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(57) ABSTRACT 
Expandable microspheres formed by Suspension polymeriza 
tion using a shot growth method are provided. The micro 
spheres are formed of a continuous, gas impermeable shell 
Surrounding a blowing agent. The shell includes a first poly 
merlayer formed from primary monomers and a second layer 
that includes a chemically reactive monomer or a high Tg 
monomer. To form the microspheres, the primary monomers 
are polymerized in a reaction vessel to an approximate 90% 
polymerization, at which time a secondary monomer that is 
either a monomer having a Tg of at least 85°C. or a chemi 
cally reactive monomer, is added to the reaction vessel to 
drive the polymerization reaction to completion. The outer 
layer thus contains either a larger amount of the high Tg 
monomer or a chemically reactive monomer that possesses 
the ability to covalently bond a cationic species. The micro 
spheres may be used in papermaking processes to increase the 
paper bulk. 
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EXPANDABLE MCROSPHERES AND 
METHODS OF MAKING AND USING THE 

SAME 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is related to and claims domestic 
priority benefits from U.S. Provisional Patent Application 
Ser. No. 61/190,354 entitled “Expandable Microspheres And 
Methods Of Making And Using The Same' filed Aug. 28, 
2008, the entire content of which is expressly incorporated 
herein by reference in its entirety. 

TECHNICAL FIELD AND INDUSTRIAL 
APPLICABILITY OF THE INVENTION 

0002 The present invention relates generally to expand 
able microspheres for use in papermaking processes, and 
more particularly, to thermally expandable microspheres 
formed by Suspension polymerization utilizing a shot growth 
technique. A composition and paper Substrate including the 
expandable microspheres are also provided. 

BACKGROUND OF THE INVENTION 

0003. The amount of costly cellulose fibers present in a 
paper Substrate, in part, determines the density of the Sub 
strate. Therefore, large amounts of these costly cellulose 
fibers present in a paper Substrate produce a more dense 
substrate at high cost, while low amounts of cellulose fibers 
present in a paper Substrate produce a less dense Substrate at 
a low cost. Reducing the density of a coated and/or uncoated 
paper product, board, and/or Substrate inevitably leads to 
reduced production costs. This correlation remainstrue for all 
paper and Substrate production and uses thereof, but is espe 
cially true, for example, in paper Substrates used in envelopes, 
folding cartons, and in other packing applications. The Sub 
strates used in Such envelope and packaging applications have 
a specified thickness or caliper. 
0004. By reducing the density of the paper substrate at a 
target caliper, less cellulose fibers are required to achieve the 
target caliper. In addition to a reduction in production costs, 
there is a production efficiency that is appreciated and real 
ized when a paper Substrate's density is reduced. This pro 
duction efficiency is due, at least in part, to a reduction in 
drying requirements (e.g., time, labor, capital, etc.) of the 
paper Substrate during production. 
0005 Examples of reducing density of the base paper 
substrate include the use of: 

0006 Multi-ply machines with bulky fibers, such as 
BCTMP and other mechanical fibers in the center plies 
of paperboard; 

0007 Extended nip press section for reducing densifi 
cation during water removal; and 

0008 Alternative calendering technologies such as hot 
Soft calendering, hot steel calendering, steam moistur 
ization, shoe nip calendering, etc. 

However, these potential Solutions involve high capital and 
costs. Thus, they may be economically infeasible. 
0009 Further, even if the above-mentioned costly reduc 
tion in density methods are realized, thus producing a paper 
Substrate having a target caliper, the Substrate is only useful if 
Such methodologies foster an acceptably smooth and com 
pressible surface of the paper substrate. Presently, there are 
few potential low cost solutions to reduce the density of a 
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paper Substrate that has an acceptable Smoothness and com 
pressibility so that the Substrate has a significant reduction in 
print mottle and an acceptable Smoothness. 
0010 Low density coated and uncoated paper products, 
board, and/or substrates are highly desirable from anaesthetic 
and economic perspective. Unfortunately, current method 
ologies produce Substrates that have poor print and/or print 
ability quality. In addition, acceptable Smoothness targets are 
difficult to attain using conventional methodologies. 
0011. One methodology to address the above-mentioned 
problems at lower cost is the utilization of expandable micro 
spheres in paper Substrates. These methodologies, in part, can 
be found in the following U.S. Pat. Nos. 6,846,529; 6,802, 
938; 5,856,389; and 5,342,649 and in the following U.S. 
Patent Publications: 2008/0017338; 2007/0044929; 2007/ 
0208093; 2006/0000569; 2006/0102307; 2004/0065424; 
2004/0052989: 2004/0249005 and 2001/0038893. The con 
tents of each of these patents and publications are hereby 
expressly incorporated by reference in their entirety. 
0012 Many microspheres are found, when applied to the 
papermaking process, to have relatively low retention in the 
resultant paper Substrate. As a result, the expandable micro 
spheres are lost to the white water in the paper making process 
and the efficiency of the introduction of the expandable 
microspheres into the resultant paper substrate is low. U.S. 
Patent Publication Serial No. 2007/0044929 attempts to 
increase the retention of the microspheres by creating a com 
position having a much less negative charge than the base 
expandable microsphere compositions known previously. 
0013 Despite attempts to create a less dense and more 
bulky paper Substrate, there remains a need in the art for a less 
costly and more efficient solution to reduce density and 
increase bulk while maintaining good performance charac 
teristics such as Smoothness and print mottle in the paper 
substrate. 

SUMMARY OF THE INVENTION 

0014. It is an object of the present invention to provide an 
expandable microsphere that includes a gas impermeable 
shell encapsulating at least one blowing agent. The shell is 
formed of a first polymeric layer that surrounds the blowing 
agent and a second polymeric layer that at least Substantially 
encapsulates the first polymeric layer. The first polymeric 
layer may be formed of polymers formed from nitrile con 
taining monomers, acrylic ester monomers, methacrylic ester 
monomers, vinyl esters and/or vinyl halide monomers. The 
second polymeric layer includes at least one monomer that is 
either a monomer having a Tg of at least 85°C. or a chemi 
cally reactive monomer. In one exemplary embodiment, the 
chemically reactive monomer provides functional groups to 
the second layer to permit the covalent bonding of a cationic 
species thereto. In another embodiment, the incorporation of 
high Tg monomers in the second layer creates an outer layer 
that has a greater concentration of the high Tg monomers 
compared to the first polymeric layer. The expandable micro 
sphere may have a Zeta potential that is greater than or equal 
to zero mV at a pH of about 9.0 or less at an ionic strength 
from 10-6 Mto 0.1 M. In addition, the microspheres may have 
a small expanded Volume average diameter, preferably less 
than about 20 um. 
0015. It is another object of the present invention to pro 
vide a method of forming an expandable microsphere such as 
is described in the preceding paragraph. The method includes 
(1) mixing primary monomers selected from nitrile contain 
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ing monomers, acrylic ester monomers, methacrylic ester 
monomers, vinyl esters, vinyl halide monomers and combi 
nations thereof, at least one blowing agent, a crosslinking 
monomer, a polymerization initiator, and a stabilizer in a 
reaction vessel for a period of time sufficient to achieve an 
approximate 90% polymerization of the primary monomers 
and form a first polymeric layer Surrounding the blowing 
agent and (2) adding a secondary monomer selected from 
monomers having a Tg of at least 85° C. and chemically 
reactive monomers to the reaction vessel to form a second 
polymeric layer that at least substantially surrounds the first 
polymeric layer and forms the expandable microsphere. The 
addition or “shot' of the high Tg monomers positions the high 
Tg monomers in the second polymeric layer in a concentra 
tion that exceeds the concentration of that particular Tg 
monomer in the first polymeric layer. In another embodiment, 
the chemically reactive monomer is added as the “shot' of 
monomer to provide functional groups on the outer Surface of 
the second layer and permit the covalent attachment of cat 
ionic species. In at least one exemplary embodiment, a salt, a 
phase partitioner, an inhibitor, an acid, and/or water may be 
added to the reaction vessel. In addition, the reaction vessel 
may be purged with an inert gas to remove unwanted oxygen 
in the headspace. 
0016. It is a further object of the present invention to 
provide a paper that includes cellulose fibers and the expand 
able microspheres described above. The paper may have a 
Sheffield Smoothness of less than 250 SU as measured by 
TAPPI test method T 538 om-1 and/or a scanning 2nd cyan 
print mottle of not more than 6. In one embodiment, the paper 
may be calendared. 
0017. It is also an object of the present invention to provide 
a composition that includes the expandable microsphere 
described above and a plurality of cellulose fibers. 
0018. It is an advantage of the present invention that a 
microsphere having an inner layer and an outer, functional 
ized layer may be formed by Suspension polymerization 
using a shot growth technique. 
0019. It is another advantage of the present invention that 
cations may be covalently and/or non-covalently bound to 
functional groups located on the second (outer) layer of the 
microsphere to modify the Surface charge of the microsphere 
and create a modified microsphere. 
0020. It is yet another advantage of the present invention 
that a microsphere having an inner layer and an outer layer 
including a monomer with a Tg of at least 85°C. may be 
formed by Suspension polymerization using a shot growth 
technique. 
0021. The foregoing and other objects, features, and 
advantages of the invention will appear more fully hereinafter 
from a consideration of the detailed description that follows. 

