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CELLULOSE ESTER OPTICAL FILMS

BACKGROUND

1. Field of the Invention

[0002] Various embodiments of the present invention relate generally to
cellulose ester compositions, methods of making cellulose ester compositions,
and optical films produced therefrom. Certain embodiments of the present
invention relate to cellulose esters having both alkyl-acyl substituents and aryl-
acyl substituents, and optical films prepared therefrom.

2. Description of the Related Art

[0003] Cellulose esters such as cellulose triacetate (“CTA” or “TACY),
cellulose acetate propionate (“CAP”), and cellulose acetate butyrate (“CAB”), are
used in a wide variety of films for the liquid crystal display (‘LCD”) industry. Most
notable is their use as protective and compensation films used in conjunction with
polarizer sheets. These films can typically be made by solvent casting, and then
be laminated to either side of an oriented, iodinated polyvinyl alcohol (“PVOH")
polarizing film to protect the PVOH layer from scratching and moisture ingress,
while also increasing structural rigidity. When used as compensation films (a.k.a.,
waveplates), they can be laminated with the polarizer stack or otherwise included
between the polarizer and liquid crystal layers. The waveplates can act to
improve the contrast ratio, wide viewing angle, and color shift performance of the
LCD. While significant advances have been made in LCD technology,

improvements are still needed.

SUMMARY

[0004] One embodiment of the present invention concerns a
regioselectively substituted cellulose ester comprising a plurality of alkyl-acyl
substituents and a plurality of aryl-acyl substituents, where the regioselectively
substituted cellulose ester has a hydroxyl degree of substitution (“DSon”) of at

least 0.30, where the regioselectivity of the regioselectively substituted cellulose
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ester is such that the sum of the aryl-acyl degrees of substitution at C2 and C3
("“C2DSay” and “C3DSay”) minus the aryl-acyl degree of substitution at C6
(“C6DSay") is greater than 0.20.

[0005] Another embodiment of the present invention concerns a single
layer optical film comprising a regioselectively substituted cellulose ester, where
the regioselectively substituted cellulose ester comprises a plurality of alkyl-acyl
substituents and a plurality of aryl-acyl substituents, where the regioselectively
substituted cellulose ester has a hydroxyl degree of substitution (“DSon”) of at
least 0.30, where the regioselectivity of the cellulose ester is such that the sum of
the aryl-acyl degrees of substitution at C2 and C3 (“C2DSay” and “C3DSay”)
minus the aryl-acyl degree of substitution at C6 (“C6DSay") is greater than 0.20.

[0006] Still another embodiment of the present invention concerns a
regioselectively substituted cellulose ester comprising a plurality of alkyl-acyl
substituents and a plurality of aryl-acyl substituents, where the regioselectively
substituted cellulose ester has a hydroxyl degree of substitution (*DSon”) in the
range of from about 0.25 to about 0.45, where the regioselectively substituted
cellulose ester has an alkyl-acyl degree of substitution (“DSaky”) in the range of
from about 1.85 to about 2.35, where the regioselectively substituted cellulose
ester has an aryl-acyl degree of substitution (“DSary”) in the range of from about
0.35 to about 0.65, where the regioselectivity of the regioselectively substituted
cellulose ester is such that the sum of the aryl-acyl degrees of substitution at C2
and C3 (“C2DS4y” and “C3DSay ") minus the aryl-acyl degree of substitution at
C6 (“C6DSary”) greater than 0.20.

[0007] Yet another embodiment of the present invention concerns a —-A
optical film comprising a regioselectively substituted cellulose ester, where the
regioselectively substituted cellulose ester comprises a plurality of alkyl-acyl
substituents and a plurality of aryl-acyl substituents.

[0008] A further embodiment of the present invention concerns a
regioselectively substituted cellulose ester comprising a plurality of alkyl-acyl
substituents and a plurality of aryl-acyl substituents, where the regioselectively

substituted cellulose ester has a hydroxyl degree of substitution (*DSon”) in the
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range of from about 0.10 to about 0.30, where the regioselectively substituted
cellulose ester has an alkyl-acyl degree of substitution (“DSaky”) in the range of
from about 0.10 to about 2.15, where the regioselectively substituted cellulose
ester has an aryl-acyl degree of substitution (“DSary”) in the range of from about
0.75 to about 2.80, where the regioselectivity of the regioselectively substituted
cellulose ester is such that the sum of the aryl-acyl degrees of substitution at C2
and C3 (“C2DSay” and “C3DSary”) minus the aryl-acyl degree of substitution at
C6 (“C6DSay”) is at least 0.25.

