listed in Table 1. In spectrum 3&\%({/
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Scheme 1. Structures of HPAMAM10K-C16, HPSA11K-C16, Methyl Orange (MO), and Methyl Blue (MB)
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Table 1. Selected Results for the Single-Dye and One-Step Double-Dye Encapsulations
Adye® Maye (9/9)° Cioad (d.-m./M.F¥
HPAMAM10K HPSA11K HPAMAM10K HPSA11K HPAMAM10K HPSA11K
guest € expt -C16 -C16 -C16 -C16 -C16 -C16
MO 21964 S 0.536 1.645 0.160 0.490 5.26 16.7
D 0.924 1.695 0.276 0.505 9.08 17.2
MB 39229 S 0.164 0.009 0.067 0.004 0.90 0.05
D 0.081 0.359 0.033 0.146 0.45 2.04

aDye absorption coefficient gained from the calibration curve of the dye in aqueous soREigperiment for single-dye encapsulation (S) or one-step
double-dye encapsulation ()The chloroform solution absorbance of dye-encapsulated hyperbranched polymer at 426 nm for MO-aB8B57m for
MB. 9 Mass (g) of dye encapsulated by per gram of polyrAétolecule number of dye encapsulated by per hyperbranched macromolecule.

peaks, corresponding to the absorptions of MO and MB, are (0.536) by about 72.3%. Accordingly, ti@a.qof MO is raised
observed at 426 and 580 nm, respectively. The peak intensityfrom 5.26 to 9.08 dye molecules per hyperbranched macromol-
at 426 nm (0.924) is higher than that of single-dye encapsulationecule (d.m./M.) in the presence of MB (see Table 1). The
absorbance of MB decreased from 0.164 to 0.081, ar(@l.ge

of MB decreased from ca. 0.90 to 0.45 d.m./M., indicating that
only small amount of MB can result in a big improvement of

08 Cioad Of MO. During this process, the color of chloroform phase
changed from orange-yellow (MO) or blue (MB) to yellow-

0.6 brown, intuitively proving that the double-dye encapsulation

< occurred (see the inset of Figure 1).

0.4 To confirm such an increment of MO in the one-step double-
dye encapsulation, we separated the encapsulated HPAMAM10K-

0.2 C16 chloroform solution from the system after the water phase
and the chloroform phase separated completely, then moved

0.0 the chloroform solvent by a rotary evaporator and dried it under

400 500 600 700 vacuum to obtain the solid dye-encapsulated HPAMAM10K-
Al nm C16, and then measured #8 NMR spectrum in CDGJ(Figure

Figure 1. UV/vis spectra of chloroform phase after the single- and 2). The relative integration of MO peak at ca. 3.07 ppm

one-step double-dye encapsulations of HPAMAM10K-C16 (inset: (—N(CHs)2, signal a) is greater than that of the single-dye
photographs for the single- and double-dye encapsulations). encapsulation by about 69.5% with the peak of HPAMAMl%V
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Figure 2. *H NMR spectra of the neat HPAMAM10K-C16 (1), the
MO-encapsulated HPAMAM10K-C16 (2), and the one-step double-

dye encapsulated HPAMAM10K-C16 (3).

C16 at ca. 0.87 ppmACHj, signal f) as the reference. The
NMR and UV/vis results are quite close, further implying that
the UV/vis method to determine tl@,,qis still reliable in cases
of double-dye encapsulation.

Generally, the substrates or guests can be encapsulated into
a polytopic receptor or host via two manners: cascade- and
parallel-type bindingd?* In a cascade-type binding, different
kinds of dyes are loaded into the host with a specific sequence
and the encapsulating sequence has strong influenc&,gp
accordingly, whereas such an influence is not significant in the
parallel-type binding. Thus, we changed the dye-encapsulation
sequence to probe the binding type in the double-dye encapsula-
tion.

