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ABSTRACT: A thermo-sensitive nanocapsule, containing the hydration layer, was synthesized through introducing N-isopropylacryla-

mide into the system of styrene miniemulsion polymerization and hexadecane as liquid template. The properties and content of the

water in the hydration layer were investigated by differential scanning calorimetry. With dynamic light scattering and transmission

electron microscope, the effects of temperature and solvent on the particle size and morphologies were studied. The results showed

that the increase of temperature and the ethanol–water mixed solvent could decrease the thickness of hydration layer and caused the

polymer chain in the shell coil-to-globule transition, which switched on the pathway to loading and releasing substances in the nano-

capsules. By using UV-visible spectroscopy to monitor the tracer, the diffusion coefficients were determined and verified the switching

process above. In addition, the ethanol–water molecule cluster can form a stable associative structure around ethanol mole fraction of

0.4, and destroyed the hydration of the hydrophilic group. The solvent interactions were proved to be the main driving force for the

coil-to-globule transition of poly(N-isopropylacrylamide). Moreover, an appropriate latex particle size should exclude the hydration

layer but stable dispersed in the solvent was suggested. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40589.
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INTRODUCTION

Functional polymer nanocapsules with a core-shell structure

have great applications in controlled drug delivery system, bio-

chemical separation, biocarrier, and phase-change materials.1–4

Thermo-sensitive polymers such as poly(N-isopropylacrylamide)

(PNIPAM) will undergo a coil-to-globule transition in response

to changes in temperature. It is well documented that PNIPAM

solubility in water arises from the amide group forming hydro-

gen bonds with water and increasing the temperature above the

lower critical solution temperature (LCST) causes a dehydration

of the hydrophilic and hydrophobic moieties. The hydration has

attracted much attention for its special interaction with poly-

mer. The status and content of water in the polymer have dem-

onstrated the significant effect on permeability and selectivity of

polymer membrane.5 A study of hydrogels identified that a spe-

cific coordinated water can bind the specific solutes selectively

and changes the separation factor in aqueous solution.6

To date, most studies of the polymer hydration layer are focused

on the macro-morphology as gel or membrane. Little is known

about the latex particle in submicrometer size. Furthermore,

the role of the water cluster structures in the coil-to-globule

transition is few studied. To approach this dearth of research, it

is essential to explore a novel feasible and effective method to

identify the hydration layer of water-soluble polymer particles,

and especially its impact on the permeation property of nano-

capsules. In this study, we synthesized thermo-sensitive nano-

capsules through introducing NIPAM into the system of styrene

miniemulsion polymerization, using low molecular weight

hydrocarbon as template.7,8 The properties and thickness of the

hydration layer were investigated. By means of ethanol–water

mixture, the effect of solvent interactions on the polymer phase

transition was studied. Moreover, the process of loading and

releasing substances in the nanocapsules was monitored by

ultraviolet-visible spectroscopy.

EXPERIMENTAL

Materials

Styrene (St, 99.5%) was washed with NaOH (10 wt %) aqueous

solution and then further washed with distilled water until the

washings became neutral. After it had been dried with anhy-

drous MgSO4, the St was purified by vacuum distillation and

kept in the refrigerator until use. c-Methacryloxy propyl trime-

thoxysilane (c-MPS, Aldrich) was used as received. N-isopropy-

lacrylamide (NIPAM, Acros Organics) was purified by
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recrystallization in n-hexane and then dried in a vacuum oven

at room temperature. The crosslinker, divinylbenzene (DVB,

Aldrich, 80%), was used as received. n-hexadecane (HD, 99%,

Acros Organics) were used as hydrocarbon templates. Potassium

persulfate (KPS, Acros organics) was used as initiator. Sodium

dodecyl sulfate (SDS, 99%, Acros Organics), sodium bicarbon-

ate were used as received. Deionized water was applied for all of

the polymerization and treatment process.