[0009] A still further embodiment of the present invention concerns a +C
optical film comprising a regioselectively substituted cellulose ester, where the
regioselectively substituted cellulose ester comprises a plurality of alkyl-acyl
substituents and a plurality of aryl-acyl substituents, where the regioselectively
substituted cellulose ester has an aryl-acyl degree of substitution (‘DSay”) in the
range of from about 0.75 to about 2.80.

BRIEF DESCRIPTION OF THE FIGURES

[0010] Embodiments of the present invention are described herein with
reference to the following drawing figures, wherein:

[0011] Figure 1(a) schematically depicts backlight passing through a pair
of crossed polarizers with two conventional cellulose triacetate (“TAC”) films,
each having an Re of 0 nm and an Ry, of =40 nm;

[0012] Figure 1(b) depicts the calculated iso-contour polot of light
transmission or light leakage of the structure depicted in Figure 1(a);

[0013] Figure 2(a) schematically depicts backlight passing through a pair
of crossed polarizers with a waveplate having an Nz of 0.5 and an Re of 270 nm
disposed therebetween, where each polarizer comprises a zero retardation TAC
film adjacent to the waveplate;

[0014] Figure 2(b) depicts the calculated iso-contour plot of light
transmission or light leakage of the structure depicted in Figure 2(a);

[0015] Figure 3(a) schematically depicts backlight passing through a

bottom polarizer and a top polarizer, where the pair of polarizers are crossed and
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have one +A plate (Re = 137.5 nm) and one +C plate (Ry, = 100 nm) disposed
therebetween, where each polarizer comprises a zero retardation TAC film
adjacent to the +A plate and +C plate, respectively;

[0016] Figure 3(b) depicts the calculated iso-contour plot of light
transmission or light leakage of the structure depicted in Figure 3(a);

[0017] Figure 4 is a plot of absorbance versus contact time during
esterification of cellulose dissolved in tributylmethylammonium
dimethylphosphate ({[TBMA]DMP”); and

[0018] Figure 5 shows a carbon 13 NMR spectrum of a cellulose benzoate
propionate.

DETAILED DESCRIPTION

[0019] The present invention may be understood more readily by reference
to the following detailed description of the invention and the examples provided
therein. It is to be understood that this invention is not limited to the specific
methods, formulations, and conditions described, as such may vary. It is also to
be understood that the terminology used herein is for the purpose of describing
particular aspects of the invention only and is not intended to be limiting.

[0020] In this specification and in the claims that follow, reference will be
made to a number of terms, which shall be defined to have the following
meanings.

[0021] Values may be expressed as “about” or “approximately” a given
number. Similarly, ranges may be expressed herein as from “about” one
particular value and/or to “about” or another particular value. When such a range
is expressed, another aspect includes from the one particular value and/or to the
other particular value. Similarly, when values are expressed as approximations,
by use of the antecedent “about,” it will be understood that the particular value
forms another aspect.

[0022] Throughout this application, where patents or publications are
referenced, the disclosures of these references in their entireties are intended to

be incorporated by reference into this application, to the extent they are not
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inconsistent with the present invention, in order to more fully describe the state of
the art to which the invention pertains.

[0023] As mentioned above, films prepared from cellulose esters can be
employed in liquid crystal displays (‘LCD”). Generally, LCDs employ a polarizer
stacking including a set of crossed polarizers. For a typical set of crossed
polarizers used in an LCD, there can be significant light leakage along the
diagonals (leading to poor contrast ratio), particularly as the viewing angle is
increased. Various optical films can be used to correct or "compensate” for this
light leakage. These films can have certain well defined birefringences (or
retardations) that vary depending on the type of liquid crystal cell used, since the
liquid crystal cell itself will also impart a certain degree of undesirable optical
retardation that must be corrected. Some of these compensation films are easier
to make than others, so compromises are often made between performance and
cost. Also, while most compensation and protective films are made by solvent
casting, there is a push to make more films by melt extrusion so as to eliminate
the need to handle environmentally unfriendly solvents. Having a material with
more controllable optical retardation, that can be made by both solvent and melt
casting, allows for greater flexibility in creating these films.

