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Abstract Nanocolorants were prepared by miniemulsion polymerization, in which

waterborne polyurethane was used as surfactant for the first time. Transmission

electron microscopy (TEM), atomic force microscopy (AFM), and dynamic light

scattering (DLS) were utilized to confirm the particle diameters and particle size

distributions (PSD). The results indicated that nanocolorants with relatively small

particle size diameters and narrow particle size distributions could be easily pre-

pared by this method. Simultaneously, the particle size could be controlled by

adjusting the concentration of waterborne polyurethane surfactant (WPU), and the

obtained nanocolorants exhibited high stability against electrolyte, lightness, and

strong color depth owing to the nanoscale effects of the nanocolorant particles.

Furthermore, the prepared nanocolorants achieved superior migration fastness and

good thermal stability.

Keywords Miniemulsion polymerization � Nanocolorants �
Waterborne polyurethane

Introduction

Nanocolorants have many potential applications fields such as aqueous ink-jet inks,

electrophotographic toners and dye for polymers, [1–3]. Several techniques have
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been devised for the synthesis of nanocolorants, such as conventional emulsion

polymerization and miniemulsion polymerization [4–6]. Miniemulsion polymeriza-

tion is a versatile and efficient technique for the formation of nanocolorants. During

miniemulsion polymerization, micro-droplets containing monomer and dye are

dispersed in continuous aqueous phase using a suitable surfactant under high shear.

The particle shell is then formed by polycondensation because the growing polymer

chains become immiscible and the new phase is separated from the dye phase [7]. The

particle nucleation mainly occurs within the droplets that have typical diameters

between 50 and 500 nm [8]. To prevent dye molecules from migrating into aqueous

phase, some improved works have paid on polyurea shell in miniemulsion

polymerization [4]. Polyurea shells were formed by interfacial polymerization first,

in which diisocyanates were used as hydrophobic monomers and diamines were

employed as hydrophilic monomers, and cores mainly composed of dye and

polystyrene were formed by polymerization of styrene inside the miniemulsion

globules afterward. However, properties of the nanocolorants can be manipulated by

type and amount of surfactant, intensity and uniformity of energy input, and polarity

of the monomer. Surfactants are required to facilitate the formation, prevent the

coalescence of the liquid droplets, and enhance the stability of the latex particles later

[9]. The conventional surfactants that have low molecular weight, such as sodium

lauryl sulfate, often give bad effects on properties of the final polymer latex.

Polymeric surfactants provide some unique advantages in miniemulsion polymeri-

zation, such as low foaming, and good chemical and mechanical stability of the latex

[9–11]. Polymeric surfactants can also increase the latex stability against electrolytes

acting as steric stabilizers and as emulsifiers simultaneously in miniemulsion

polymerizations. Moreover, polymeric surfactant could undergo chain scission and

react with other monomers during miniemulsion polymerization.

In this article, isocynate-glycol polyurethane (WPU) with the designed structural

formula as shown in Fig. 1 was employed as polymeric surfactant to prepare

nanocolorants by the method of miniemulsion polymerization. Dynamic light

scattering (DLS) was utilized to assess the effect of surfactant concentration on the

particle size and particle size distribution of the final nanocolorants. Transmission

electron microscopy (TEM) and atomic force microscopy (AFM) were utilized to

gain insight onto the effect of the surfactant on the size and morphology of the

resulting nanoparticles. UV–vis spectrometer was employed to assess the effect of

WPU’ concentration on the migration fastness of dyes in the particle. Thermogravi-

metric analysis was utilized to investigate the thermal stability of the nanocolorants

stabilized.

H2C=C-C-O(C2H5)O-R-O-CH2-C-CH2-O-R-O(C2H5)O-C-C=CH2

O

CH3

O

CH3CH3

COO-NH+(C2H5)3 R=H(IPDI)-PPG-(IPDI)H

Fig. 1 Designed structure of waterborne polyurethane surfactant
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Experimental

Materials

Anthraquinone-based blue obtained from Aolunda Co. Ltd was used as received, and

its molecular structure is shown in Fig. 2. Methyl methacrylate (MMA), 2,2-

dimethylol propionic acid (DMPA), polypropylene glycol (PPG, Mn = 1,000), and

N-methyl pyrrolidone (NMP) were purchased from Shanghai Gaoqiao Petrochemical

Co., and purified by distillation under reduced pressure and kept refrigerated until use.