Gradual Double-Dye Encapsulation of the HPAMAM10K-
C16.First, neat MO was encapsulated into the HPAMAM10K-

Encapsulation of Amphiphilic Polymer to Dyes8105
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C16 with a saturation value, followed by the gradual addition 0.0+ 7$r . . i . .
of the MB aqueous solution. The chloroform phase color 00 05 10 15 20 25
gradually changed from orange-yellow to brown (Figure 3a), V,./mL

showing that MB molecules were trapped into the chloroform Fi 3. Selected s for th dual double-d \ation
: ; ; : H ijgure o. electea results 1or the graaual aouble-dye encapsulal

phase. The MO absorption Ipcreased gradually with Increa_lsmg of the HPAMAM10K-C16 host by adding MB aqueous solution to the

the added MB aqueous solution and approached to the maximumyg system. (a) Photographs (from left to right: totals equals 0.0,

of ca. 1.132 (Figure 3b,c). This phenomenon reveals that MO 0.2, 0.4, 0.7, 1.2 mL). (b) UV/vis spectra of the HPAMAM10K-C16

molecules in the top water phase were further transferred into chloroform solution with gradual adding MB aqueous solution to the

the chloroform phase with the cooperation of MB. MO system. (c) The corresponding absorbance valdgoi{ MO at

When the experiment was performed inversely, that is, adding géﬁe%TSaSr(l)?U?i/lan\Z:B)s.So nm as a function of added volume of MB

MO to the saturated-encapsulation system of MB, the color of
the chloroform phase gradually changed from blue to yellow- romolecules may be changed. This change can be possibly used
brown (Figure 4a). The MO absorption rapidly enhanced, to probe the existence of small molecules in the macromolecules
exceeded the value of the single-dye encapsulation (0.536),in turn. Figure 5 shows the DSC curves of the neat HPAMAM-
increased to ca. 1.127, and then changed less with increasinglOK-C16, MO-encapsulated HPAMAM10K-C16, double-dye
the MO solution (Figure 4b,c). The MO molecules were also encapsulated HPAMAM10K-C16, and the mixture of MO and
loaded into the HPAMAM10K-C16 with a much higher capacity HPAMAM10K-C16 (0.2:1 by mass, we name this sample “MO-
by the aid of MB. mixed HPAMAM10K-C16"). From the heating stage of the
During the two gradual encapsulations, the MB absorption DSC curves (Figure 5a), it can be found that the melting
intensity vibrated near the value of its single-dye encapsulation temperature rangeA{l) of HPAMAM10K-C16 is 13.35°C
(Figures 3b,c and 4b,c), and the maxima of MO absorption are (from 39.73 to 53.08C) for the neat HPAMAM10K-C16 and
almost equal to each other, proving that the double-dye changes to 14.76C (from 36.05 to 50.81°C) when it
encapsulation is a parallel-type process. The two maxima are aencapsulated MO molecules (for the sample of MO-encapsulated
little higher than the maximum of one-step double-dye encap- HPAMAM10K-C16) and even to 17.5%C (from 30.63 to 48.18
sulation (0.924), suggesting that the encapsulation is a dynamic°C) when it encapsulated both MO and MB molecules together
process, and gradual encapsulation can favor the arrangemenffor the sample of double-dye encapsulated HPAMAM10K-
of supramolecular structure and topology, and the optimization C16). Accordingly, the melting poinfTf,) of HPAMAM10K-
of the interactions among MO, MB, and HPAMAM10K-C16, C16, the temperature value corresponding to the peak during
and thus improve the loading capacity to some extent. the melting course, decreased from 48.05 to 483@%vhen it
DSC Results.When small molecules were loaded into the encapsulated MO molecules and even to 41°65when it

dendritic macromolecules, the thermal properties of the mac- encapsulated both MO and MB molecules together. FromCtBQ/
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Figure 4. Selected results for the gradual double-dye encapsulation
of the HPAMAM10K-C16 host by adding MO aqueous solution to
the MB system. (a) Photographs (from left to right: tofab equals