DETAILED DESCRIPTION AND PREFERRED 
EMBODIMENTS OF THE INVENTION 

0022. Unless defined otherwise, all technical and scien 
tific terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which the 
invention belongs. Although any methods and materials simi 
lar or equivalent to those described herein can be used in the 
practice or testing of the present invention, the preferred 
methods and materials are described herein. All references 
cited herein, including published or corresponding U.S. or 
foreign patent applications, issued U.S. or foreign patents, or 
any other references, are each incorporated by reference in 
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their entireties, including all data, tables, figures, and text 
presented in the cited references. 
0023. It is to be appreciated that “thermally expandable 
microsphere”, “expandable microsphere', and “micro 
sphere' may be used interchangeably herein. Additionally, 
the terms “first layer” and “second layer may be inter 
changeably used with “inner layer” and “outer layer', respec 
tively. The terms “polymer layer and “polymeric layer may 
also be interchanged. 
0024. The present invention is directed to thermally 
expandable microspheres formed by Suspension polymeriza 
tion using a shot growth technique. The shot growth method 
permits the formation of a second, outer layer that includes a 
chemically reactive monomer or an outer layer containing a 
high Tg monomer. The microspheres desirably have a cat 
ionic charge at the outer Surface to improve retention of the 
microspheres in the papermaking process. In one or more 
exemplary embodiments, the microspheres may have bound 
thereto a cationic species. The microspheres described herein 
may be used in conventional papermaking processes to 
increase bulk and to reduce the amount of cellulosic fiber 
used, thereby reducing manufacturing costs associated with 
the papermaking process. 
0025. The thermally expandable microspheres are formed 
of a continuous thermoplastic polymeric, gas impermeable 
shell housing therein at least one blowing agent. In exemplary 
embodiments, the polymer shell of the expandable micro 
sphere has a first (inner) polymeric layer and a second (outer) 
polymeric layer. The second layer at least Substantially Sur 
rounds or encapsulates the first layer. It is to be appreciated 
that the phrase “at least substantially surrounds” is meant to 
denote that the second layer Surrounds or nearly Surrounds the 
first layer. 
0026. As used herein, the term “layer may be a separate, 
distinct, or a physically separate portion of the microsphere. 
Also, a “layer” may not be a separate, distinct, or a physically 
separate portion of the microsphere. In one embodiment, two 
“layers' may have portions thereof that interpenetrate and/or 
overlap with one another. In another embodiment, a “layer” 
may be the result of at least one of at least two polymerization 
stages to create a continuous, polymeric shell from the mono 
mers. In a further embodiment when at least two “layers' 
exist, there may be no clear demarcation of where the first 
“layer ends and the second “layer begins, but rather a tran 
sition from one “layer to the other as a result of at least one 
first polymerization stage using a set of primary monomers at 
initial starting concentrations that are consumed in part or in 
whole and at least one second polymerization stage using a set 
of secondary monomer(s) at a second concentration(s), pro 
vided that the secondary monomer(s) is different than the 
primary monomers or the second concentrations are different 
than the initial starting concentrations. 
0027. The inner polymer layer may be formed of homo 
and/or co-polymers obtained by polymerizing ethylenically 
unsaturated monomers. In exemplary embodiments, the inner 
polymer layer is formed from the polymerization and/or 
copolymerization of nitrile containing monomers, acrylic 
ester monomers, methacrylic ester monomers, vinyl esters, 
vinyl halide monomers, and combinations thereof. Suitable 
examples of nitrile containing monomers include acryloni 
trile, methacrylonitrile, C.-chloroacrylonitrile, O-ethoxyacry 
lonitrile, fumaronitrile, and crotonitrile. Non-limiting 
examples of acrylic ester monomers include methyl acrylate 
and ethyl acrylate. Examples of methacrylic ester monomers 
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include, but are not limited to, methyl methacrylate, isobomyl 
methacrylate, gylcidyl methacrylate, tert-butylaminoethyl 
methacrylate, and ethyl methacrylate. Suitable examples of 
vinyl or vinylidene halide monomers include vinyl chloride 
and vinylidene chloride. Non-limiting examples of vinyl ester 
monomers include vinyl acetate and vinyl pyridine. 
0028. In a preferred embodiment, the inner polymer layer 

is formed from the polymerization and/or copolymerization 
of a nitrile containing monomer (e.g., acrylonitrile (AN)), an 
acrylic ester and/or methacrylic ester monomer (e.g., methyl 
methacrylate (MMA)), and a vinyl and/or vinylidenehalide 
monomer (e.g., vinylidene chloride (VDC)). 
0029. The vinyl and/or vinylidenehalide monomers may 
be present in the first layer in an amount of at least 50 weight 
% based on the total weight of the monomers. In exemplary 
embodiments, the vinyl and/or vinylidenehalide monomers 
may be present in an amount from about 55 to about 95 weight 
%, from about 60 to about 90 weight%, and preferably from 
greater than 65 to less than 85 weight%. As used herein, with 
respect to the monomers, the phrase “weight %' is meant to 
denote “weight % based on the total weight of the mono 
mers’. In addition, it is to be understood that all ranges recited 
herein are intended to include all sub-ranges within the broad 
range. 
0030 The acrylic ester and/or methacrylic ester mono 
mers may be present in the first layer in an amount of at least 
0.1 weight %. In exemplary embodiments, the acrylic ester 
and/or methacrylic ester is present in the first layer in an 
amount from about 0.5 to about 10 weight%, from about 1 to 
about 8 weight%, and preferably in an amount from about 1.5 
to about 5 weight%. 
0031. The nitrile containing monomers may be present in 
the first layer in an amount of at least 1 weight %. In one 
exemplary embodiment, the nitrile containing monomers 
may be present in the first layer in an amount from about 5 to 
about 40 weight%, from about 8 to about 35 weight%, and 
preferably from about 10 to about 30 weight%. 
0032. The inner polymer layer may also include one or 
more multi-functional crosslinking monomers that have the 
ability to crosslink the monomers present within the first 
polymeric layer. Examples of suitable crosslinking monomer 
include, but are not limited to, divinyl benzene, ethylene 
glycol di(meth)acrylate, di(ethylene glycol) di(meth)acry 
late, triethylene glycol di(meth)acrylate, propylene glycol 
di(meth)acrylate, 1,3-butanediol di(meth)acrylate, 1.6-hex 
anediol di(meth)acrylate, glycerol di(meth)acrylate, 1,3-bu 
tanediol di(meth)acrylate, neopentylglycol di(meth)acrylate, 
1,10-decanediol di(meth)acrylate, pentaerythritol tri(meth) 
acrylate, pentaerythritol tetra(meth)acrylate, triallylformal tri 
(meth)acrylate, allyl methacrylate, trimethylol propane tri 
(meth)acrylate, tributanediol di(meth)acrylate, PEG 200 
di(meth)acrylate, PEG 400 di(meth)acrylate, PEG 600 
di (meth)acrylate, 3-acryloyloxyglycol monoacrylate, triacryl 
formal, triallyl isocyanate, and triallyl isocyanurate. In at 
least one exemplary embodiment, the crosslinking monomer 
is triallyl isocyanate. The crosslinking monomer(s) may be 
present in the first layer in an amount of at least 0.05 weight 
%. In one or more exemplary embodiments, the crosslinking 
monomers are present in an mount from about 0.07 to 5 
weight%, from 0.1 to 4 weight%, and preferably, from 0.2 to 
3 weight% based on the total weight of the monomers. 
0033. Additionally, the monomers forming the first layer 
(primary monomers), including the crosslinking monomers, 
may be present in amounts such that the weight average glass 
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transition temperature (Tg) of the monomers (as if the mono 
mers were in their mono-polymerized form) is less than 100° 
C., desirably less than 95°C., more desirably less than 90°C., 
and most desirably less than 85°C. The first polymer layer 
may also have any net charge, but desirably possesses a net 
negative charge. Also, the monomers of the first layer desir 
ably have a weight average Tg that is less than the weight 
average Tg of the monomers of the outer layer. As an example 
only, if the first layer were to contain 3 wt % methyl meth 
acrylate (Tg of PMMA is 105°C.), 17 wt % acrylonitrile (Tg 
of PAN is 95°C.) and 80 wt % of vinylidene chloride (Tg of 
PVC is 81° C.), then the weight average Tg of the monomers 
of the first polymeric layer according to this exemplified 
embodiment is 84.45° C. 

0034. In addition, it is possible that the monomers forming 
the first layer (primary monomers), including the crosslink 
ing monomers, may be present in the outer layer, albeit at 
different concentrations and ratios of Such monomers. 

0035. In one exemplary embodiment, the outer layer 
includes monomers (secondary monomers) that have a Tg of 
at least 85°C., preferably at least 90° C., and even more 
preferably, 95° C. In particular, the second layer may be 
formed of homopolymers and/or copolymers comprised of 
these high Tg monomers. As discussed in detail below, the 
addition of high Tg monomers near the end of the polymer 
ization of the primary monomers creates an outer layer having 
a high concentration of the high Tg monomers, especially 
when compared to the first layer. This outer (second) layer 
containing the high Tg monomers both improves the thermal 
resistance and increases the strength of the microspheres. 
Non-limiting examples of Suitable high Tg monomers 
include acrylonitrile (AN) monomers, vinylidene chloride 
(VDC), methyl methacrylate (MMA) monomers, tetraethyl 
ene glycol dimethacrylate monomers (TEGDMA), 2,3-ep 
oxypropyl acrylate monomers (EPA) and methacrylonitrile 
monomers (MAN). In at least one exemplary embodiment, 
acrylonitrile is used as the high Tg monomer to create a 
second layer formed of (poly)acrylonitrile (PAN). 
0036. In another exemplary embodiment, the outer layer 
includes chemically active monomers may contain functional 
groups that remain chemically active after polymerization 
and present Such functional groups on the outside Surface of 
the shell. Accordingly, these chemically active monomers are 
able to generate surface onium ions and may also possess the 
ability to crosslink and improve the strength of the outer layer. 
In one or more embodiments, microspheres functionalized 
with GMA or VBC may be reacted with a nucleophile (e.g., 
0.16 g of dimethylsulfide or 0.62g of trimethylamine) over a 
period of 24 hours at 60° C. to convert the surface functional 
groups to the cationic Sulfonium and ammonium forms (as is 
disclosed, for example, for emulsion polymerization in U.S. 
Pat. Nos. 4,056,501; 4,002,586; and 3,936,890. 
0037. The incorporation of functional monomers in the 
outer layer may improve particle strength by crosslinking the 
Surface of the microspheres. The functional groups on the 
monomers have covalently bonded thereto a cationic species. 
The cationic species is advantageously not desorbed when the 
microspheres are re-dispersed into large Volumes of water, 
even when the microspheres are dispersed in the water for 
extended periods of time. The reactive monomers may 
include glycidyl methacrylate (GMA), methacrylic acid 
(MAA), vinyl benzyl chloride (VBC), and combinations 
thereof. In at least one exemplary embodiment, the cationic 
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species is an organic (onium-type) cation, Such as, for 
example, Sulfonium and ammonium cations. 
0038. The combined net Zeta potential of the first and 
second polymeric layers may be negative, neutral, or positive 
as measured by the net Zeta potential determined at a pH of 
about 9.0 or less at anionic strength from about 10M to 0.1 
M. In one embodiment, the net Zeta potential of the polymeric 
shell may be from -100 to +500 mV. Preferably, the net Zeta 
potential is from greater than or equal to zero to +500 mV. In 
exemplary embodiments, the net Zeta potential is from greater 
than or equal to Zero to +150 mV, most preferably from +10 to 
+130 mV at a pH of about 9.0 or less at an ionic strength of 
from 10 M to 0.1 M as measured by standard and conven 
tional methods of measuring Zeta potential known to those of 
skill in the analytical and physical arts, preferably methods 
utilizing microelectrophoresis at room temperature. It is to be 
appreciated that the microsphere may also possess the above 
described Zeta potentials. U.S. Patent Publication No. 2007/ 
0044929, which is incorporated by reference in its entirety, 
describes an additional embodiment to for modifying the 
charge of the microsphere via a covalent attachment. 
0039. The blowing agent within the microsphere is not 
particularly limited, and may be any blowing agent that, upon 
the application of heat energy, functions to provide internal 
pressure on the shell of the microsphere to force the micro 
sphere to expand. The blowing agent may be liquid and/or 
gas. Non-limiting examples of Suitable blowing agents for 
use in the microsphere include low boiling point hydrocar 
bons (e.g., propane, n-pentane, isopentane, neopentane, hex 
ane, neohexane, butane, isoheptane, octane, and isooctane) 
and/or chlorinated hydrocarbons or fluorinated hydrocarbons 
(e.g., methyl chloride, methylene chloride, dichloroethane, 
dichloroethane, trichloroethane, and perfluorinated hydro 
carbons). One or more blowing agent may be present within 
the microsphere. In exemplary embodiments, the blowing 
agent is isopentane or n-butane. 
0040. The expandable microspheres may contain any suit 
able amount of blowing agent. In at least one exemplary 
embodiment, the microspheres may contain at least 5% and 
not more than 50 wt % of the blowing agent based on the total 
weight of the blowing agent and the monomers contained 
within the polymer shell. In other exemplary embodiments, 
the blowing agent is present in the microsphere in an amount 
from about 10 to about 45 wt %, and preferably from about 20 
to about 40 wt %. 
0041. The first and second layers of the microsphere may 
be the same, but are desirably not chemically and/or physi 
cally equivalent. Therefore, even when the first and second 
layers contain similar, if not identical monomers, the physical 
properties of the layers may be different due to differences in 
the ratios of monomers contained in each layer. Further, the 
existence of additive monomers, such as crosslinking mono 
mers, may also create chemical and physical differences 
between the inner and outer layers of the expandable micro 
sphere. 
0042. The properties of interest for the expandable micro 
sphere include the temperature onset of expansion (To.e), the 
temperature onset of shrinkage (To.s), the maximum expan 
sion Volume, and the particle size. The temperature at which 
the expandable microsphere begins to expand is considered 
the temperature onset of expansion (To.e). It may also be 
known as Tstart. Desirably, a maximum expansion volume 
and narrow To.e, To.s, and particle size are achieved in the 
inventive microspheres. The To.e and the To.s may be deter 
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mined by hot stage microscopy or with an optical microscope 
equipped with a heating stage. For example, a sample con 
taining the microspheres may be heated at a rate of 10°C. per 
minute and the temperature onset of expansion and tempera 
ture onset of shrinkage visually noted. The microspheres may 
have a To..e. from about 60 to about 105°C., from about 65 to 
about 100° C., from about 70 to about 98°C., and preferably 
from about 75 to about 95°C. and a To.s that is greater than 
about 105°C., greater than about 110°C., greater than about 
120° C., and preferably greater than about 130° C. 
0043. The maximum expansion volume of the particles at 
110°C., denoted as V may be determined by placing 0.2 
g of dried particles in a 50 ml test tube. The test tube was then 
immersed in an oil bath maintained at 110°C. The maximum 
expanded Volume was recorded by comparing the Volume of 
the expanded particles in the teat tube to a graduated (cali 
brated) test tube of the same size. The particle size distribu 
tions were measured using a Horiba LA-910 Laser Light 
Scattering Analyzer. The maximum expansion Volume at 
110°C. (V) of a the microspheres may be from 5 to 50 ml, 
from 7 to 40 ml, from 8 to 35 ml, and preferably from 10 to 30 
ml. 