Other chemicals including isophorone diisocyanate (IPDI) and triethylamine (TEA)

from Shanghai Chemical Reagents Co., sodium bicarbonate (NaHCO3), 2-hydroxy-

ethyl methacrylate (HEMA), dibutyltin dilaurate (DBTL), sodiumdodecylsulfonate

(SDS), and potassium persulfate (KPS) from Shanghai Changjiang Chemical Co., and

hexadecane (HD) from Aldrich were utilized as received.

Synthesis of waterborne polyurethane surfactant (WPU)

The polyaddition reaction between IPDI and PPG was conducted in a 500 mL round

bottom, four-necked flask, equipped with a mechanical stirrer, a nitrogen gas inlet

and a condenser. 35.4 g PPG, 0.03 g DBTL, and 14.2 g IPDI were charged into the

flask and heated to 80� for 2 h. And then 1.905 g DMPA dissolved in NMP solvent

(0.127 g/mL) was added to the above mixture. When the NCO group content

reached the calculated value that NCO groups consumed all hydroxyl groups,

polyurethane was then endcapped with 3.7 g HEMA by the secondary polyaddition

reaction and the sample was taken at given interval of time. Finally, 1.36 g TEA

was added to neutralize the product to become aqueous soluble. IR spectra of the

samples were measured by KBr method with Magna-IR550 (Niclet Japan Co.).

The IR spectra of the samples were illustrated in Fig. 3. The characteristic IR

absorption band at 3,300 cm-1 demonstrates the NH stretching vibration of

carbamate, and its bend band is observed at 1,537 cm-1. The characteristic stretching

vibration band of CH in DMPA, HEMA, and PPG is at 2,800–3,000 cm-1. The

characteristic stretching vibration band of C=O in carbamate is at 1,690 cm-1. Band

for C=O in DMPA at 1,715 cm-1, C–O-C in HEMA at 1,240 cm-1 and C–O–C in

PPG at 1,100 cm-1 are observed, respectively. The characteristic stretching vibration

of isocyanate groups at 2,250 cm-1 fades away with increasing reaction time, which

Fig. 2 Molecular structure
of the employed dye
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indicates the reaction did occur between OCN–NCO (IPDI) and HO–OH (PPG)

gradually.

Synthesis of nanocolorants

Recipes for the various experiments are listed in Table 1. The aqueous solution of

WPU (or SDS) and NaHCO3 was added to organic solution containing MMA, dye

and HD, and the mixture was quickly stirred at room temperature for 20 min. After

that the resultant macroemulsion was miniemulsified with an ultrasonic homoge-

nizer (JYD-650, Zhi Sun Instrument Co.) which was operated at 400–500 W for

20 min under ice cooling. Then the miniemulsion was transferred into a flask

equipped with an agitator, a thermometer, a reflux condenser and a nitrogen tube.

After being purged with nitrogen for 10 min and heated to 70 �C under nitrogen

flowing, the miniemulsion was stirred by a paddle stirrer at 200 rpm and a water

solution of KPS was injected to initiate the polymerization. The reaction was kept

for 4 h at 70 �C.

Characterization

Latex stability tests

0.6 g electrolyte solution containing NaCl and CaCl2, respectively, was mixed with

3.0 g latex in a test tube. The states of flocculation were observed visually after the

given time.

For the freeze/thaw test, the sealed tube containing 20–30 mL latex was kept at

-20 �C for 18 h and then kept at room temperature for 6 h. The states of

flocculation of the latex sample were observed.

Fig. 3 IR spectra of samples at different times during the secondary polyaddition reaction. a 1 h, b 2 h,
c 3 h
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Transmission electron microscopy (TEM)

A droplet of diluted aqueous suspension was deposited on copper grids and left to

dry. TEM was performed on a JEOL JEM-2010 at 80 kV.