0.0, 0.2, 0.4, 1.0, 2.0 mL). (b) UV/vis spectra of the HPAMAM10K-
C16 chloroform solution with gradual adding MO aqueous solution to
MB system. (c) The corresponding absorbance valé¢s{ MO at

426 nm and MB at 580 nm as a function of added volume of MO
aqueous solutionMyo).

cooling stage of the DSC curves (Figure 5b), it is also found
that the crystallizing temperature range of HPAMAM10K-C16
turned wider (from 11.92 to 12.38 and 16.36) and the
crystallizing temperatureT{) decreased (from 41.21 to 39.24
and 36.2°C) when the HPAMAM10K-C16 encapsulated MO
or both MO and MB molecules. Such obvious differences of
the melting or crystallizing temperature range apgdor T for

the samples of MO-encapsulated HPAMAM10K-C16 and
double-dye encapsulated HPAMAM10K-C16 further confirm
that much more dye molecules were transferred into the
chloroform phase in the presence of another dye. This is in
agreement with the results of UV/vis add NMR measure-
ments.
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B —
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4

melting range AT(°C) Peak(°C)

39.73-53.08°C 13.35 48.05
36.05-50.81°C 14.76 45.37
30.63-48.18°C 17.55 41.65
37.59-53.09°C 15.50 48.08

EndoUp —

W N =
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crystal range AT(°C) Peak(’C)

1 45.06-33.14°C 11.92 #1.21
2 43.42-31.04°C 12.38 39.24
3 41.58-25.23°C 16.35 36.20
4 44.85-33.52°C 11.33 41.61
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Figure 5. Heating stage (a) and cooling stage (b) of the DSC curves
of the neat HPAMAM10K-C16 (1), the MO-encapsulated HPAMAM-
10K-C16 (2), the one-step double-dye encapsulated HPAMAM10K-
C16 (3), and the MO-mixed HPAMAM10K-C16 (4). The heating or
cooling rate was 20C/min.

EndoUp —

those of the MO-encapsulated HPAMAM10K-C16,(45.37

°C, T¢ 39.24°C) and significantly higher than those of the
double-dye encapsulated HPAMAM10K-CIB{41.65°C, T
36.20°C). The melting temperature range of the MO-mixed
HPAMAM10K-C16 is 15.50°C (from 37.59 to 53.09C),
which is a little wider than that of the neat HPAMAM10K-
C16, 13.35°C. As is known, the existence of impurities with
low molecular weight in a polymer matrix may broaden the
melting temperature range and decreaseTheor T, of the
polymer if the impurities interfere in the interactions between
macromolecular chains. The comparable DSC results showed
that the function of dye molecules in the samples of MO-
encapsulated HPAMAM10K-C16 and double-dye encapsulated
HPAMAM10K-C16 is different from that in the sample of MO-
mixed HPAMAM10K-C16. Because of dye interaction with the
polymer, the resulting supramolecular structures show different
thermal properties compared with the neat polymer.

The decrease of thk, andT. and the widening of the melting
and crystallizing temperature ranges for the samples of dye-
encapsulated HPAMAM10K-C16 can be explained as follows.
The volume of small molecules in the macromolecules makes
the hydrophobic arms of HPAMAM10K-C16 packed more
loosely and weakens the interactions between macromolecular
chains. This is an evidence of the small molecules lying in the
HPAMAM10K-C16 macromolecules. The difference between
Tms of the neat HPAMAM10K-C16 and that of double-dye
encapsulated HPAMAM10K-C16 (6.4C) is greater than the