0044. The maximum expansion temperature, Tmax, can 
be determined by using thermomechanical analysis (TMA; 
Model 2940: TA Instruments). TMA may be measured to 
probe the expansion of particles under pressure load. 5 mg of 
unexpanded particles are deposited on an aluminum sample 
pan evenly and covered with a flat lid to prevent them from 
sticking to the expansion probe or sliding out the sides of the 
sample pan during expansion. The sample is placed under a 
pressure load of 1 Nandheated from 60 to 150° C. at 5° C. per 
minute. The Tmax is the temperature at which the maximum 
expansion occurs. The expandable microspheres may have 
any Tmax, but desirably has a Tmax from about 90 to about 
100° C., from about 95 to about 135°C., or from about 100 to 
about 120° C. 

0045. It is believed that the microspheres have an 
improved structural integrity by maintaining the blowing 
agent inside the shell and reducing shrinkage at low tempera 
tures. As a result, an improved To.e and To.S profile is 
achieved that is more conducive to papermaking, which leads 
to more efficient bulking in paper at lower doses of micro 
spheres in the paper. 
0046. The microspheres may have a volume average 
diameter in an expanded state from about 1 um to about 100 
um, preferably from about 1 um to about 50 um, and more 
preferably from about 5 um to about 40 um, or from about 10 
um to about 20 Jum. In exemplary embodiments, the micro 
spheres have an expanded Volume average diameter less than 
about 50 m, less than about 30 um, less than about 20 um, or 
less than about 17 um. The expanded Volume average diam 
eteras used herein refers to values obtained by measuring the 
microspheres according to ISO 13319:2000, “Determination 
of Particle Size Distributions—Electrical Sensing Zone and 
Method. 

0047. In addition, the microspheres may have a maximum 
expansion from about 1 to about 15 times, preferably from 
about 1.5 to 10 times, and more preferably from about 2 to 5 
times the mean diameters. The microspheres may also have a 
maximum expansion volume from about 1 to about 100 
times, preferably from about 5 to about 50 times, and even 
more preferably from about 10 to about 35 times the initial 
Volume (i.e., unexpanded Volume). 
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0048. The expandable microspheres of the present inven 
tion may be made in any manner. One inventive method 
embodiment is discussed in detail below. In this embodiment, 
the microspheres are formed by Suspension polymerization 
utilizing a “shot growth” technique. “Shot growth” may be 
defined herein as a process whereby polymerization of a first 
set of monomers (primary monomers) occurs until the first set 
of monomers is Substantially consumed and a quantity or 
“shot of a second monomer is added to drive the polymer 
ization reaction to completion. 
0049. In one embodiment, the microspheres may have an 
expanded volume average diameter on the order of about 20 
um, and in one embodiment, less than 20 Lum, are able to be 
produced. Although not wanting to be bound by any particu 
lar theory, it is hypothesized that the stabilizer system suffi 
ciently stabilizes the polymer dispersion to permit adequate 
control of the polymerization and degree of polymerization 
and to prevent an agglomeration of the microspheres so as to 
achieve microspheres having diameters that are optimal for 
papermaking. Without sufficient stabilization, it has been 
determined that the microspheres tend to agglomerate or 
grow together, and control of the polymerization cannot be 
achieved. 
0050. As the primary monomers coalesce and form poly 
mers, the inner layer of the microsphere takes form and thick 
ens as the polymerization reaction progresses. After a period 
of time, the initial set of monomers, being provided at desired 
concentrations, are consumed in whole or in part and the 
energy from the polymerization reaction decreases. At this 
point in the process, an amount or 'shot of an additional 
monomer (secondary monomer) is added to the reaction sys 
tem to drive the reaction to completion or nearly complete. A 
multitude of secondary monomers can be added to by this 
shot growth method to control the morphology and expand 
ability of the microspheres. Also the monomer “shot allows 
for a specific tailoring of the microsphere for desired pur 
poses. Such as, for example, papermaking. 
0051. Additionally, the shot growth method provides a 
way for the growth of the monomer to yield properties for 
strength and/or functionality. For instance, a high Tg mono 
mercan be added as the secondary or 'shotgrowth' monomer 
to position the high Tg monomer in the outer layer in a 
concentration that greatly exceeds the concentration of that 
particular Tg monomer in the inner layer. Alternatively, a 
chemically reactive monomer may be added as the shot 
growth monomer to provide functional groups on the outer 
Surface and permit the covalent attachment of cationic spe 
cies. The combination of monomers forming the microsphere 
is chosen so as to achieve a desired performance level, opti 
mal onset of temperature of shrinkage, optimal temperature 
onset of expansion, optimal maximum expansion tempera 
ture, and optimal distribution of particles for use in paper 
making to increase the bulk of the paper. 
0052. The “shot growth” polymerization forms micro 
spheres having an inner (i.e., first) polymeric layer and an 
outer (i.e., second) polymer layer. To form a microsphere 
according to the invention, at least one organic phase is con 
tacted with at least one aqueous phase. The aqueous phase and 
the organic phase may be mixed to form a Suspension and/or 
dispersion, and/or a system in which the organic phase drop 
lets are formed in the aqueous phase. 
0053. The organic phase may contain any of the above 
mentioned monomers in any amounts suitable to achieve 
expandable microspheres having the monomeric composi 
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tions in the above-described amounts and/or any one or more 
of the above-described properties and/or any one or more of 
the above-described characteristics. Although any of the 
above-described monomers for use in the first polymer layer 
may be used in accordance with the invention, reference will 
be made herein to a preferred embodiment in which 
vinylidene chloride (VDC), acrylonitrile (AN), and methyl 
methacrylate (MMA) are the primary monomers. 
0054. In one embodiment the primary monomers may be 
added to the reaction mixture such that the vinyl and/or 
vinylidene halide monomers are added at an amount not more 
than 60 wt % based upon the total weight of the reaction 
mixture, the nitrile containing monomers are added at an 
amount not more than 10 wt % based upon the total weight of 
the reaction mixture, the acrylic ester and/or methacrylic ester 
monomers are added atanamount not more than 2 wt % based 
upon the total weight of the reaction mixture. 
0055. In one embodiment, it has been discovered that 
microspheres with higher VDC levels demonstrate increased 
expanded Volumes due to plasticization by residual monomer 
in addition to the polymer being more plastic. 
0056. The organic phase may also contain a polymeriza 
tion initiator. The polymerization initiator is any chemical or 
compound that is capable of generating free radicals when the 
organic and aqueous phases are combined. The polymeriza 
tion initiator may be added at any suitable amount to drive the 
polymerization of the polymer shell to completeness and 
deplete nearly all of the monomers present in the organic 
phase. Non-limiting examples of suitable polymerization ini 
tiators include 2,2'-azobisisobutyronitrile. Additionally, a 
crosslinking monomer (e.g., triallyl cyanurate (TAC) and a 
blowing agent (e.g., n-butane or isobutane) are included in the 
organic phase. 
0057 The aqueous phase also includes water, preferably 
deionized water, and a stabilizer or a stabilizer system which 
functions to stabilize the organic phase droplets. In one or 
more exemplary embodiments, the stabilizer system includes 
a stabilizer and a polyelectrolyte. Non-limiting examples of 
stabilizers for use in the aqueous phase include a silicon 
containing compound, an aluminum-containing compound, 
colloidal silica, alumina, and colloidal alumina. The poly 
electrolyte may be a cationic polyelectrolyte such as polyvi 
nylamine (PVAm). Such as, but not limited to, those commer 
cially available from BASF under the trade name Lupamin R 
(e.g., Lupamin R. 5095). Although not wishing to be bound by 
any particular theory, it is believed that the polyeletrolytes act 
as a promoter of the flocculation of the stabilizer, thereby 
driving the stabilizer to the organic phase/aqueous phase 
interface and/or droplet surface to more effectively stabilize 
the droplet. Accordingly, it is believed that the polyviny 
lamine forms aggregates with the silica particles to allow for 
better adsorption onto the monomer droplets. In at least one 
exemplary embodiment of the invention, the stabilizer system 
includes colloidal silica and polyvinylamine. 
0.058 Additionally, a salt may be included in the aqueous 
phase to adjust the electrolyte concentration in the aqueous 
phase so that the hydrophobicity of the stabilizer is main 
tained at an elevated level. The salt is not particularly limited, 
and may be chosen from sodium chloride, calcium chloride, 
and/or aluminum chloride. In exemplary embodiments, 
sodium chloride (NaCl) is the salt utilized in the aqueous 
phase. 
0059 A phase partitioner such as ethanol may also be 
included in the aqueous phase to lower the interfacial tension 
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between the oil and the aqueous phases and improve the phase 
separation of the blowing agent. In addition, Sodium dichro 
mate, or other suitable inhibitor, may be added as an inhibitor 
to inhibit, or even prevent, polymerization in the aqueous 
phase. 
0060. The aqueous phase may have any pH so long as the 
pH is at or near the isoelectric point of the stabilizer, which 
increases the stabilizer stabilizer's effectiveness to stabilize 
the organic droplet when the organic and aqueous phases are 
mixed. Desirably, the pH is an acidic pH. In exemplary 
embodiments, the pH is less than 5, and preferably less than 4. 
In at least one exemplary embodiment, the pH is 3.5. The pH 
of the aqueous phase may be pre-adjusted, i.e., prior to mixing 
with the organic phase. In addition, the pH may be adjusted 
with any Suitable acid, Such as hydrochloric acid. 
0061 The components of the organic and aqueous phase 
according to one exemplary embodiment are depicted in 
Table 1. 