[0024] Optical films are commonly quantified in terms of birefringence
which is, in turn, related to the refractive index n. The refractive index can
typically be in the range of 1.4 to 1.8 for polymers in general, and can be
approximately 1.46 to 1.50 for cellulose esters. The higher the refractive index,
the slower a light wave propagates through that given material.

[0025] For an unoriented isotropic material, the refractive index will be the
same regardless of the polarization state of the entering light wave. As the
material becomes oriented, or otherwise anisotropic, the refractive index
becomes dependent on material direction. For purposes of the present invention,
there are three refractive indices of importance, denoted ny, ny, and n, which
correspond to the machine direction (“MD”), the transverse direction (“TD”) and
the thickness direction respectively. As the material becomes more anisotropic

(e.g., by stretching), the difference between any two refractive indices will

5



WO 2012/141902 PCT/US2012/031064

increase. This difference is referred to as the "birefringence.” Because there are
many combinations of material directions to choose from, there are
correspondingly different values of birefringence. The two that are the most
common, namely the planar birefringence (or “in-plane” birefringence) Ae and the
thickness birefringence (or “out-of-plane” birefringence) Ay, are defined as:

The birefringence Acis a measure of the relative in-plane orientation between the
MD and TD directions and is dimensionless. In contrast Ay gives a measure of
the orientation of the thickness direction, relative to the average planar
orientation.

[0026] Another term often used with regards to optical films is the optical
retardation R. R is simply the birefringence times the thickness d, of the film in
question. Thus,

(2b) Rp = Awd =[Nz — (N + ny)/2]d

Retardation is a direct measure of the relative phase shift between the two
orthogonal optical waves and is typically reported in units of nanometers (nm).
Note that the definition of Ry varies among some authors, particularly with
regards to the sign (+/-), depending on how Ry, is calculated.

[0027] Materials are also known to vary with regards to their
birefringence/retardation behavior. For example, most materials when stretched
will exhibit a higher refractive index along the stretch direction and a lower
refractive index perpendicular to the stretch. This follows because, on a

molecular level, the refractive index is typically higher along the polymer chain's
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axis and lower perpendicular to the chain. These materials are commonly termed
"positively birefringent" and represent most standard polymers, including current
commercial cellulose esters. Note that, as we will describe later, a positively
birefringent material can be used to make either positive or negative birefringent
films or waveplates.

[0028] To avoid confusion, the birefringence behavior of the polymer
molecule itself will be referred to as the "intrinsic birefringence” and is a property
of the polymer. From a material optics standpoint, intrinsic birefringence is a
measure of the birefringence that would occur if the material was fully stretched
with all chains perfectly aligned in one direction (for most polymers this is a
theoretical limit since they can never be fully aligned). For purposes of the
present invention, it also provides a measure of the sensitivity of a given polymer
to a given amount of chain orientation. For example, a sample with high intrinsic
birefringence is going to exhibit more birefringence during film formation than a
sample with low intrinsic birefringence, even though the relative stress levels in
the film are approximately the same.

[0029] Polymers can have positive, negative, or zero intrinsic
birefringence. Negative intrinsic birefringent polymers exhibit a higher refractive
index perpendicular to the stretch direction (relative to the parallel direction).
Certain styrenics and acrylics can have negative intrinsic birefringent behavior
due to their rather bulky side groups. Depending on composition, some cellulose
esters having aromatic ring structures can exhibit negative intrinsic birefringence
as well. Zero intrinsic birefringence, in contrast, is a special case and represents
materials that show no birefringence with stretching and thus have a zero intrinsic
birefringence. Such materials can be ideal for certain optical applications as they
can be molded, stretched, or otherwise stressed during processing without
showing any optical retardation or distortion.

[0030] The actual compensation film(s) that is used in an LCD can take on
a variety of forms including biaxial films where all three refractive indices differ
and two optical axes exist, and uniaxial films having only one optical axis where

two of the three refractive indices are the same. There are also other classes of
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compensation films where the optical axes twist or tilt through the thickness of the
film (e.g., discotic films), but these are generally of lesser importance. Generally,
the type of compensation film that can be made is limited by the birefringence
characteristics of the polymer (i.e., positive, negative or zero intrinsic
birefringence). A few examples are described below.