Atomic force microscopy (AFM)

One droplet of an undiluted latex solution was deposited on an angularly placed, flat

silica surface to form a smooth polymeric film consisting of a few monolayers of

latex particles. Excess water was removed by blotting with filter paper. AFM

experiments were carried out using a Topometrix Explorer (Nanosensors GmbH)

with silicon noncontact tips. AFM images were obtained at ambient conditions and

the instrument was conducted in noncontact mode.

Droplet and particle size

The average size and size distribution of monomer droplets were obtained from

dynamic light scattering (DLS), using Microtrac UPA (Honeywell Co.). The sample

was diluted with water to adjust the intensity of the scattering light. The diluted

water was a monomer saturated solution of 60 mM PUS.

UV–vis absorption

UV–vis absorption of the latex was studied by using a UV–vis spectrometer

(HITACHI Spectrophotometer U-3500). Dye content in colored latex particles at t0
(storage time (t) = 0) was measured immediately after the latex prepared. Then, the

latex products were maintained in a thermostat at 25 �C, and dye contents in the

Table 1 Recipes used in the miniemulsion polymerization

Composition Sample

S1 S2 S3 S4 S5

MMA (g) 10 10 10 10 10

Hexadecane (g) 0.15 0.15 0.15 0.015 0.15

PUS (g) 0.75a 1.5b 3.25c 5d 0

SDS 0 0 0 0 0.33

Sodium bicarbonate (g) 0.015 0.015 0.015 0.015 0.015

Potassium persulfate (g) 0.01 0.01 0.01 0.01 0.01

Anthraquinone-based blue (g) 1 1 1 1 1

DDI water (g) 25 25 25 25 25

a Concentration of PUS in water was 0.5 CMC
b Concentration of PUS in water was 1.0 CMC
c Concentration of PUS in water was 2.2 CMC
d Concentration of PUS in water was 3.3 CMC
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particles were measured at storage time t. The measurement by absorptiometry was

carried out by the method described in [4].

Thermal stability

The thermogravimetric analyses of nanocolorants were performed on Netzsch TG

209 thermogravimetric analyzer. The measurement was performed at heating rate of

10�/min in nitrogen atmosphere.

Result and discussion

Latex stability

Two latex samples were compared for electrolyte addition and freeze/thaw testing

as illustrated in Table 2. It can be found that the latex stabilized with WPU had

better stability against electrolytes than that stabilized with SDS. The latex

stabilized with SDS did not resist a high concentration of monovalent salt (0.5–

1.0 M NaCl) or a low concentration of bivalent salt (0.1–1.0 M CaCl2), whereas the

latex stabilized with WPU just did not resist a high concentration of bivalent salt

(0.5–1.0 M CaCl2). It demonstrates that WPU can improve the latex stability against

electrolytes. After one freeze/thaw cycle, both the latex stabilized with SDS and

latex stabilized with WPU totally flocculated, because there was no steric

stabilization in the experiments.

Typical morphology of nanocolorants

The TEM images in Fig. 4 show the morphology and particle size distribution of the

prepared nanocolorants. In every case, particles composed of dark domain of dyes

surrounded by light polymer edge can be observed, which means the phase

separation between dye and polymer. However, when the concentration of WPU

reached to a certain extent (200 mM), there were spherical polymethylmethacrylate

(PMMA) particles with a mean diameter of 30 nm, (as illustrated on Fig. 4d for

sample S4). It is assumed that an excessive increase in surfactant concentration will

lead to the presence of free surfactant micelles in the miniemulsion, which will lead

to secondary nucleation and thus secondary particle formation due to the presence of

free micelles.

Table 2 Latex stability against the electrolytes

Sample Surfactant 0.1 M NaCl 0.5 M NaCl 1.0 M NaCl 0.1 M CaCl2 0.5 M CaCl2 1.0 M CaCl2

S5 SDS ? ?? ?? ??? ??? ???