TABLE 1. 

Organic Phase Components Aqueous Phase Components 

Monomers: Deionized Water 
vinylidene chloride 
acrylonitrile 
methyl methacrylate 
Initiator 
2,2'-azobisisobutyronitrile 

Stabilizer System 
colloidal silica 
polyvinyl amine 

Crosslinking Monomer Sodium Chloride 
tally cyanurate 
Blowing Agent Ethanol 
n-butane 
isobutane 

Sodium Dichromate 
Hydrochloric Acid 

0062. The organic phase and the aqueous phase are mixed, 
preferably at a temperature below the boiling points of the 
blowing agent(s). In one exemplary embodiment, the organic 
phase and the aqueous phase are homogenized in one vessel 
(e.g., a homogenizer or mixer) and then transferred and sealed 
in reactor vessel (e.g., pressure reaction bottle). The homog 
enization process forms the initial organic phase droplets. 
Thus, it is to be appreciated that variations in the homogeni 
Zation process results in different droplet sizes in the Suspen 
sions and different particle sizes after polymerization. 
0063. In one embodiment, the reactor bottles are purged 
with an inert gas (e.g., argon) to remove oxygen from the 
headspace before adding the Suspension. It was Surprisingly 
discovered that oxygen, if is present in the reactor vessel, acts 
as an inhibitor, and polymerization of the monomers will not 
begin until the oxygen is consumed. In addition, the polymer 
ization rate of the monomers can be significantly slower due 
to the lower initiator level (the oxygen consumes some of the 
initiator radicals). A lower polymerization rate results in a 
coagulation of the Suspension as a result of the particles 
polymerizing too slowly and capturing each other during the 
course of the polymerization. Also, when oxygen is present, 
the final microspheres may undesirably be multi-cellular and 
the particle size distribution may be broader due to oxygen 
induced aggregation. 
0064. After synthesis of the microspheres, the micro 
spheres are filtered, washed, preferably with deionized water, 
and dried. The dried microspheres contain a residual web of 
silica that needs to be removed prior to expansion if, for 
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example a lower vapor pressure blowing agent Such as isobu 
tane is utilized as the blowing agent. To remove the silica 
shell, the dried microspheres may be dispersed in deionized 
water and hydrogen peroxide. The resulting slurry may then 
be mixed and/or agitated (e.g., tumbled in the reaction vessel) 
to break the silica shell. Once the hydrogen peroxide treat 
ment is complete, the microspheres are again washed to 
remove the silica particles, and dried. 
0065. In a separate embodiment, the organic and aqueous 
phases are mixed in a single reactor vessel (e.g. pressure 
reactor) under pressure (preferably purged with argon). The 
entire Suspension is sheared in the same reactor vessel for a 
period of time until homogenization is complete. Thus, unlike 
the previously described embodiment, there is no transfer of 
the reaction mixture after homogenization. Additionally, in 
this exemplary embodiment, n-butane may be used as the 
blowing agent. The use of n-butane eliminates the need to 
remove residual silica from the microspheres by a hydrogen 
peroxide treatment. Because the n-butane has a high vapor 
pressure (one that is more than double the vapor pressure of 
isobutane), n-butane is able to expand the microspheres even 
when residual silica is still present on the surface of the 
microsphere. On the other hand, microspheres formed with 
lower vapor pressure blowing agents such as isobutane, a web 
of silica covering the microspheres must be broken with a 
hydrogen peroxide treatment and removed from the particle 
Surface. 
0066. After the homogenized suspension is sealed in the 
reactor vessel, the suspension is heated, preferably with con 
tinuous mixing and at a lower shear rate, for a period of time 
until the polymerization reaction is nearly complete and/or 
the initiator is exhausted or depleted, yet additional mono 
mers exist in the reaction mixture. In one exemplary embodi 
ment, the polymerization reaction occurs until the polymer 
ization of the primary monomers is approximately 90% 
complete. The period of time for the polymerization of the 
monomers varies in accordance with the desired properties of 
the polymeric shell and the reaction conditions and/or param 
eters. The period of time may be less than or equal to 24 hours, 
less than or equal to 17 hours, or less than 12 hours. In 
exemplary embodiments, the polymerization reaction time is 
not more than 6 hours or 8 hours. 
0067. After the polymerization of the monomers is nearly 
complete (e.g., approximately 90% complete) and/or the ini 
tiator has been depleted, a “shot' of additional monomer 
and/or initiator is added to the polymerization reactor to drive 
the reaction to completeness and also to form the second 
polymer layer. With this addition, the formation of the first 
polymer layer is complete and the formation of the second 
polymer layer begins. The addition of a secondary monomer 
(with or without initiator) permits the initiation of the second 
polymer layer because the secondary monomers tend to poly 
merize on the surface of the first polymer layer. Any of the 
above-mentioned monomers may be used as the secondary 
monomers, and the secondary monomer(s) may be the same 
or different from the monomers present in the first polymer 
layer. As a result, the second polymer layer may have similar 
chemical and physical characteristics as that of the first poly 
mer layer. Desirably, the second layer has chemical and/or 
physical characteristics that are different from the first poly 
mer layer. 
0068. Various monomers may be added by shot growth to 
control the morphology and expandability characteristics of 
the microsphere. Additionally, the “shot' of monomer(s) to 
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the reaction vessel may also be used to increase the concen 
tration of a particular monomer at the particle Surface. 
According to one embodiment, at least one monomer having 
a high Tg (e.g., a Tg of at least 85°C.) is added to the reaction 
vessel as the “shot' of monomer. As discussed above, the Tg 
of the monomer is desirably at least 90° C., and even more 
desirably, 95°C. Any one of the high Tg monomers described 
above may be used to form the second layer. 
0069. As one example, 2,2'-azobisisobutyronitrile dis 
solved in acrylonitrile (AN) may be added to the reaction 
vessel as the initiator “shot in the shot growth method. 
Because the monomer reacts primarily at the surface of the 
microsphere, relatively low amounts of monomer can be 
added and still create high levels of Surface incorporation. 
The inclusion of additional acrylonitrile to the reaction vessel 
forms a second layer rich in poly(acrylonitrile) at the Surface 
of the microspheres. It is believed that the double bonds 
present in the acrylonitrile monomers create a tight and robust 
microsphere that has improved strength characteristics. In 
addition to improving the strength of the microsphere, the 
addition of a high Tg monomer improves the thermal resis 
tance of the microspheres, increased expansion Volume, and 
higher onset temperature of shrinkage. Further, the high Tg 
monomer creates a second layer that is stronger in compari 
son to the first layer. 
0070. In another embodiment, the shot growth technique 
may be used to functionalize the particle surface. In this 
embodiment, monomers that remain chemically reactive after 
polymerization may be added to the reaction vessel. Non 
limiting examples of Such monomers include, but are not 
limited to, glycidyl methacrylate (GMA), methacrylic acid 
(MAA), vinyl benzyl chloride (VBC), and combinations 
thereof. As with the embodiment described above, the mono 
mers react primarily at the Surface of the microsphere (i.e., the 
Surface of the first layer), causing the reactive functional 
groups of the monomer to be present on the outer Surface of 
the second layer. It is to be appreciated that the microsphere, 
at this stage, has a negative charge. 
0071 Next, the functional groups on the surface of the 
second layer may be reacted with a cation, Such as an organic 
(onium-type) cation, to form a positively charged micro 
sphere surface that is relatively more cationic than conven 
tional microspheres. Examples of onium-type cations include 
Sulfonium and ammonium cations. The cation reacts with the 
functional group on the monomer to covalently bond the 
cation to the monomer. The resulting functionalized micro 
spheres are relatively more cationic than conventional micro 
spheres. As a result, such microspheres are able to be retained 
in the web of fibers more readily when being used in paper 
making, thereby enhancing the efficiency of Such micro 
spheres by enabling the papermaker to use less microspheres 
at a desired bulk. 

0072 The “shot' of monomer(s) may be added as early as 
6 hours into the polymerization of the primary monomers. In 
exemplary embodiments, the shot growth, and Subsequent 
polymerization of the secondary monomer(s), occurs at 8, 12 
or 17 hours after the initiation of the polymerization of the 
primary monomers. 
0073. In one embodiment, the “shot' of monomer(s) may 
be added such that the amount of the high Tg monomer or the 
chemically reactive monomer ranges from about 0.2 wt % to 
5 wt % based upon the total weight of the original reaction 
mixture. The amount of the shot' of monomer(s) may be 
added such that the amount of the high Tg monomer or the 
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chemically reactive monomer is at least 0.3, 0.5,0.75, 1.0, 
1.25, 1.5, 1.75, 2.0, 2.25, 2.5, 2.75, 3.0, 3.25, 3.5, 3.75, 4.0, 
4.25, 4.5, 4.75, and 5 wt % based upon the total weight of the 
reaction mixture, including any and all ranges and Subranges 
therein. 