[0031] In the case of uniaxial films, a film having refractive indices such
that

(3a) ny>ny=n, "+A"optical film

is denoted as a "+A" optical film. In such films, the x-direction (machine direction)
of the film has a high refractive index, whereas the y and thickness directions are
approximately equal in magnitude (and lower than n,). This type of film is also
referred to as a positive uniaxial crystal structure with the optic axis along the x-
direction. Such films can be made by uniaxially stretching a positive intrinsic
birefringent material using, for example, a film stretcher.

[0032] In contrast, a "-A" uniaxial film is defined as

(8b) ny<ny=n; "-A"optical film

where the x-axis refractive index is lower than the other directions (which are
approximately equal). One method for making a —A optical film is to stretch a
negative intrinsic birefringent polymer or, alternately, by coating a negatively
(intrinsic) birefringent liquid crystal polymer onto a surface such that the
molecules are lined up in a preferred direction (for example, by using an
underlying etched orientation layer).

[0033] In terms of retardation, “tA” optical films have the following
relationship between Re and R, shown in (3c¢):

(3c) Run=-Re/2  "xA" optical films
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[0034] Another class of uniaxial optical films is the C optical film which can
also be "+C" or "-C". The difference between a C and an A optical film is that, in
C optical films, the unique refractive index (or optical axis) is in the thickness
direction as opposed to in the plane of the film. Thus,

(4a) ny>ny=n, "+C" optical film

(4b) nz<ny=ny "-C" optical film

[0035] C optical films can be produced by taking advantage of the stresses
that form during solvent casting of a film. Tensile stresses are generally created
in the plane of the film due to the restraint imposed by the casting belt, which are
also equi-biaxial stretched in nature. These tend to align the chains in the plane
of the film resulting in —C or +C films for positive and negative intrinsic
birefringent materials respectively. As many cellulose ester films used in displays
are solvent cast, and many are essentially positive birefringent, then it is apparent
that solvent cast cellulose esters normally only produce —C optical films. These
films can also be uniaxially stretched to produce +A optical films (assuming the
initial as-cast retardation is very low).

[0036] Besides uniaxial optical films, it is also possible to use biaxial
oriented films. Biaxial films are quantified in a variety of ways including simply
listing the 3 refractive indices ny, ny, and n; in the principal directions (along with
the direction of these principal axes). Generally, ny # ny #n;.

[0037] One specific biaxial oriented film has unique optical properties to
compensate light leakage of a pair of crossed polarizer or in-plane switching
(“IPS™) mode liquid crystal displays. The optical film has a parameter Nz in the

range of from about 0.4 to about 0.9, or equals about 0.5, where Nz is defined as

(5) Nz = (nynz)/(nx-ny)
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This parameter gives the effective out-of-plane birefringence relative to the in-
plane birefringence. Nz can be chosen to be about 0.5 when used as a
compensation film for a pair of crossed polarizers. When Nz is about 0.5, the
corresponding out-of-plane retardation, R, equals about 0.0 nm.

[0038] To show the optical film’'s compensation effect, the following light
transmission or leakage of a pair of crossed polarizers with and without
compensation films is calculated by computer simulation.

[0039] Figure 1(a) schematically indicates backlight passing through a pair
of crossed polarizers having two conventional cellulose triacetate (“TAC”) films,
both of which have Re = 0 nm and Ry = —40 nm. Figure 1(b) shows the
calculated iso-contour plot of light transmission or light leakage according to the
configuration structure of Figure 1(a), which has a polar angle from 0° to 80° and
an azimuthal angle from 0° to 360°. The calculated results show that there exists
about 2.2% light leakage at 45° along the polarizer transmission axes.