S3 WPU ? ? ? ? ??? ???

?, stable after 1 month; ??, flocculation in time (10–30 days); ???, immediate flocculation
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Typical AFM image as shown in Fig. 5 also demonstrated that the morphology of

nanocolorants is homogeneous spherical nanoparticle with a uniform surface.

Size distribution and basic characteristics of nanocolorants

The average size and size distribution of monomer droplets and latex particles with

different concentrations of WPU are summarized in Table 3. From Table 3, we can

see that the average size and the polydispersity index (PDI) of latex are nearly

consistent with those of monomer droplets. The size of monomer droplets and latex

particles decreased with increasing amounts of WPU used in the miniemulsions,

which means that WPU could mainly play as surfactant and tend to form the surface

shell of the minidroplets during miniemulsion. Therefore, there is the optimal

concentration range of WPU to make the size distribution narrow.

When the concentration of WPU in water is higher than the CMC (as illustrated

in Table 3 for Sample S3), the polymeric surfactant could generally form micelle in

Fig. 4 TEM image of nanocolorants with different concentrations of WPU
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aqueous phase. In this case, the concentration of WPU is double CMC which is

equal to 60 mM in neutral aqueous solution. However, from the TEM image of

latexes (as illustrated on Fig. 4c for sample S3), no obvious secondary population of

particles can be found, because some WPU molecules may exist in the monomer

phase. On the other hand, a far excessive increase in surfactant concentration (as

illustrated on Table 3 for Sample S4) will lead to the presence of free surfactant

micelles in the miniemulsion, which will lead to secondary nucleation and thus

secondary particle formation due to the presence of free micelles.

Nanocolorants with brilliant color could not be prepared at the WPU

concentrations less than CMC. If the particle size is too large, latex will show a

dull color due to the scattering of light. From the measurements of DLS, we could

exactly obtain nanocolorants with narrow size distribution and with brilliant color.

As shown in Table 3 nanocolorants with the average particle size below 100 nm

could be prepared when the concentration of WPU was more than CMC.

Fig. 5 AFM image of nanocolorant prepared by miniemulsion polymerization stabilized with WPU
(sample S3)

Table 3 Effects of the surfactant concentration on the particle size and PDI

Sample PUS (mM) Before polymerization After polymerization

Droplet size (nm) PDI Particle size (nm) PDI

S1 30 135.1 0.066 134.3 0.087

S2 60 89.5 0.047 78.6 0.036

S3 130 69.4 0.035 73 0.039

S4 200 34.7 0.073 46.8 0.098
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Migration fastness of nanocolorants

Nanocolorants are required to exhibit good dye preservation property for a long

storage time. But, in some cases, dyes inside latex particles migrate to aqueous

phase and precipitate as dyestuff aggregates. Dye migration from the polymeric

matrix must be minimized as far as possible. In this study, WPU is also used as one

kind of cross-linking agent for interfacial polycondensation to enhance the

preserving fastness of dye in polymeric matrix.

It is clearly shown in Fig. 6 that the crosslinked nanocolorants exhibited excellent

storage stability after settling for 90 days at 25 �C, whereas the uncrosslinked color

latex yields some agglomerate in the same condition. With the addition of WPU,

crosslinked polymer chains can be produced at the droplet/water interface. As a result,

the mobility of crosslinked polymer chains will be less than that of straight polymer

chains. Therefore, these crosslinked polymer chains could anchored, reacted, and

separated at the interface, so it is difficult for dye molecules to pass through polymer

shell and migrate to aqueous phase. Moreover, the miscibility between dye molecules

and polymer is low. It is supposed that a polymer shell which is less miscible with the

dye molecule is more effective against dye migration.

Thermal stability of nanocolorants

The TGA curves of the obtained nanocolorants are shown in Fig. 7, the nanocolorants

show a two-stage decomposition process. The initial decomposition of nanocolorants

could be due to that the dye molecule affinitied with macromolecular chain and the

clustered dye-phase embedded in interior of polymer gradually escaped and

sublimated. The second stage of decomposition was due to the decomposition of

stable crosslinked PMMA.