0074. In one embodiment, the “shot' of monomer(s) may 
also contain other reactants in the original reaction mixture. 
In one embodiment, the “shot' contains an initiator that may 
be identical to, or different from, the initiator used in the 
original reaction mixture. Within this shot, the initiator may 
be added such that the amount of the initiator ranges from 
about 25 wt % to 200 wt % based upon the total weight of the 
amount of initiator used in the original reaction mixture. The 
additional initiator may be added via the “shot such that the 
amount of the initiator is 25, 30, 35, 40, 45, 50, 55, 60, 65,70, 
75, 80, 85,90, 95, 100, 110, 120, 130, 140, 150, 175, and 200 
wt % based upon the total weight of the amount of initiator 
used in the original reaction mixture, including any and all 
ranges and Subranges therein. 
(0075 While the microspheres of the present invention 
may be or have any use, an exemplary use is in conventional 
papermaking processes to make paper. The paper includes a 
web of cellulose fibers and the above-described micro 
spheres. The term "paper” as used herein is meant to include 
all types of cellulose-based products in sheet or web form, 
including, but not limited to, paper, paperboard, paper Sub 
strates, and cardboard. As used herein, the terms “paper, 
"paper substrate', and “substrate' may be interchangeably 
used. The paper may be produced as a single layer or a 
multi-layer paper having two or more layers. Additionally, the 
paper may or may not be calendered. Paper according to the 
present invention may contain from 1 to 99 wt %, and desir 
ably from 5 to 95 wt % of cellulose fibers based upon the total 
weight of the paper. 
0076. The amount of microspheres present in the paper 
depends upon the total weight of the substrate and/or the final 
paper or paperboard product. The paper Substrate may con 
tain greater than 0.001 wt %, more preferably greater than 
0.02 wt %, most preferably greater than 0.1 wt % of the 
microspheres based on the total weight of the substrate. Fur 
ther, the paper substrate may contain less than 20 wt %, 
preferably less than 10 wt %, and more preferably less than 5 
wt % of the microspheres based on the total weight of the 
substrate. 
0077. The paper may contain recycled fibers and/or virgin 
fibers. Recycled fibers differ from virgin fibers in that the 
fibers have gone through the drying process at least once. In 
certain embodiments, at least a portion of the cellulose/pulp 
fibers may be provided from non-woody herbaceous plants 
including, but not limited to, kenaf, hemp, jute, flax, sisal, or 
abaca, although legal restrictions and other considerations 
may make the utilization of hemp and other fiber sources 
impractical and/or impossible. Either bleached or unbleached 
pulp fiber may be utilized. Desirably, the sources of the cel 
lulose fibers are from softwood and/or hardwood. 

0078. Further, the softwood and/or hardwood fibers con 
tained by the paper may be modified by physical and/or 
chemical means. Examples of physical means include, but are 
not limited to, electromagnetic and mechanical means. Non 
limiting means for electrical modification include means 
involving contacting the fibers with an electromagnetic 
energy source Such as light and/or electrical current. Suitable 
means for mechanical modification include means involving 
contacting an inanimate object with the fibers. Examples of 
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Such inanimate objects include those with sharp and/or dull 
edges. Such means also involve, for example, cutting, knead 
ing, pounding, and/or impaling. 
0079. Examples of chemical means include conventional 
chemical fiber modification means such as crosslinking and 
precipitation of complexes thereon. Examples of Such modi 
fication of fibers may be such as those found in the following 
U.S. Pat. Nos. 6,592,717; 6,592,712: 6,582,557; 6,579,415; 
6,579,414; 6,506,282; 6,471,824; 6,361,651: 6,146,494; 
H1,704; 5,731,080; 5,698,688; 5,698,074; 5,667,637; 5,662, 
773: 5,531,728; 5,443,899; 5,360,420; 5,266,250, 5,209,953; 
5,160,789; 5,049,235; 4,986,882; 4,496,427; 4,431,481; 
4,174,417; 4,166,894; 4,075,136; and 4,022,965, which are 
hereby incorporated by reference in their entireties. Further 
modification of fibers may be found in U.S. Patent Applica 
tion Ser. No. 60/654,712 filed Feb. 19, 2005 (incorporated by 
reference in its entirety), which modification may include the 
addition of optical brighteners (i.e. OBAs) as discussed 
therein. 
0080. In a preferred embodiment, any of the above-men 
tioned fibers may be treated so as to have a high ISO bright 
ness. Examples of fibers treated in this manner include, but 
are not limited to, those fibers described in U.S. patent appli 
cation Ser. No. 1 1/358,543 filed Feb. 21, 2006 entitled “PULP 
AND PAPER HAVING INCREASED BRIGHTNESS, 
which is hereby incorporated by reference in its entirety; and 
PCT Patent Application Number PCT/US06/06011 filed Feb. 
21, 2006 entitled “PULP AND PAPER HAVING 
INCREASED BRIGHTNESS", which is hereby incorpo 
rated by reference in its entirety. 
0081. While the pulp, fibers, and/or paper may have any 
brightness and/or CIE whiteness, preferably such brightness 
and/or CIE whiteness is as follows. The fiber and/or the pulp 
and/or paper Substrate according to embodiments of the 
present invention may have any CIE whiteness, but preferably 
have a CIE whiteness greater than 70, more preferably greater 
than 100, even more preferably greater than 125, or even 
greater than 150. The CIE whiteness may be in the range from 
125 to 200, preferably from 130 to 200, and most preferably 
from 150 to 200. Examples of measuring CIE whiteness and 
obtaining such whiteness in a fiberandpaper made therefrom 
can be found, for example, in U.S. Pat. No. 6,893,473, which 
is hereby incorporated by reference in its entirety. 
0082. The fibers, the pulp and/or paper may have any ISO 
brightness, but preferably greater than 80, more preferably 
greater than 90, most preferably greater than 95 ISO bright 
ness points. The ISO brightness may be preferably from 80 to 
100, more preferably from 90 to 100, most preferably from 95 
to 100 ISO brightness points. Examples of measuring ISO 
brightness and obtaining such brightness in a papermaking 
fiber and paper made therefrom can be found, for example, in 
U.S. Pat. No. 6,893,473, which is hereby expressly incorpo 
rated by reference in its entirety. 
0083. The paper substrate according to the present inven 
tion may be made off of the paper machine having any basis 
weight. The paper Substrate may have either a high or low 
basis weight, including basis weights of at least 10 lbs/3000 
square foot, preferably from at least 20 to 500 lbs/3000 square 
foot, and more preferably from at least 40 to 325 lbs/3000 
square foot. Of course, one of skill will appreciate that these 
weights can easily be converted so as to be based upon 1300 
square foot. 
0084. The paper substrate according to the present inven 
tion may have a Sheffield Smoothness of less than 400 Shef 
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field Units (SU). However, the preferred Sheffield Smooth 
ness will be driven by the end product paper substrates 
intended use. Preferably, the paper has a Sheffield Smooth 
ness of less than 350 SU, preferably less than 250 SU, and 
more preferably less than 200SU, as measured by TAPPI test 
method T 538 om-1. 

I0085. The paper may include optional substances such as, 
but not limited to, retention aids, sizing agents, binders, fill 
ers, thickeners, and preservatives. Examples of fillers include, 
but are not limited to, clay, calcium carbonate, calcium Sulfate 
hemihydrate, and calcium sulfate dehydrate. A preferred filler 
is calcium carbonate with the preferred form being precipi 
tated calcium carbonate. Non-limiting examples of binders 
include polyvinyl alcohol, Amres (a Kymene type), Bayer 
Parez, polychloride emulsion, modified starch Such as 
hydroxyethyl Starch, starch, polyacrylamide, modified poly 
acrylamide, polyol, polyol carbonyl adduct, ethanedial/ 
polyol condensate, polyamide, epichlorohydrin, glyoxal, gly 
oxal urea, ethanedial, aliphatic polyisocyanate, isocyanate, 
1.6 hexamethylene diisocyanate, diisocyanate, polyisocyan 
ate, polyester, polyester resin, polyacrylate, polyacrylate 
resin, acrylate, and methacrylate. Other optional Substances 
include, but are not limited to, silicas such as colloids and/or 
sols. Suitable examples of silicas include, but are not limited 
to, sodium silicate and/or borosilicates. Other examples of 
optional Substances are solvents such as water. 
I0086. The paper substrate of the present invention may 
also contain retention aids selected from coagulation agents, 
flocculation agents, and entrapment agents dispersed within 
the bulk and porosity enhancing additives cellulosic fibers, 
Such as the microspheres of the present invention. Retention 
aids for the bulk-enhancing additives retain a significant per 
centage of the additive in the middle of the paperboard and not 
in the periphery. Suitable retention aids function through 
coagulation, flocculation, or entrapment of the bulk additive. 
Coagulation comprises a precipitation of initially dispersed 
colloidal particles. This precipitation is suitably accom 
plished by charge neutralization or formation of high charge 
density patches on the particle Surfaces. Since natural par 
ticles such as fines, fibers, clays, etc., are anionic, coagulation 
is advantageously accomplished by adding cationic materials 
to the overall system. Such selected cationic materials Suit 
ably have a high charge to mass ratio. Suitable coagulants 
include inorganic salts such as alum or aluminum chloride 
and their polymerization products (e.g. PAC or poly alumi 
num chloride or synthetic polymers); poly(diallyldimethyl 
ammonium chloride) (i.e., DADMAC); poly (dimethy 
lamine)-co-epichlorohydrin; polyethylenimine; poly(3-bute 
nyltrimethyl ammoniumchloride); poly(4-ethenylbenzyltri 
methylammonium chloride); poly(2,3- 
epoxypropyltrimethylammonium chloride); poly(5- 
isoprenyltrimethylammonium chloride); and poly 
(acryloyloxyethyltrimethylammonium chloride). Other 
Suitable cationic compounds having a high charge to mass 
ratio include all polysulfonium compounds, such as, for 
example, the polymer made from the adduct of 2-chlorom 
ethyl: 1,3-butadiene and a dialkylsulfide, all polyamines 
made by the reaction of amines such as, for example, ethyl 
enediamine, diethylenetriamine, triethylenetetraamine or 
various dialkylamines, with bis-halo, bis-epoxy, or chlorohy 
drin compounds such as, for example, 1-2 dichloroethane, 
1.5-diepoxyhexane, or epichlorohydrin, all polymers of 
guanidine Such as, for example, the product of guanidine and 
formaldehyde with or without polyamines. The preferred 
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coagulant is poly(diallyldimethyl ammonium chloride) (i.e., 
DADMAC) having a molecular weight of about ninety thou 
sand to two hundred thousand and polyethylenimene having 
a molecular weight of about six hundred to 5 million. The 
molecular weights of all polymers and copolymers herein this 
application are based on a weight average molecular weight 
commonly used to measure molecular weights of polymeric 
systems. 
0087 Another advantageous retention system suitable for 
the manufacture of paperboard is flocculation, which is essen 
tially the bridging or networking of particles through oppo 
sitely charged high molecular weight macromolecules. Alter 
natively, the bridging may be accomplished by employing 
dual polymer systems. Macromolecules useful for the single 
additive approach include cationic starches (both amylase 
and amylopectin), cationic polyacrylamide Such as for 
example, poly(acrylamide)-co-diallyldimethyl ammonium 
chloride; poly(acrylamide)-co-acryloyloxyethyl trimethy 
lammonium chloride, cationic gums, chitosan, and cationic 
polyacrylates. Natural macromolecules such as, for example, 
starches and gums, are rendered cationic usually by treating 
them with 2,3-epoxypropyltrimethylammonium chloride, 
but other compounds can be used such as, for example, 
2-chloroethyl-dialkylamine, acryloyloxyethyldialkyl ammo 
nium chloride, acrylamidoethyltrialkylammonium chloride, 
etc. Dual additives useful for the dual polymer approach are 
any of those compounds which function as coagulants plus a 
high molecular weight anionic macromolecule Such as, for 
example, anionic starches, CMC (carboxymethylcellulose), 
anionic gums, anionic polyacrylamides (e.g., poly(acryla 
mide)-co-acrylic acid), or a finely dispersed colloidal particle 
(e.g., colloidal silica, colloidal alumina, bentonite clay, or 
polymer micro particles marketed by Cytec Industries as 
Polyflex). Natural macromolecules such as, for example, cel 
lulose, starch and gums are typically rendered anionic by 
treating them with chloroacetic acid, but other methods such 
as phosphorylation can be employed. Suitable flocculation 
agents are nitrogen containing organic polymers having a 
molecular weight of about one hundred thousand to thirty 
million. The preferred polymers have a molecular weight of 
about ten to twenty million. The most preferred have a 
molecular weight of about twelve to eighteen million. Suit 
able high molecular weight polymers are polyacrylamides, 
anionic acrylamide-acrylate polymers, cationic acrylamide 
copolymers having a molecular weight of about five hundred 
thousand to thirty million and polyethylenimenes having 
molecular weights in the range of about five hundred thou 
sand to two million. 