Nanocapsule Synthesis

The typical procedure used to fabricate the thermo-sensitive

nanocapsules was as follows. The oil-soluble monomer St

(8.32 g), MPS (2.08 g), DVB (0.4 g), and NIPAM (0.8 g) were

mixed with the hydrocarbon HD (10.8 g) to obtain the oil

phase. This oil phase was added to the aqueous solution con-

taining the surfactant SDS (0.216 g) and the pH buffer NaHCO3

(0.2 g). The miniemulsion is prepared by ultrasonifying the mix-

ture for 20 min using a pulsed sequence (10 s sonication fol-

lowed by 5 s break) with a 560 W duty cycle (SCIENTZ, JY92)

under magnetic agitation in an ice bath. The miniemulsion was

then introduced into the jacketed reactor and purged with nitro-

gen. The temperature was raised to 70�C, and an aqueous solu-

tion of KPS (0.15 g) was fed into the reactor to start the

polymerization. 30 min after the reaction initiated, an aqueous

solution of NIPAM (0.8 g) was added dropwise with a Sp1001

syringe pump to the above miniemulsion over the course of

30 min. The polymerization was continued for 6 h under stirring

at 300 rpm.

Characterization

The particle size and size distributions (as PDI) were measured

by dynamic light scattering (DLS, Zetasizer 3000 HSA, Malvern)

at different temperature. The PDI is a dimensionless number

that describes the heterogeneity of the sample and it can range

from 0 (monodisperse) to 1 (polydisperse). The nanocapsules

were diluted in deionized water or ethanol–water mixture before

analysis. Five measurements were performed and averaged for

each sample.

Transmission electron microscopy (TEM) measurements were

performed on a JEOL JSM-1230EXT2 microscope. The colloidal

dispersions were diluted in water or ethanol and placed on a

400-mesh carbon-coated copper grid and air-dried.

Infrared spectra were recorded with a ThermoFisher Nicolet

5700 FTIR spectrometer. The difference spectra were obtained

using the same samples saturated with water, air-dried to con-

stant weight or vacuum freeze-dried.

Differential scanning calorimetry (TA DSC Q200) was used to

measure the phase transition of water sorbed by the nanocap-

sules. After air-dried to constant weight, nanocapsules about l0

mg weight were heated in sealed capsules under nitrogen atmos-

phere. The DSC curves were obtained by heating from 240 to

150�C at a rate of 5�C/min. Cooling measurements were per-

formed at the same rate from 150 to 240�C.

The cresol red, used as tracer, was diluted in water or ethanol

to load in the high-speed centrifuged nanocapsules. The load-

ing process at different temperature was studied by using

ultraviolet–visible spectroscopy (SHIMADZU UV-1800) to

monitor the tracer (the main absorption wavelength is at 429

nm). The same concentration of centrifuged nanocapsules

diluted in water or ethanol were used as references. The nano-

capsules, which had been loaded with cresol red to a balance

in ethanol at 50�C, were rapidly cooled and then high-speed

centrifugated to get nanocapsules containing the tracer. The

precipitate was washed with solvent and diluted in water or

ethanol at different temperature to study the releasing process

by UV spectroscopy.

RESULTS AND DISCUSSION

Property and Content of the Hydration Layer

Water in polymer has been shown to exist in three status9: Non-

freezing water is water that has no detectable phase transition

over the temperature range usually associated with the water

freezing/melting transition from 273�C to 47�C; freezable

bound water is the intermediate water having a phase transition

temperature lower than 0�C; free freezing water is defined as

the unbound water in the polymer having transition tempera-

ture, enthalpy, and shape of the DSC curves similar to those of

pure water.

Water-polymer interactions are identified by FTIR (Figure 1). A

distinct displacement towards low frequencies for air-dried sam-

ple was observed in the 3600–3000 cm21 region [Figure 1(a)]

for mOH(stretching), showing the difference between the bulk

free water and water bound by polymer, which indicate the for-

mation of a hydrogen bond between water and copolymer.

When the copolymer contains more water, the 1600–1700 cm21

region for amide carbonyl group [Figure 1(b)] was found to red

shift to 1626 cm21, which is due to the increase of hydrogen

bond with water. Meersman et al.10 also observed the spectral

changes in hydration properties and structure of PNIPAM by

Fourier transform infrared. The IR peak of water in PNIPAM

was at 3410 cm21 instead of 3710 cm21, the peak frequency of

free freezing water, demonstrating the intermolecular hydrogen

bond with polymer.