[0040] Figure 2(a) schematically indicates backlight passing through a pair
of crossed polarizers with one waveplate of Nz = 0.5, Re = 270 nm, and two zero
retardation TAC films (Re = 0 nm and Ry = 0 nm).  Figure 2(b) shows the
calculated iso-contour plot of light transmission or light leakage according to the
configuration structure of Figure 2(a), which has a polar angle from 0° to 80° and
an azimuthal angle from 0° to 360°. The calculated results show that the
maximum light leakage is reduced to about 0.03% at 45° along the polarizer
transmission axes, which is a great improvement compared to the case illustrated
in Figure 1. Thus, a waveplate with Nz = 0.5 and Re = 270 nm can play a role in
reducing light leakage. Of course, such results are not limited to only waveplates
having an Nz of 0.5 with an R of 270. For example, the waveplate could also be
a —A optical film with an Re of =270 nm, among others. If this waveplate is a
cellulose based ester, it could replace one of the zero retardation films and
adhere directly to the PVA layer, which could in turn reduce the manufacturing
cost. As described below, various embodiments presented herein concern
optical films (e.g., waveplates) having an Nz in the range of from about 0.4 to
about 0.9, or of about 0.5, comprising cellulose esters.

10
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[0041] Figure 3(a) schematically indicates backlight passing through a pair
of crossed polarizers with one +A optical film (Re= 137.5 nm), one +C optical film
(Rth = 100 nm) and two zero retardation TAC films (Re = 0 nm and Ry = 0 nm).
Figure 3(b) shows the calculated iso-contour plot of light transmission or light
leakage according to the configuration structure of Figure 3(a), which has a polar
angle from 0° to 80° and an azimuthal angle from 0° to 360°. The calculated
results show that the maximum light leakage is reduced to about 0.04% at 45°
along the polarizer transmission axes, which is also a great improvement
compared to the case illustrated in Figure 1. Therefore, the positive A and C
optical films with indicated retardations played a role in reducing the light
leakage. It needs to be pointed out that the waveplate could also be a —A optical
film (with, for example, an Re of —137.5 nm) combined with a —C optical film (with,
for example, an Ry of =100 nm). The —A optical film could replace the bottom
zero retardation film and adhere directly to the PVA layer, which in turn could
reduce manufacturing costs. Various embodiments presented herein relate to —A
optical films comprising cellulose esters.

[0042] The above simulation examples demonstrate that by adding
appropriate optical films (e.g., waveplates), the light leakage of a pair of crossed
polarizers can be greatly reduced. These optical films also could be used to
compensate light leakage of in-plane switching (“IPS”) mode liquid crystal
displays, since, though not wishing to bound by theory, it is believed that the light
leakage of IPS-LCDs comes primarily from the crossed polarizers.

[0043] In accordance with various embodiments of the present invention,
there are provided regioselectively substituted cellulose esters having a plurality
of alkyl-acyl substituents and a plurality of aryl-acyl substituents. Such cellulose
esters can be used in forming optical films, which can in turn be employed alone
or in combination with other optical films as waveplates (i.e., compensation films)
used in liquid crystal displays (“LCD”).

[0044] Regioselectively substituted cellulose esters suitable for use in

making optical films can comprise a plurality of alkyl-acyl substituents and a
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plurality of aryl-acyl substituents. As used herein, the term “acyl substituent” shall
denote a substituent having the structure:

0O

Such acyl groups in cellulose esters are generally bound to the pyranose ring of
the cellulose via an ester linkage (i.e., through an oxygen atom).

[0045] As used herein, the term “aryl-acyl” substituent shall denote an acyl
substituent where “R” is an aryl group. As used herein, the term “aryl” shall
denote a univalent group formed by removing a hydrogen atom from a ring
carbon in an arene (i.e., a mono- or polycyclic aromatic hydrocarbon), and may
include heteroatoms. Examples of aryl groups suitable for use in various
embodiments include, but are not limited to, phenyl, benzyl, tolyl, xylyl, and
naphthyl. Such aryl groups can be substituted or unsubstituted. In various
embodiments, at least a portion of the aryl-acyl substituent can be benzoate. In
further embodiments, all or substantially all of the aryl-acyl substituent can be
benzoate.