0088. The third method for retaining the bulk additive in 
the paper is entrapment. This is the mechanical entrapment of 
particles in the fiber network. Entrapment is suitably achieved 
by maximizing network formation Such as by forming the 
networks in the presence of high molecular weight anionic 
polyacrylamides, or high molecular weight polyethyleneox 
ides (PEO). Alternatively, molecular nets are formed in the 
network by the reaction of dual additives such as, for 
example, PEO and a phenolic resin. 
0089. The optional substances may be dispersed through 
out the cross section of the paper Substrate or they may be 
more concentrated within the interior of the cross section of 
the paper Substrate. Further, other optional Substances such as 
binders and/or sizing agents (for example) may be concen 
trated more highly towards the outer surfaces of the cross 
section of the paper Substrate. More specifically, a majority 
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percentage of optional Substances such as binders or sizing 
agents may preferably be located at a distance from the out 
side surface of the substrate that is equal to or less than 25%, 
more preferably 10%, of the total thickness of the substrate. 
Examples of localizing such optional Substances such as 
binders/sizing agents as a function of the cross-section of the 
Substrate is, for example, paper Substrates having an "I-beam' 
structure and may be found in U.S. Provisional Patent Appli 
cation Ser. No. 60/759,629 entitled “PAPER SUBSTRATES 
CONTAINING HIGH SURFACE SIZING AND LOW 
INTERNAL SIZING AND HAVING HIGH DIMEN 
SIONAL STABILITY, which is hereby incorporated by ref. 
erence in its entirety. Further examples that include the addi 
tion of bulking agents may be found in U.S. Provisional 
Patent Application Ser. No. 60/759,630 entitled “PAPER 
SUBSTRATES CONTAINING A BULKING AGENT, 
HIGHSURFACE SIZING, LOW INFERNAL SIZING AND 
HAVING HIGH DIMENSIONAL STABILITY, which is 
hereby incorporated by reference in its entirety; and U.S. 
patent application Ser. No. 10/662,699, now published as 
U.S. Patent Publication No. 2004/0065423 entitled “PAPER 
WITH IMPROVED STIFFNESS AND BULK AND 
METHOD FOR MAKING SAME, which is hereby incor 
porated by reference in its entirety. 
0090 The paper may also contain a surface sizing agent 
Such as starch and/or modified and/or functional equivalents 
thereofatawt % of from 0.05 wt % to 20 wt % and preferably 
from 5 to 15 wt % based on the total weight of the substrate. 
Examples of modified starches include, for example, oxi 
dized, cationic, ethylated, hydroethoxylated, etc. Examples 
of functional equivalents are, but not limited to, polyvinyl 
alcohol, polyvinylamine, alginate, carboxymethyl cellulose, 
etc. 

0091. The paper may be made by contacting the expand 
able microspheres with cellulose fibers. Still further, the con 
tacting may occurat acceptable concentration levels that pro 
vide the paper Substrate of the present invention to contain 
any of the above-mentioned amounts of cellulose and 
expandable microspheres. More specifically, the paper Sub 
strate of the present application may be made by adding from 
0.25 to 20 lbs of expandable microspheres perton of cellulose 
fibers. Additionally, the contacting may occur anytime during 
the papermaking process including, but not limited to, the 
thick Stock, thin stock, head box, and coater, with the pre 
ferred addition point being at the thin stock. Further addition 
points include machine chest, stuffbox, and Suction of the fan 
pump. In addition, the paper may be made by contacting 
further optional substances with the cellulose fibers as well. 
This contacting may also occur anytime in the papermaking 
process including, but not limited to the thick Stock, thin 
stock, head box, size press, water box, and coater. Further 
addition points include machine chest, stuffbox, and Suction 
of the fan pump. The cellulose fibers, expandable micro 
spheres, and/or optional components may be contacted seri 
ally, consecutively, and/or simultaneously in any combina 
tion with each other. The cellulose fibers and expandable 
microspheres may be pre-mixed in any combination before 
addition to or during the paper-making process. 
0092. The paper may be pressed in a press section con 
taining one or more nips. However, any pressing means com 
monly known in the art of papermaking may be utilized. The 
nips may be, but are not limited to, single felted, double 
felted, roll, and extended nip in the presses. However, any nip 
commonly known in the art of papermaking may be utilized. 
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0093. The paper may be dried in a drying section. Any 
drying means commonly known in the art of papermaking 
may be utilized. The drying section may include and contain 
a drying can, cylinder drying, Condebelt drying, IR, or other 
drying means and mechanisms known in the art. The paper 
Substrate may be dried so as to contain any selected amount of 
water. Preferably, the substrate is dried to contain less than or 
equal to 10% water. 
0094. The paper substrate may be passed through a size 
press, where any sizing means commonly known in the art of 
papermaking is acceptable. The size press, for example, may 
be a puddle mode size press (e.g. inclined, vertical, horizon 
tal) or metered size press (e.g. blade metered, rod metered). At 
the size press, sizing agents such as binders may be contacted 
with the Substrate. Optionally these same sizing agents may 
be added at the wet end of the papermaking process as needed. 
After sizing, the paper Substrate may or may not be dried 
again according to the above-mentioned exemplified means 
and other commonly known drying means in the art of paper 
making. The paper Substrate may be dried so as to contain any 
selected amount of water. Preferably, the substrate is dried to 
contain less than or equal to 10% water. 
0095. The paper substrate may be calendered by any com 
monly known calendaring means in the art of papermaking. 
More specifically, one could utilize, for example, wet stack 
calendering, dry stack calendering, steel nip calendaring, hot 
Soft calendaring or extended nip calendering, etc. While not 
wishing to be bound by theory, it is thought that the presence 
of the expandable microspheres may reduce and alleviate 
requirements for harsh calendaring means and environments 
for certain paper Substrates, dependent on the intended use 
thereof. During calendaring, the Substrate may be subjected 
to any nip pressure. However, preferably nip pressures may be 
from 5 to 50 psi, more preferably from 5 to 30 psi. 
0096. The paper substrate may be microfinished according 
to any microfinishing means commonly known in the art of 
papermaking. Microfinishing is a means involving frictional 
processes to finish Surfaces of the paper Substrate. The paper 
substrate may be microfinished with or without a calendering 
means applied thereto consecutively and/or simultaneously. 
Examples of microfinishing means can be found in United 
States Published Patent Application 2004/0123966 and ref. 
erences cited therein, which are all hereby, in their entireties, 
herein expressly incorporated by reference. 
0097. In one embodiment of the present invention, the 
paper Substrate of the present invention may be a coated paper 
Substrate. Accordingly, in this embodiment, the paper Sub 
strate of the present invention may also contain at least one 
coating layer, including optionally two coating layers and/or 
a plurality thereof. The coating layer may be applied to at least 
one surface of the paperboard and/or Substrate, including two 
Surfaces. Further, the coating layer may penetrate the paper 
board and/or substrate. The coating layer may contain a 
binder. Further the coating layer may also optionally contain 
a pigment. Other optional ingredients of the coating layer are 
Surfactants, dispersion aids, and other conventional additives 
for printing compositions. 
0098. The coating layer may include a plurality of layers 
or a single layer having any conventional thickness as needed 
and produced by standard methods, especially printing meth 
ods. For example, the coating layer may contain a basecoat 
layer and a topcoat layer. The basecoat layer may, for 
example, contain low density thermoplastic particles and 
optionally a first binder. The topcoat layer may, for example, 
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contain at least one pigment and optionally a second binder 
which may or may not be a different binder than the first. The 
particles of the basecoat layer and the at least one pigment of 
the topcoat layer may be dispersed in their respective binders. 
0099 While the coated or uncoated paper substrate may 
have any Sheffield Smoothness, in one or more exemplary 
embodiment, the coated paper Substrate according to the 
present invention may have a Sheffield Smoothness that is 
less than 50, preferably less than 30, more preferably less than 
20, and most preferably less than 15 as measured by TAPPI 
test method T 538 om-1. 
0100 While the coated or uncoated paper substrate may 
have any Parker Print Smoothness (10 kgf/c"), in one 
embodiment, the coated paper Substrate according to the 
present invention may have a Parker Print Smoothness (10 
kgf/c") less than or equal to 2, preferably less than 1.5, more 
preferably less than 1.3, and most preferably from about 1.0 
to 0.5 as measured by TAPPI test method T 555 om-99. 
0101 The coated paper substrate according to the present 
invention may have an improved print mottle as measured by 
2"Cyan scanner mottle. Scanner mottle is determined using 
the following procedure: Representative samples are selected 
from pigment coated paper or paperboard printed under con 
trolled conditions typical of commercial offset litho produc 
tion with the cyan process ink at a reflection density of 
1.35+0.05. A 100 percent solid cyan print reflective image is 
digitally scanned and transformed through a neural network 
model to produce a print mottle index number between Zero 
(perfectly uniform ink lay with no mottle) to ten (visually 
noticeable, objectionable and likely rejectable because of 
print mottle, a random non-uniformity in the visual reflective 
density or color of the printed area). Data from this 2" Cyan 
scanner mottle system can be correlated to Subjective visual 
perception (using the Zero-to-ten guideline) or can be trans 
formed into equivalent mottle values as measured with a 
Tobias mottle tester from Tobias Associates using the follow 
ing equation: 

Tobias-Scanner Mottle8.8+188 

0102 The methods of describing the procedures and 
details of setting up of the above-mentioned equation can be 
found in U.S. patent application Ser. No. 10/945,306 filed 
Sep. 20, 2004, which is hereby incorporated by reference in 
its entirety. 
0103) In a preferred embodiment, the coated or uncoated 
paper of paperboard Substrate of the present invention has any 
2"Cyan scannerprint mottle. However, the 2"Cyan scanner 
print mottle may be from 0 to 10, preferably not more than 6, 
more preferably not more than 5, and most preferably not 
more than 4. 