Figure 2 shows the DSC heating and cooling curves for the

nanocapsules air-dried to constant weight. Two freezing transi-

tions were observed, suggesting the existence of two states of

freezable water in nanocapsules, that is, peak A for free freezing

water (transition at 21.51�C) having similar transition temper-

ature with pure water, and peak B for freezable bound water

(transition at 27.65�C). The peak C was for the phase transi-

tion of liquid core template HD.

The following factors were considered qualitatively: (i) the non-

freezing water is bonded to the hydrophilic group and sur-

rounded by freezable water molecules, which have interaction

with polymer as well as nonfreezing water, thus lead to a lower

freezing/melting transition temperature; (ii) in addition to the

hydration of hydrophilic group, the network structure of poly-

mer was embedded with a part of free freezing water to reach

equilibrium state with surroundings.11 The content of equilib-

rium water (We , mass fraction) and freezable water (Wf ) were

determined from direct integration of the endothermic peaks.

The content of nonfreezing water (Wn) was calculated by the

eq. (1).
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Wn5Wtotal 2We2Wf (1)

The content of total water in the specimen was defined as:

Wtotal 5
weight of air dried emulsion 2weight of emulsion 3 solid content

weight of air dried emulsion

(2)

where solid content include the content of monomer, HD,

emulsifier and initiator, obtained by emulsion dried to constant

weight at 150�C.

The computation results are shown in Table I.

Effect of Temperature on the Hydration Layer

Water-soluble polymers like PNIPAM have hydrophilic groups

to induce hydrogen bond with water, thus to form a certain

thickness of hydration layer around the polymer particles. Since

the PNIPAM chains undergo a coil-to-globule transition near

its LCST, the particle size will change with the temperature

variation.

The thermo-sensitivity of the synthesized nanocapsules was

characterized by investigating the relationship between size and

temperature. The Z-average size and particle size distribution of

nanocapsules were showed in Table II and Figure 3, indicating

that the size of nanocapsules decreased with the increase of

temperatures. The PDI values decreased more obviously with

increasing temperature, and the values are mainly less than 0.2,

representing fairly narrow particle distribution.12 A pronounced

change of size with temperature takes place in the range of 35–

40�C. The hydrogen-bond interaction between amide groups

and water molecules, hydrophobic collapse and solvent-solvent

interactions are considered to be the causes of coil-to-globule

transition.11,13 However, a computer simulation of the coil-to-

globule collapse indicated that its dynamics is dominated by the

solvent-induced interaction.14

Effect of Solvent on the Hydration Layer

The ethanol–water mixture is representative of the hydrogen-

bond system. The solution structure behaviors, dynamic proper-

ties and polarity vary with concentration.15 Therefore, the

Figure 2. Differential scanning calorimetry curves of hybrid copolymers.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 1. FTIR spectra of hybrid copolymers (1) saturated with water, (2) air-dried to constant weight, and (3) vacuum freeze-dried. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Mass Fraction of Different Water Types

Different water types We Wf Wn Wtotal

Mass fraction (%) 11.63 0.34 0.46 12.43
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relationship between the particle size and the concentration of

ethanol was investigated to study the effect of solvent-induced

interaction on the hydration layer.

Ethanol can make the hydrogen-bond structure of water

more orderly at low concentrations (x< 0.18), thus to

amplify the hydration layer.16 The hydrogen-bond interaction

between hydrophilic groups and water molecules was weak-

ened by ethanol, for the water can form ethanol-associated

clusters. With the mole fraction of ethanol increasing, the

association between water and ethanol strengthened gradu-

ally. To a certain concentration of ethanol (x 5 0.08), the

water hydrogen-bond structure with hydrophilic groups had

a balance with ethanol and the particle size attains maximum

(dz 5 184.0 nm). When the concentration of ethanol was fur-

ther increased, the water in polymer was “pulled out” by

ethanol and form more stable clusters with ethanol. There-

fore the thickness of hydration layer is gradually reduced, as

well as the size of nanoparticles [Figure 4(a)]. The ethanol–

water molecule cluster can form a rather stable associative

structure around ethanol mole fraction of 0.4, and the mixed

solvent was showing the lowest polarity. Thus, the hydrogen-

bond interaction between polymer and water was the weakest

and the thickness of hydration layer reached the minimum.