[0046] As used herein, the term “alkyl-acyl” shall denote an acyl
substituent where “R” is an alkyl group. As used herein, the term “alkyl” shall
denote a univalent group formed by removing a hydrogen atom from a non-
aromatic hydrocarbon, and may include heteroatoms. Alkyl groups suitable for
use herein can be straight, branched, or cyclic, and can be saturated or
unsaturated. Alkyl groups suitable for use herein include any Cq to Cy, C1 to Cia,
C1to Cs, or Cq to Cs alkyl groups. In various embodiments, the alkyl can be a C+
to Cs straight chain alkyl group. In still other embodiments, the alkyl can be a C4
to C; straight chain alkyl group. Specific examples of suitable alkyl groups
include, but are not limited to, methyl, ethyl, n-propyl, isopropyl, n-butyl, isobutyl,
sec-butyl, tert-butyl, pentyl, hexyl, octyl, decyl, dodecyl, cyclopentyl, and
cyclohexyl groups. In one or more embodiments, at least a portion of the alkyl-

12



WO 2012/141902 PCT/US2012/031064

acyl substituent can be acetate, propionate, and/or butyrate. In further
embodiments, all or substantially all of the alkyl-acyl substituent can be acetate,
propionate, and/or butyrate. In still other embodiments, the alkyl-acyl substituent
can be selected from the group consisting of acetate, propionate, and mixtures
thereof.

[0047] In various embodiments, regioselectively substituted cellulose
esters can be employed in which the aryl-acyl substituent is preferentially
installed at C2 and C3 of the pyranose ring. Regioselectivity can be measured by
determining the relative degree of substitution (“RDS”) at C6, C3, and C2 in the
cellulose ester by carbon 13 NMR (Macromolecules, 1991, 24, 3050-3059). In
the case of one type of acyl substituent or when a second acyl substituent is
present in a minor amount (DS < 0.2), the RDS can be most easily determined
directly by integration of the ring carbons. When 2 or more acyl substituents are
present in similar amounts, in addition to determining the ring RDS, it is
sometimes necessary to fully substitute the cellulose ester with an additional
substituent in order to independently determine the RDS of each substituent by
integration of the carbonyl carbons. In conventional cellulose esters,
regioselectivity is generally not observed and the RDS ratio of C6/C3, C6/C2, or
C3/C2 is generally near 1 or less. In essence, conventional cellulose esters are
random copolymers. In contrast, when adding one or more acylating reagents to
cellulose dissolved in an appropriate solvent, the C6 position of cellulose is
acylated much faster than C2 and C3 positions. Consequently, the C6/C3 and
C6/C2 ratios are significantly greater than 1, which is characteristic of a 6,3- or
6,2-enhanced regioselectively substituted cellulose ester.

[0048] Examples of regioselectively substituted cellulose esters and their
methods for preparation are described in US 2010/0029927, US 2010/0267942,
and U.S. Patent Appl. No. 12/539,812 (Docket 80646/US03); the contents of
which are hereby incorporated by reference. In general, these applications
concern preparation of cellulose esters by dissolution of cellulose in an ionic
liquid, which is then contacted with an acylating reagent. Accordingly, for various

embodiments of the present invention, two general methods can be employed for
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preparing regioselectively substituted cellulose esters. In one method,
regioselectively substituted cellulose esters can be prepared using a staged
addition by first contacting the cellulose solution with one or more alkyl acylating
reagents followed by contacting the cellulose solution with an aryl acylating
reagent at a contact temperature and contact time sufficient to provide a cellulose
ester with the desired degree of substitution (“DS”) and degree of polymerization
(“DP™). In this staged addition, the acyl groups containing alkyl groups can be
preferentially installed at C6 and the acyl groups containing an aryl group can be
preferentially installed at C2 and/or C3. Alternatively, the regioselectively
substituted cellulose esters can be prepared by contacting the cellulose solution
with one or more alkyl acylating reagents followed by isolation of the alkyl ester in
which the acyl groups containing alkyl groups are preferentially installed at C6.
The alkyl ester can then be dissolved in any appropriate organic solvent and
contacted with an aryl acylating reagent which can preferentially install the acyl
groups containing an aryl group at C2 and/or C3 at a contact temperature and
contact time sufficient to provide a cellulose ester with the desired degree of
substitution (“DS”) and degree of polymerization (“DP”). The cellulose esters thus
prepared generally comprise the following structure:

OR,
@)
&Vo\h

R,O OR,

where Rz, Rs, and Rs are hydrogen (with the proviso that R», Rs, and Re are not
hydrogen simultaneously), alkyl-acyl groups, and/or aryl-acyl groups (such as
those described above) bound to the cellulose via an ester linkage.