0104. The coated paperor paperboard of this invention can 
be prepared using known conventional techniques. Methods 
and apparatuses for forming and applying a coating formula 
tion to a paper Substrate are well known in the paper and 
paperboard art. See for example, G. A. Smook and references 
cited therein, all of which are hereby incorporated by refer 
ence in their entireties. All such known methods can be used 
in the practice of this invention and will not be described in 
detail. For example, the mixture of essential pigments, poly 
meric or copolymeric binders and optional components can 
be dissolved or dispersed in an appropriate liquid medium, 
preferably water. 
0105. The coating formulation can be applied to the sub 
strate by any suitable technique, such as cast coating, Blade 
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coating, air knife coating, rod coating, roll coating, gravure 
coating, slot-die coating, spray coating, dip coating, Meyer 
rod coating, reverse roll coating, extrusion coating or the like. 
In addition, the coating compositions can also be applied at 
the size press of a paper machine using rod metering or other 
metering techniques. In the preferred embodiments of the 
invention, the basecoat coating formulation is applied using 
blade coaters and the topcoat coating formulation is applied 
using a blade coater or air knife coater. In the most preferred 
embodiments the basecoat is applied using a stiffblade coater 
and the topcoat is applied using a bent blade coater or an air 
knife coater. 

0106 The coated or uncoated paper is dried after treat 
ment with the coating composition. Methods and apparatuses 
for drying paper or paperboard webs treated with a coating 
composition are well known in the paper and paperboard art. 
See for example G. A. Smook referenced above and refer 
ences cited therein. Any conventional drying method and 
apparatus can be used, and would be identifiable by one of 
skill in the art. Accordingly, these methods and apparatuses 
will not be described herein in any great detail. Preferably 
after drying, the paper web will have a moisture content equal 
to or less than about 10% by weight. The amount of moisture 
in the dried paper or paperboard web is preferably from about 
5 to about 10% by weight. 
0107 After drying, the coated or uncoated paper may be 
Subjected to one or more post drying steps, such as those 
described in G. A. Smook referenced above (and references 
cited therein). For example, the paper web may be calendered 
to improve the Smoothness and improve print mottle perfor 
mance, as well as other properties of the paper Such as, for 
example, by passing the coated paper through a nip formed by 
a calender. Gloss calenders (chromed Steel against a rubber 
roll) or hot soft gloss calenders (chromed steel against a 
composite polymeric Surface) may be used to impart gloss to 
the top coated paper or paperboard Surface. The amount of 
heat and pressure needed in these calenders depends on the 
speed of the web entering the nip, the roll sizes, roll compo 
sition and hardness, specific load, the topcoat and basecoat 
weights, the roughness of the underlying rough paperboard, 
the binder strength of the coatings, and the roughness of the 
pigments present in the coating. 
0108. The substrate and coating layer are contacted with 
each other by any conventional coating layer application 
means, including impregnation means. A preferred method of 
applying the coating layer is with an in-line coating process 
with one or more stations. The coating stations may be any of 
known coating means commonly known in the art of paper 
making including, for example, brush, rod, air knife, spray, 
curtain, blade, transfer roll, reverse roll, and/or cast coating 
means, as well as any combination of the same. 
0109 The coated substrate may be dried in a drying sec 

tion. Any drying means commonly known in the art of paper 
making and/or coatings may be utilized. The drying section 
may include and contain IR, air impingement dryers and/or 
steam heated drying cans, or other drying means and mecha 
nisms known in the coating art. In addition, the coated Sub 
strate may be finished according to any finishing means com 
monly known in the art of papermaking. Examples of Such 
finishing means, including one or more finishing stations, 
include gloss calendar, soft nip calendar, and/or extended nip 
calendar. 

0110. These above-mentioned methods of making the 
paper of the present invention may be added to any conven 
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tional papermaking processes, as well as converting pro 
cesses, including abrading, Sanding, slitting, scoring, perfo 
rating, sparking, calendaring, sheet finishing, converting, 
coating, laminating, printing, etc. Preferred conventional pro 
cesses include those tailored to produce paper Substrates 
capable as being utilized as coated and/or uncoated paper 
products, board, and/or Substrates. 
0111. The expandable microsphere of the present inven 
tion may be utilized in any and all end uses commonly known 
in the art for using paper and/or paperboard Substrates. Such 
end uses include the production of paper and/or paperboard 
packaging and/or articles, including those requiring high and 
low basis weights in the respective substrates, which can 
range from envelopes and forms to folding carton, respec 
tively. Further, the end product may have multiple paper 
Substrate layers, such as corrugated structures, where at least 
one layer contains the expandable microsphere of the present 
invention. 
0112 Having generally described this invention, a further 
understanding can be obtained by reference to certain specific 
examples illustrated below which are provided for purposes 
of illustration only and are not intended to be all inclusive or 
limiting unless otherwise specified. 

EXAMPLES 

Example 1 

Preparation of Microspheres Using Suspension 
Polymerization with a Shot Growth Method 

0113 1. Preparation of the Aqueous Phase 
0114 100 g of deonized water was added to 7.4 g of 
sodium chloride in a 250 ml beaker. The solution was stirred 
until the sodium chloride was dissolved. 6.25 g of sodium 
dichromate (2.5% aqueous Solution) was added to the Sodium 
chloride solution with stirring. Stirring was continued for 2 
minutes. 5.5g of ethanol was then added to this solution and 
stirred for two minutes. Next, 5.25 g of Lupamin R. 5095, a 
polyvinyl amine commercially available from BASF, was 
added to a 1000 ml beaker. 137.5g of deionized water was 
added to the polyvinyl amine and the solution was stirred for 
about 2 minutes. 40.4 g of colloidal silica was placed into a 
separate 250 ml beaker, 130 g of deionized water was added 
thereto, and the resulting solution was stirred for about 2 
minutes. The colloidal silica solution was then slowly added 
to the 1000 ml beaker containing the polyvinyl amine solution 
and stirring was continued for 5 minutes. After 5 minutes, the 
sodium chloride/sodium dichromate/ethanol solution was 
added to the 1000 ml beaker with stirring. Stirring was con 
tinued for an additional 5 minutes. Concentrated hydrochlo 
ric acid was added to bring the pH of the aqueous phase to 3.5. 
and the solution was stirred for an additional 5 minutes. 
0115 2. Preparation of the Organic Phase 
(0.116) 195.18g of vinylidenechloride (VDC) was added to 
a flask that was chilled to -30°C. 113.9 g of isobutane was 
added to the chilled flask. The resulting mixture was poured 
into a large pressure addition burette that had been purged 
with argon and chilled in a freezer. The funnel used to pour the 
mixture into the burette was chilled with liquid nitrogen to 
minimize evaporation of the isobutane. Next, 35.58g of acry 
lonitrile (AN), 2.6 g of 2,2'-azobisisobutyronitrile (AIBN), 
1.78 g of trallyl cyanurate (TAC), 7.12 g of methyl meth 
acryhilate (MMA) was added to a flask at room temperature. 
The flask was shaken to dissolve the AIBN and the TAC. The 
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mixture was then poured into a Small pressure addition 
burette that had been purged with argon. The mixture in the 
small pressure addition burette was transferred to the big 
pressure burette by pressurized argon. The organic phase 
present in the big burette was mixed by turning the burette up 
and down 10 times. 
0117 3. Disperse the Organic Phase into the Aqueous 
Phase 

0118. The aqueous phase formed in step 1 above was 
added to a 3-liter reactor that had been purged with argon. The 
aqueous phase was stirred within the reactor at a 1,500 rpm 
shear rate while the organic phase was slowly added by pres 
surized argon (over a period of 10 minutes). After the addition 
of the organic phase was completed, the mixture was agitated 
for 15 minutes. A stable dispersion was formed. The shear 
rate was then reduced to 90 rpm. 
0119) 4. Polymerization Reaction 
0120. The polymerization reaction was initiated by heat 
ing the mixture in the reactor to 60°C. The reaction tempera 
ture was permitted to remain at 60° C. for 12 hours. The 
pressure inside the reactor during the polymerization was 
maintained from bout 5 to about 8.5 bars. After 12 hours of 
polymerization, a solution containing 1.25 g of AIBN dis 
solved in 8.5g of AN was added to the reactor by using a small 
(250 ml) pressure addition burette and pressurized argon. The 
temperature of the mixture was increased to 70° C. The mix 
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ture was them permitted to react for 8 hours. The pressure 
inside the reactor during this 8 hour period was about 8.5 to 
about 10.5 bars. 
I0121 5. Post Polymerization Treatment 
I0122. After the 8 hour polymerization period, the reactor 
was cooled to room temperature and the pressure was 
released. The mixture within the reactor was transferred to a 
2,000 ml beaker. The mixture was then filtered using a 150 um 
meter mesh screen to remove any coarse coagulum. Next, the 
microspheres were filtered using a regular vacuum filtration 
assembly with a funnel, grade 4 qualitative paper, and a 
filtration flask connected to a hose vacuum. The microspheres 
were washed three times with deionized water. The ease in the 
filtration flask was poured out and the microspheres in the 
funnel were permitted to dry overnight. The dried micro 
spheres were then weighed and the yield was calculated 
(about 86% based on the weight of the microspheres and the 
organic phase). 
I0123. Similar processes were used for the other samples as 
set forth in Table 1. The same amount of AIBN and AN for the 
“shot growth' was used for all the samples in Table 1. The 
same reaction time both before and after the shot of AN was 
used for all the samples set forth in Table 2 with the exception 
of Sample 10, which had 8 hours of polymerization before the 
shot of AN and 8 hours of polymerization after the shot and 
Sample 13, which had 6 hours of polymerization before the 
shot of AN and 7 hours of polymerization after the shot. 