Another question appears: where were the transferred dyedifference betweeil,s of the neat HPAMAM10K-C16 and one-
molecules localized? To probe that the small molecules were dye encapsulated HPAMAM10K-C16 (2.68) by about 138%,

localized inside the HPAMAM10K-C16 macromolecules or just

also proving that dye molecules were loaded into the HPAM-

mixed with the macromolecules, we made the sample of the AM10K-C16 macromolecules and indicating that {8gaq of

solid mixture of MO and HPAMAM10K-C16 (0.2:1 by mass)

MO in the case of double-dye encapsulation was much higher

and also measured its DSC. The corresponding DSC curves ofthan that of single-dye encapsulation. Considering the results

the MO-mixed HPAMAM10K-C16 are also shown in Figure
5. Itis found that thél,, and T of the MO-mixed HPAMAM-
10K-C16 are about 48.0%C and 41.6TC, respectively. These

values are almost same as those of the neat HPAMAM10K-

C16 (T, 48.05°C, T, 41.21°C), whereas they are higher than

obtained from UV/vis measurements, we can say that synergistic

encapsulation did happen to the host of HPAMAM10K-C16.
TGA Results. Figure 6 shows the TGA weight loss curves

of neat dyes, the neat HPAMAM10K-C16, the dye-encapsulated

HPAMAM10K-C16, and the MO-mixed HPAMAMlOK-ClGCDV
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Figure 6. TGA weight loss curves of neat MB (1), neat MO (2), the
neat HPAMAM10K-C16 (3), the MO-encapsulated HPAMAM10K-
C16 (4), the one-step double-dye encapsulated HPAMAM10K-C16 (5),
and the MO-mixed HPAMAM10K-C16 (6).
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Figure 7. UVlvis spectra of the chloroform phase after the single-
and one-step double-dye encapsulations of the HPSA11K-C16.

not just mixed with the macromolecules, and (2) synergistic
encapsulation occurred in the double-dye encapsulation.

There are three obvious stages of weight loss for the neat MO: DLS Measurements. Moreover, dynamic light-scattering

before 405°C, 405-600°C, and after 600C. Its total weight
loss before 600C is ca. 41.489 wt %. For the MB, there are
also three stages of weight loss: before 485 435-600 °C,
and after 600C. Before 600°C, the weight loss of MB is ca.
20.130 wt %. The weight loss of the MO-encapsulated
HPAMAM10K-C16 before 600C (93.302 wt %) is lower than
that of the neat HPAMAM10K-C16 (ca. 96.515 wt %),
confirming the existence of MO in the product of MO-
encapsulated HPAMAM10K-C16. Calculated from the data of
the weight loss, the content of MO is ca. 0.0620 g/g of
HPAMAMZ10K-C16. This value is lower than that obtained from
the UV/vis spectra. It is likely attributed to the following

reasons: (1) the error of the dye absorption coefficients between

in the chloroform and in the water of calibration; (2) the error

(DLS) measurements showed that no aggregation peak was
found wherever the concentration of amphiphilic HPs in
chloroform was low or high. The system is still a real solution
even though the HP concentration is as high as 15 g/L. For the
chloroform solutions of the MO-encapsulated HPAMAM10K-
C16, the similar results to those of the neat HPAMAM10K-
C16 were obtained in the DLS measurements, and no aggre-
gation peak was observed either (see Supporting Information,
SM2). The combinations of the DLS and other measurements
verify that the transferred dyes were not localized at the space
among the macromolecules or in assembled micelles, but inside
the cavity of individual hyperbranched macromolecules.