Meanwhile the nanocapsules almost lost thermo-sensitivity

dz (25�C) 5 95.0 nm, dz (50�C) 5 94.1 nm. This behavior

were consistent with the results of Zhang et al.17 They inves-

tigated the hydration and dynamic properties of ethanol–

water mixtures at different ethanol mole fractions with

molecular dynamics simulation, and the simulations indi-

cated that the self-diffusion coefficient of water has a large

drop at low concentrations of ethanol and then it nearly

keeps constant, while the diffusion coefficient of ethanol has

a minimum around ethanol mole fraction of 0.5. The partial

molar volumes of ethanol–water solution were plotted in Fig-

ure 4(b).18 As the partial molar volume of water reached the

maximum at about x 5 0.1, the affinity of ethanol–water was

strongest and the hydrogen-bond structure between water

molecules was the most orderly. It was obvious that the

hydration layer of nanocapsules and particle size have the

same variation trend with the partial molar volume of water,

which proved that the solvent-induced interaction was

the major driving force for the PNIPAM coil-to-globule

transition.

Morphological Structure of Thermo-Sensitive Nanocapsules

Dynamic light scattering (DLS) has been widely used in the

study about the size of polymer nanoparticles. However, the size

investigated by DLS is the hydrodynamic diameter, including a

certain hydration layer and much larger than the size in TEM,

which is in the vacuum dry condition.

The TEM images of the synthesized nanocapsules [Figure 5(a)]

showed the distinct core-shell structure of particles when the

Table II. Relationship Between Z-Average Size and Temperature

T (�C) dz (nm)a PDIb

25 123.7 6 0.6 0.216 6 0.005

30 121.2 6 0.5 0.195 6 0.007

35 122.5 6 1.1 0.186 6 0.014

40 118.9 6 0.9 0.169 6 0.002

45 118.3 6 0.7 0.155 6 0.015

50 118.4 6 1.0 0.123 6 0.017

a The diameter was measured by DLS (5 mg/mL).
b PDI represents polydispersity index. The results are presented as
means 6 SD (n 5 5).

Figure 3. Z-average size and size distribution of nanocapsules at different

temperatures. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. (a) Particle Z-average size of nanocapsules in the mixture of

water-ethanol at 25�C, (b) The partial molar volumes of ethanol and water

at 25�C.18 Error bars indicate standard deviation for each sample. Where

not shown, error bars are smaller than the data symbols. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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polymer chain was in aggregation state, and the PNIPAM was

dispersed in a coil-like state below the LCST [Figure 5(b)].

More than 400 nanocapsules in TEM images (diluted in ethanol

and dried at 50�C) were statistically counted to get the size and

particle size distribution in dry state as shown in Figure 6.

According to the formulas in the document19 about the particle

size measurement, get the mean number diameter dn 5 59.3

nm, mean volume diameter dv 5 63.7 nm and Z-average diame-

ter dz 5 81.2 nm.

Figure 7 shows the schematic structure of the synthesized nano-

capsule by comparing the size investigated by DLS and the size

statistically calculated in the TEM images.

Tracer Diffusion Performance of Nanocapsules

Figures 8 and 9 display the time-dependent diffusion curves by

monitoring the relative intensity of cresol red with UV spectros-

copy, and shows the effect of solvent and temperature on the

diffuse performance.

Based on the Fick’s law:

F x; tð Þ52D
@C x; tð Þ
@x

(3)

The diffusion flux of tracer per unit volume of shell wall is

combined with the tracer concentration by function (4).

dCw

dt
52AðCw2CvÞ (4)

A5
P � S

V
5

3P

R
5

3D

Rh
(5)

where S and V are the surface area and volume of nanocapsule,

P is the permeability, which can be converted into a diffusion

coefficient (D) by means of multiplying the permeability with

the shell wall thickness (h), P5D=h20, Cw and Cv represent the

concentration of tracer in solution and nanocapsules.