TABLE 2 

Organic Phase Components 

VDC AN TAC i-butane AIBN MMA Agitator 

Sample (% by weight) (% by weight) (% by weight) (% by weight) (% by weight) (% by weight) Speed (RPM) 

1 54.8 O O.S 32 0.73 2.0 500 

2 53.8 O 1.5 32 0.73 2.0 500 

3 47.8 6 1.5 32 0.73 2.0 500 

4 51.3 3 1.O 32 0.73 2.0 500 

5 48.8 6 O.S 32 0.73 2.0 500 

6 55.1 O O.2 32 0.73 2.0 500 

7 57.42 7.5 O.35 32 0.73 2.0 500 

8 59.8 5 O.S 32 0.73 2.0 500 

9 54.8 O O.S 32 0.73 2.0 500 

10 54.8 O O.S 32 0.73 2.0 500 

11 47.8 6 1.5 32 0.73 2.0 2OO 

12 48.8 6 O.S 32 0.73 2.0 2OO 

13 54.8 O O.S 32 0.73 2.0 500 

14 51.3 3 1.O 32 0.73 2.0 2OO 

TABLE 3 

Aqueous Phase Components 

Deionized Sodium Chloride 
Water (% by weight) 

85.O 1.7 1.2 

Polyvinyl Amine 
(% by weight) 

Ethanol 
(% by weight) 

Colloidal Silica Sodium Dichromate 
(% by weight) (% by weight) 

Hydrochloric 
Acid (pH 3.5) 

9.3 1.4 1.3 
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0.124. The particle size distributions of these microspheres 
were characterized by the Malvern Mastersizer particle size 
analyzer. Table 4 sets forth the results of these particle size 
analyses. 

TABLE 4 

Particle Size of Microspheres 

Sample D (v, 0.1) D (v, 0.5) D (v, 0.9) 

1 S.O2 20.49 36.07 

2 9.91 20.22 38.5 

3 7.51 18.08 37.69 

4 6.13 20.84 40.96 

5 6.37 1961 44.52 

6 12.78 23.96 39.63 

7 7.81 21.71 41.04 

8 7.13 20.76 38.99 

9 S.O8 17.95 33.73 

10 4.72 19.09 24.21 

11 9.73 27.14 53.78 

12 7.45 24.17 42.66 

13 9.SO 20.64 34.54 

14 7.2 21.59 44.37 

Example 2 

Microspheres in Papermaking Process 

0.125 Paper samples containing the expandable micro 
spheres described above in Example 1 were produced. Dry 
samples of the microspheres from Example 1 were formed 
into a 2% slurry by adding the dry microspheres to vigorously 
stirring water with a cowles mixer. After 10 minutes of mix 
ing, the slurry was ready for a paper making machine. 
0126 The paper machine was started and uncoated 
freesheet paper grade with a targeted basis weight of 80 g/m 
was produced. The pulp blend was 65/35 bleached hardwood 
kraft pulp/bleached softwood kraft pulp.The paper contained 
10% precipitated calcium carbonate filler and 15 lb/T cationic 
starch. An ethylated Starch was used at the size press with a 
targeted pick-up of 80 lb/T. 
0127. Microspheres from Example 1 were fed into the 
paper machine at a targed dose of 15 lb/T. The addition point 
was before the 15 lbf T of cationic starch. 20 minutes after 
adding the first microsphere sample, the paper machine had 
come to equilibrium and samples of paper at the reel were 
collected. All 14 samples of microspheres described in 
Example 1 were run on the paper machine in a similar manner. 
The paper samples were then calendered on a sheet fed off 
machine calender to achieve the desired smoothness. The 
basis weight, Smoothness, and stiffness were measured on the 
calendered paper. In this manner, bulk and stiffness were 
compared between the different microsphere-containing 
papers. The increase in bulk compared to the paper made 
without any microspheres was calculated and recorded. The 
results are set forth in Tables 5 and 6. 
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TABLE 5 

Uncalendered Paper Results 

Uncalendered 

Basis Weight % Bulk 
Sample (g/m) Bulk Increase 

Control 81.4 2.13 O.O 
1 83.1 2.33 9.1 
2 82.5 2.31 8.1 
3 82.O 2.25 S.6 
4 80.7 240 12.5 
5 80.7 2.51 17.8 
6 80.2 2.32 8.6 
7 80.8 2.21 3.6 
8 80.8 2.20 2.9 
9 82.4 2.44 14.5 
10 82.6 2.47 15.6 
11 84.5 2.29 7.2 
12 80.7 2.45 16.4 
13 79.2 2.50 17.2 
14 79.2 2.36 10.6 

TABLE 6 

Calendered Paper Results 

Calendered to 250 Sheffield 

GM 
Basis Weight % Bulk Stiffness 

Sample (g/m) Bulk Increase index Caliper 

Control 81.4 1.69 O.O 33.1 5.4 
1 83.1 1.78 5.7 31.0 5.9 
2 82.5 1.81 7.2 30.2 5.9 
3 82.O 1.84 9.1 42.2 5.9 
4 80.7 186 1O.O 34.7 5.8 
5 80.7 1.91 13.4 38.9 6.1 
6 80.2 186 10.1 40.8 6.O 
7 80.8 186 10.2 47.7 5.8 
8 80.8 1.82 7.6 44.8 5.8 
9 82.4 1.89 12.1 34.9 6.1 
10 82.6 1.87 10.8 33.1 6.2 
11 84.5 1.81 7.1 29.1 6.O 
12 80.7 1.88 11.4 37.2 6.O 
13 79.2 1.91 13.5 35.8 6.O 
14 79.2 1.87 11.0 36.3 5.8 

I0128. The results from Example 2 showed that all of the 
microspheres produced in Example 1 demonstrated in 
increase in uncalendered and calendered bulk at 250 Sheffield 
Smoothness. 

I0129. The invention of this application has been described 
above both generically and with regard to specific embodi 
ments. Although the invention has been set forth in what is 
believed to be the preferred embodiments, a wide variety of 
alternatives known to those of skill in the art can be selected 
within the generic disclosure. The invention is not otherwise 
limited, except for the recitation of the claims set forth below. 

Having thus described the invention, what is claimed is: 
1. An expandable microsphere comprising: 
a gas impermeable shellencapsulating at least one blowing 

agent, said gas impermeable shell including: 
a first polymeric layer Surrounding said at least one 

blowing agent; and 
a second polymeric layer at least Substantially encapsu 

lating said first polymeric layer, and 
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wherein said second polymeric layer includes at least one 
monomer selected from a monomer having a Tg of at 
least 85°C. and a chemically reactive monomer. 

2. The expandable microsphere of claim 1, wherein said 
first polymeric layer comprises polymers formed from mono 
mers selected from nitrile containing monomers, acrylic ester 
monomers, methacrylic ester monomers, vinyl esters, vinyl 
halide monomers and combinations thereof. 

3. The expandable microsphere of claim 2, wherein said 
first polymeric layer comprises at least one nitrile containing 
monomer, at least one methacrylic ester monomer, and at 
least one vinylidene halide monomer. 

4. The expandable microsphere of claim 2, wherein said at 
least one monomer has a Tg less than 85°C. 

5. The expandable microsphere of claim 2, wherein said 
first polymeric layer further comprises a crosslinking mono 
C. 

6. The expandable microsphere of claim 2, further com 
prising a cationic species covalently bonded to said second 
polymeric layer. 

7. The expandable microsphere of claim 2, wherein said 
second polymeric layer has a larger amount of said monomer 
having a Tg of at least 85°C. compared to an amount of said 
monomer having a Tg of at least 85°C. present in said first 
polymeric layer. 

8. The expandable microsphere of claim 1, wherein said 
first and second polymeric layers are covalently attached. 

9. The expandable microsphere of claim 1, wherein said 
expandable microsphere has an expanded Volume average 
diameter of less than 50 microns. 

10. The expandable microsphere of claim 1, wherein said 
expandable microsphere has a temperature of onset expan 
Sion from about 60° C. about 105° C. 

11. The expandable microsphere of claim 1, wherein said 
expandable microsphere has a temperature of shrinkage 
greater than about 105°C. 

12. A method of forming an expandable microsphere com 
prising: 

mixing primary monomers selected from nitrile containing 
monomers, acrylic ester monomers, methacrylic ester 
monomers, vinyl esters, vinyl halide monomers and 
combinations thereof, at least one blowing agent, a 
crosslinking monomer, a polymerization initiator, and a 
stabilizer system in a reaction vessel for a period of time 
sufficient to achieve an approximate 90% polymeriza 
tion of said primary monomers and form a first poly 
meric layer Surrounding said blowing agent; and 

adding a secondary monomer selected from monomers 
having a Tg of at least 85°C. and chemically reactive 
monomers to said reaction vessel to form a second poly 
meric layer at least Substantially Surrounding said first 
polymeric layer and form an expandable microsphere. 

13. The method of claim 12, wherein said reaction vessel 
further includes at least one member selected from a salt, a 
phase partitioner, an inhibitor an acid and water. 
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14. The method of claim 12, further comprising: 
purging said reaction vessel to remove oxygen. 
15. The method of claim 12, further comprising: 
adding a cationic species to said microsphere Such that said 

cationic species covalently bonds to said second poly 
meric layer. 

16. A composition comprising the expandable microsphere 
of claim 1 and a plurality of cellulose fibers. 

17. A paper comprising: 
a web of cellulose fibers; and 
a plurality of expandable microspheres, said expandable 

microspheres including: 
a gas impermeable shell encapsulating at least one blow 

ing agent, said gas impermeable shell including: 
a first polymeric layer Surrounding said at least one 

blowing agent; and 
a second polymeric layer at least Substantially encap 

Sulating said first polymeric layer, 
wherein said second polymeric layer includes at least 

one monomer selected from a monomer having a Tg 
of at least 85°C. and a chemically reactive monomer. 

18. A method of making a paper Substrate, comprising 
contacting a plurality of cellulose fibers with at least one 

expandable microsphere according to claim 1 prior to or 
at a head box, at the size press, or at a coater. 

19. A method of enhancing the bulk of a paper substrate, 
comprising 

contacting a plurality of cellulose fibers with at least one 
expandable microsphere according to claim 1 prior to or 
at a head box, at the size press, or at a coater. 

20. A method of enhancing the retention of expandable 
microspheres in a web of cellulose fibers, comprising 

contacting a cationic species to the second layer of at least 
one expandable microsphere according to claim 1 to 
form a modified expandable microsphere having a Zeta 
potential that is greater than the Zeta potential of the 
microsphere prior to said contacting step, the Zeta poten 
tial being measured at a pH of about 9.0 or less at anionic 
strength from 10-6 M to 0.1 M; and 

contacting a plurality of cellulose fibers with at least one 
modified expandable microsphere prior to or at a head 
box, at the size press, or at a coater. 

21. An expandable microsphere comprising: 
a gas impermeable shellencapsulating at least one blowing 

agent, said gas impermeable shell including: 
a first polymeric layer Surrounding said at least one 

blowing agent; and 
a second polymeric layer at least Substantially encapsu 

lating said first polymeric layer, and 
wherein said second polymeric layer has a weight average 
Tg that is greater than a weight average Tg of the first 
polymeric layer. 
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