Ill. Encapsulations of the HPSA11K-C16. Double-Dye
Encapsulation of the HPSA11K-C16.To justify the generality

resulting from the TGA measurements. The weight loss of the of such a synergistic encapsulation, we employed another

double-dye encapsulated HPAMAM10K-C16 before 6@
(88.738 wt %) is much lower than that of the MO-encapsulated
HPAMAM10K-C16 (93.302 wt %), proving that the existence
of both dyes or much more MO molecules were further loaded
into the HPAMAM10K-C16.

amphiphilic hyperbranched polymer, HPSA11K-C16, with much
longer chain segments between neighboring units to perform
the same double-dye encapsulations. The results are also
collected in Table 1. Significantly, th&.aq0f MB was improved

from little (ca. 0.05) Avg = 0.009) to 2.04 Avs = 0.359) d.m./

In addition, because of the encapsulation of small molecules M-, without the decrease of MO, in the one-step double-dye
in the macromolecules, the interactions among the polymer arms€ncapsulation. Th€,aq of MB is increased by about 40-fold

were weakened, and then the HPAMAM10K-C16 showed lower
Tm as compared with the neat HPAMAM10K-C16, as mentioned
above. If the small molecules were localized inside the
macromolecules, rather than intermolecules, not onlyTthe
but also the decomposition temperatufg) (of the dye-loaded
HPAMAM10K-C16 would be decreased. Actually, tfg of

the MO-encapsulated HPAMAM10K-C16 (the temperature of
5% and 10% weight loss is ca. 256.8 and 28&8respectively)

is obviously lower than that of the neat HPAMAM10K-C16
(the point of 5% and 10% weight loss is ca. 260.4 and 298.4
°C, respectively); theTy of the double-dye encapsulated
HPAMAM10K-C16 (the point of 5% and 10% weight loss is
ca. 239.3 and 270.8C, respectively) is much lower than that
of the MO-encapsulated HPAMAM10K-C16. By comparison,
the Ty of the MO-mixed HPAMAM10K-C16 (the point of 5%
and 10% weight loss is ca. 260.8 and 29822 respectively) is
quite close to that of the neat HPAMAM10K-C16 but consider-
ably higher than that of the MO-encapsulated HPAMAM10K-

as compared with that of the single-dye encapsulation (see Table
1 and Figure 7). Compared with the HPAMAM10K-C16,
HPSA11K-C16 exhibits much higher loading capabilities for
both MO and MB in the synergistic double-dye encapsulation,
which can be attributed to the bigger cavities of the HPSA11K-
C16 resulted from its longer chain segments than those of the
HPAMAM10K-C16.

Gradual double-dye encapsulations were also conducted for

the host of HPSA11K-C16. When MO was added to the MB

system (MB aqueous solutioh MB-saturated HPSA11K-C16
chloroform solution), the color of the chloroform phase gradually
changed from blue to deep-brown, indicating the double-dye
encapsulation happened (Figure 8a). During this process, both
MB and MO absorptions increased dramatically and then
reached saturation values of ca. 0.389 and 1.669, respectively
(Figure 8b,c), around which the absorptions fluctuated if more
MO solution was added. Interestingly, both saturation values
are quite close to corresponding values of the one-step double-

C16. These TGA results are in good accordance with the DSC dye encapsulation (thereifyg = 0.359 andAvo = 1.695),

ones, further confirming that (1) the MO molecules transferred

implying that the efficiencies of the two double-dye encapsula-

into the chloroform phase were trapped into the HPAMAM10K- tion manners are almost equivalent. In fact, the two processes

C16 macromolecules to form the hegfuest supramolecules,

are comparable in essence because the quantity of thecfﬂﬁ}
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of the HPSA11K-C16 host by adding MO aqueous solution to the MB - 4| \tion'with gradual adding MB aqueous solution to MO system. (c)

system. (a) Photographs (from left to right: totalo equals 0.0, 0.2, The correspondi bsorb |