By integrating eq. (4), the concentration of tracer in solution becomes

Cw5C0 � e2At (6)

As the tracer intensity IðtÞ depend on the concentration is theo-

retically described as:

IðtÞ5/vnv1/w nw (7)

where /v and /w , represent the ultraviolet-visible absorption

coefficient of tracer in the nanocapsules and solution; nv and

Figure 5. TEM image of nanocapsules (a) diluted in ethanol and dried at 50�C and (b) diluted in water and air dried at 25�C.

Figure 6. Size distribution of nanocapsules in TEM image. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Structure of nanocapsules. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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nw are the number of tracer in the nanocapsules and solution.

Thus the eq. (6) becomes nw5n0 � e2At . After being substituted

to eq. (7), IðtÞ can be described as

IðtÞ5/vn01ð/w2/vÞn0e2At

Iðt51Þ5/vn0; Iðt50Þ5/w n0

(8)

And the relative intensity Ir becomes

Ir5
IðtÞ2Iðt51Þ

Iðt50Þ2Iðt51Þ5e2At 5e23Dt=Rh (9)

Concerning the diffusion curves, it can be expected that the time

dependence of the tracer concentration is exponential.21 Curve-fitting

calculation for the diffusion curves have been carried out and values

of diffusion coefficient in nanocapsules were shown in Table III.

One clearly observes a much faster loading in ethanol than

water (Figure 8). For the ethanol weakening, the hydration of

polymer and driving polymer chain curled, the thickness of

hydration layer reduced, as well as the particle size, thus to

decrease the diffusion resistance for the tracer and opened the

pathway to nanocapsules. The increase of temperature also helps

to accelerate the diffusion, since it works on the thermo-

sensitive polymer chain and speeds up the molecular motion.

However, the effect of temperature is far less than the ethanol

solvent, which can also be seen in the change of particle size.

The tracer releasing curves (Figure 9) show the higher diffusion

rate than the loading diffusion rate at the same condition

because cresol red is water-soluble and it is easier to diffuse

into water than in polymer. Comparing the releasing curves of

30and 40�C in water, it is obvious to find a sudden change sig-

nified that the temperature could control the release of cresol

red, as the diffusion coefficient at 40�C is nearly four times

larger than at 30�C. While the release diffusion coefficient in

ethanol is about 50 times of water, it is a striking change to

become a switch of nanocapsules releasing. The study shows the

importance of solvent-induced interaction. And it is the main

driving force of PNIPAM coil-to-globule transition for its strong

influence on the hydration layer of nanocapsule.

CONCLUSION

The thermo-sensitive nanocapsules have been successfully prepared

and clearly detected the hydration layer, which contains a small

quantity of nonfreezing water and freezable water. The properties

and content of the water in the hydration layer was proved to have a

very large impact on the size and morphology of nanocapsules.

The changes of temperature and solvent can both significantly

influence the structure and thickness of the hydration layer by

causing the polymer chain in the shell coil-to-globule transition.

Meanwhile, the thickness of the hydration layer can be con-

trolled by the ethanol–water mixed solvent, ranging from 6.9 to

51.4 nm. That is significant to control the loading and releasing

channel of nanocapsules. As the ethanol–water molecule cluster

can form a rather stable associative structure around ethanol

mole fraction of 0.4 and the thickness of hydration layer

reached the minimum, we suggest the size under that condition

would be appropriate to study other properties of latex particle.

Moreover, the solvent-induced interactions were proved to be

the major driving force for PNIPAM coil-to-globule transition,

Figure 8. Time-dependent loading diffusion curves of cresol red in differ-

ent medium at different temperature.

Figure 9. Time-dependent releasing diffusion curves of cresol red in dif-

ferent medium at different temperature.

Table III. Values of Diffusion Coefficient in Nanocapsules at Different

Temperature and in Different Medium

Solvent

D 3 1014 (cm2/s)

20�C 30�C 40�C 50�C

Loading Water 0.0041 0.133 1.27 1.46

Ethanol 6.38 7.15 8.63 19.98

Releasing Water 1.83 4.52 15.49 15.20

Ethanol 57.05 57.85 85.83 87.36
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which could improve the application of PNIPAM in controlled

drug delivery system and phase-change materials.
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