As shown in Fig. 7, when WPU is introduced to the system, the degradation

temperature of nanocolorant is significantly shifted to higher temperatures. It was

supported that WPU can improve crosslinking density of PMMA, so the clustered

Fig. 6 Dye migration properties of nanocolorants stabilized with WPU and SDS
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dye-phase embedded in interior of crosslinked polymer can not move easily.

Therefore, the thermal stability of nanocolorants was improved.

Conclusion

In summary, we have reported a route to production of nanoclorants with particle size

less than 100 nm latexes via miniemulsion polymerization using waterborne polyure-

thane as surfactant. By varying the amounts of WPU at an excess of CMC, we

achieved control over the particle size diameters below 100 nm with a core (dye)/shell

(polymer) morphology. The obtained nanocolorants exhibited high stability, excel-

lent color saturation, lightness, and strong color depth compared with nanocolorants

prepared by conventional surfactant. They really achieved superior migration fastness

and good thermal stability.

References

1. Clemens T, Boehm AJ, Bayer SK (2000) Nanocolorants: pigments with dyestuff properties. Polym

Prep 41:24–25

2. Hu ZK, Xue MZ, Liu YG et al (2008) Nanocolorants: a novel class of colorants, the preparation and

performance characterization. Dyes Pigment 76:173–178

3. Hu ZK, Xue MZ, Liu YG (2006) Progress in preparation and applications of nanocolorants. Prog

Chem 18:66–73

4. Takasu M, Kawaguchi H (2005) Preparation of colored latex with polyurea shell by miniemulsion

polymerization. Colloid Polym Sci 283:805–811

5. Boehm AJ, Alban G, Koch O (2003) Nanocolorants—more than colored nanoparticles. 61st Annual

technical conference (ANTEC), vol 2. pp 2419–2422

Fig. 7 The thermogravimetry curves of nanocolorants: a sample S1; b sample S2; c sample S3; d sample
S4

520 Polym. Bull. (2010) 64:511–521

123



6. Barashkov NN, Liu RH (2001) Fluorescent nanocolorants based on dye-packaging technology for ink

jet application. NIP17: International Conference on Digital Printing Technologies, vol 17. pp 878–880

7. Hu ZK, Xue MZ, Liu YG et al (2007) Controlled preparation of nanocolorants via a modified

miniemulsion polymerization process. J Appl Polym Sci 104:3036–3041

8. Tiarks F, Landfester K, Antonietti M (2001) Preparation of polymeric nanocapsules by miniemulsion

polymerization. Langmuir 17:908–918

9. Charmeau JY, Kientz E, Holl Y (1996) Adhesion of latex films; influence of surfactants. Prog Org

Coat 27:87–93

10. Müller H, Leube W, Tauer K, Förster S, Antonietti M (1997) Polyelectrolyte block copolymers as

effective stabilizers in emulsion polymerization. Macromolecules 30:2288–2293

11. Leemans L, Fayt R, Teyssie P, De Jaeger NC (1991) Poly (alkyl methacrylate-b-sulfonated glycidyl

methacrylate). A new amphiphilic polymeric surfactant for the preparation and stabilization of

polymer acrylic latices in aqueous medium. Macromolecules 24:5922–5925

Polym. Bull. (2010) 64:511–521 521

123


	Synthesis of nanocolorants with crosslinked shell�by miniemulsion polymerization stabilized�by waterborne polyurethane
	Abstract
	Introduction
	Experimental
	Materials
	Synthesis of waterborne polyurethane surfactant (WPU)
	Synthesis of nanocolorants
	Characterization
	Latex stability tests
	Transmission electron microscopy (TEM)
	Atomic force microscopy (AFM)
	Droplet and particle size
	UV-vis absorption
	Thermal stability


	Result and discussion
	Latex stability
	Typical morphology of nanocolorants
	Size distribution and basic characteristics of nanocolorants
	Migration fastness of nanocolorants
	Thermal stability of nanocolorants

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