) ponding absorbance valuas df MO at 426 nm and MB
0.4, 1.0, 2.0 mL). (b) UV/vis spectra of the HPSA11K-C16 chloroform : MB |
solution with gradual adding the MO aqueous solution to the MB at580 nm as afunction of added volume of aqueous soltigs)(

system. (c) The corresponding absorbance valdg¢o{ MO at 426 . )
nm and MB at 580 nm as a function of added volume of MO aqueous location of encapsulated dye molecules. Figure 10a shows the

solution ¢vo). heating stage DSC curves of the samples. The melting temper-
ature rangeAT) of HPSA11K-C16 is 4.29C (from 38.76 to
encapsulated MB is very tiny or negligible in the gradual 43.05°C) for the neat HPSA11K-C16 and changes to 869
encapsulation. (from 34.92 to 43.6TC) when it encapsulated MO molecules
In the inversed-sequence experiment, adding a MB solution for the sample of MO-encapsulated HPSA11K-C16 and to 9.84
to a MO system, a different result was obtained. The color of °C (from 32.83 to 42.67C) when it encapsulated both MO
the chloroform phase gradually changed from orange-yellow and MB molecules together for the sample of double-dye
to dark-brown (Figure 9a). The absorption of MB increased encapsulated HPSA11K-C16. Consequenflypf HPSA11K-
rapidly and then achieved a saturation value of ca. 0.869, with C16 decreased from 41.20 to 40.02 when it encapsulated
increasing the volume of the MB solution (Figure 9b,c). This MO molecules and to 36.63C when it encapsulated both MO
value corresponds to ca. 96-fold of the capacity of the single- and MB molecules together. While for the mixture of MO and
dye encapsulation and ca. 2.4-fold of one-step double-dye HPSA11K-C16 (0.5:1 by mass, we name this sample “MO-
encapsulation. Th€aq of MO also changed little during this  mixed HPSA11K-C16");T, (41.12°C) is very close to that of
process (Figure 9b,c). Therefore, with the cooperation of MO, neat HPSA11K-C16 (41.20C), and its melting temperature
the loading capability of MB is almost increased by 2 orders of range (4.38°C) is also comparable with that of the neat
magnitude. TheCipaqg Of MB can be raised to a much higher HPSA11K-C16 (4.29°C). Interestingly, the melting enthalpy
level if MO was first encapsulated into the HPSA11K-C16, (AH) of different sample is also distinct. The value AH
indicating that the double-dye encapsulation for HPSA11K-C16 decreases from 32.65 J/g for the neat HPSA11K-C16 to 4.90
is a cascade or semicascade process. J/g for the MO-encapsulated HPSA11K-C16 and to 2.73 J/g
DSC and TGA Results.Again, DSC and TGA measure- for the double-dye encapsulated HPSA11K-C16. Howeket,
ments were conducted for the neat polymer, dye-encapsulatedof the MO-mixed HPSA11K-C16 is 21.95 J/g, which is close
polymer, and the mixture of dye and polymer to probe the to that of neat HPSA11K-C16 and much higher than thos&B(/
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double-dye encapsulation or not or whether the increment of
Cioad Of One dye is caused by the pH variation of the solution in
the presence of another dye. To answer this question, we
1 : : : : i ; ; investigated the influence of pH on the encapsulations. In the
100 200 300 400 500 600 700 800 experiments of gradual double-dye encapsulation of HPAMAM-
Temperature / °C 10K-C16, the pH value of tkgle system containing a 6.0 mL MO
. . aqueous solution (1.& 103 M) decreased from ca. 6.62 to
Figue 10, DSC curves (2) and TGA veht joss crves (0) 1% ca. 5,52 when a 3.5 mL MB aqueous soluton (1072 M)
one-step double-dye encapsulated HPSA11K-C16 (3), and the MO-was added into the system gradually. In the same pH range
mixed HPSA11K-C16 (4). The heating rate during the DSC measure- (6.62—5.52), single-dye encapsulations of HPAMAM10K-C16
ments was 10C/min. with different pH value were investigated. In the cases of MO,
the absorbance of MO in the bottom chloroform phase changed
dye-encapsulated samples. Therefore, the DSC results further |ittle, and the maximum is 0.68, when the pH of the top
prove that the dye molecules located in different situation in aqueous solution of MO changed from 6.62 to 5.52 (Figure 11a).
the supramolecules from those in the MO-mixed HPSA11K- By comparison, the maximum of absorbance of MO is about
C1e. 1.132 in the case of gradual double-dye encapsulation afore-
Figure 10b shows the TGA weight loss curves of the samples. mentioned in the same pH range (6-6252) (Figure 11b); this
The weight loss of the MO-encapsulated HPSA11K-C16 before value (1.132) is much higher than the maximum resulted from
600°C (85.903 wt %) is lower than that of the neat HPSA11K-  the single-dye encapsulation experiments of pH variations (0.68).
C16 (ca. 95.593 wt %), confirming the existence of MO in the Therefore, the increment of tH&oaq (MO) in the double-dye
product of MO-encapsulated HPSA11K-C16. The weight loss encapsulations is not mainly due to the change of pH value
of the double-dye encapsulated HPSA11K-C16 before®D0  during the course of adding another dye (MB) of the pair, but
(82.989 wt %) is much lower than that of the MO-encapsulated the existence of the other dye (MB).
HPSA11K-C16 (85.903 wt %), also proving that more dye  \When the 3.5 mL aqueous solution of MO (40103 M)
molecules were loaded into the HPSA11K-C16. was added gradually to the system containing a 6.0 mL aqueous
From the DSC and TGA measurements, a similar conclusion solution of MB (1.0x 10-3 M) and 6.0 mL chloroform solution
to that of HPAMAM10K-C16 cases can be drawn: the dye of HPAMAM10K-C16 (0.05 g/L), the pH of the top water phase
molecules are located inside the cavity of individual macro- increased from 6.51 to 6.61, and the absorbance of the
molecules, and there is synergistic interaction between MO andchloroform phase increased gradually and reached a maximum
MB molecules in the encapsulation behavior of HPSA11K-C16 of 1.127 (Figure 11c), as mentioned above. This maximum
indeed. (1.127) is also much higher than that of single-dye encapsula-
The outcomes described above enlighten us that (1) thetions with different pH (0.68). This result also verified that the
synergistic encapsulation is not a particular but a general change of pH value is not the main reason for the augment of
phenomenon and (2) the specific synergistic manners and resultghe Cipag.
are dependent on many factors including structures and proper- When the HPSA11K-C16 was chosen as the host, similar
ties of hosts (polymers) and guests (dyes) and the interactionsexperiments of pH variation as the cases of HPAMAM10K-
among them. C16 aforementioned were also conducted. Figure 12a shows
IV. pH Influence on the Encapsulation. Because the  the absorbance of MB in the bottom chloroform phase at
addition of another dye to the solution system of the first dye different pH values of the top aqueous solution in the single-
may change the pH of the solution, a question consequently dye encapsulation. It is found that the maximum absorbance of
appeared: whether the change of pH value has an effect on theViB is about 0.071 in the pH range of 6.51 and 4.49. BESV
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(1.0 x 102 M) by adding MB aqueous solution (4.2 1073 M)

gradually in the double-dye encapsulation.

5.0

comparison, in the gradual double-dye encapsulation experi-
ments (adding the aqueous solution of MO to the system of
MB and HPSA11K-C16), the maximum absorbance of MB is
about 0.431 in the pH range 6.56.61 in the presence of MO
(Figure 12b). When adding the aqueous solution of MB (4.0
1073 M) gradually to the system containing the aqueous solution
of MO (1.0 x 103 M, 6.0 mL) and the chloroform solution of
HPSA11K-C16 (0.05 g/L, 6.0 mL), the pH varied in the range
6.62-5.61, and the absorbance of MB increased gradually and

reached about 0.869 (Figure 12c). Obviously, the absorbance

maxima (0.431 and 0.869) of both gradual double-dye encap-

Macromolecules, Vol. 39, No. 23, 2006

medicine, enlighten us to dig out more new areas for macro-
molecules, and assemble or fabricate novel structures and
devices by using such discoveries.
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