[0049] The degree of polymerization (“DP”) of the cellulose esters
prepared by these methods can be at least 10. In other embodiments, the DP of
the cellulose esters can be at least 50, at least 100, or at least 250. In other
embodiments, the DP of the cellulose esters can be in the range of from about 5
to about 100, or in the range of from about 10 to about 50.
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[0050] Acylating reagents suitable for use herein can include, but are not
limited to, alkyl or aryl carboxylic anhydrides, carboxylic acid halides, and/or
carboxylic acid esters containing the above-described alkyl or aryl groups
suitable for use in the acyl substituents of the regioselectively substituted
cellulose esters described herein. Examples of suitable carboxylic anhydrides
include, but are not limited to, acetic anhydride, propionic anhydride, butyric
anhydride, and benzoic anhydrides. Examples of carboxylic acid halides include,
but are not limited to, acetyl, propionyl, butyryl, and benzoyl chlorides. Examples
of carboxylic acid esters include, but are not limited to, acetyl, propionyl, butyryl,
and benzoyl methyl esters. In one or more embodiments, the acylating reagent
can be one or more carboxylic anhydrides selected from the group consisting of
acetic anhydride, propionic anhydride, butyric anhydride, and benzoic anhydride.

[0051] During esterification of cellulose dissolved in ionic liquids, the
contact temperature can be in the range of from about 20 to about 140 °C, in the
range of from about 50 to about 120 °C, or in the range of from about 80 to about
100 °C. In the esterification of cellulose dissolved in ionic liquids, the contact
time can be in the range of from about 1 minute to about 48 hours, in the range of
from about 10 minutes to about 24 hours, or in the range of from about 30
minutes to about 5 hours.

[0052] The regioselectively substituted cellulose esters described herein
can have various substituent degrees of substitution. In certain embodiments,
the regioselectively substituted cellulose esters can have a hydroxyl degree of
substitution (“DSon”) of at least 0.30, at least 0.40, at least 0.50, or in the range of
from about 0.50 to about 0.70. In these embodiments, the regioselectively
substituted cellulose ester can have an alkyl-acyl degree of substitution (“DSaky”)
in the range of from about 1.60 to about 2.00, in the range of from about 1.60 to
about 1.90, or in the range of from about 1.65 to about 2.00. Additionally, in
these embodiments, the regioselectively substituted cellulose ester can have an
aryl-acyl degree of substitution (“DSary”) in the range of from about 0.50 to about
0.70, in the range of from about 0.60 to about 0.70, or in the range of from about

0.50 to about 0.68. In such embodiments, the regioselectivity of the
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regioselectively substituted cellulose esters can be such that the sum of the aryl-
acyl degrees of substitution at C2 and C3 (“C2DSay” and “C3DSay") minus the
aryl-acyl degree of substitution at C6 (“C6DSay ") is greater than 0.20, in the
range of from about 0.22 to about 0.50, or in the range of from about 0.25 to
about 0.45.

[0053] In certain other embodiments, the regioselectively substituted
cellulose esters can have a DSeon in the range of from about 0.25 to about 0.45.
In these embodiments, the regioselectively substituted cellulose ester can have a
DSakyi in the range of from about 1.85 to about 2.35, in the range of from about
1.85 to about 2.25, or in the range of from about 1.95 to about 2.35. Additionally,
in these embodiments, the regioselectively substituted cellulose ester can have a
DSay in the range of from about 0.35 to about 0.65, in the range of from about
0.40 to about 0.65, or in the range of from about 0.35 to about 0.60. In such
embodiments, the regioselectivity of the regioselectively substituted cellulose
esters can be such that the sum of C2DS,y and C3DSay minus C6DSay is
greater than 0.20, in the range of from about 0.21 to about 0.45, or in the range of
from about 0.23 to about 0.40.

[0054] In still other embodiments, the regioselectively substituted cellulose
esters can have a DSon in the range of from about 0.10 to about 0.30. In these
embodiments, the regioselectively substituted cellulose ester can have a DSaky in
the range of from about 0.10 to about 2.15, in the range of from about 0.75 to
about 2.05, or in the range of from about 1.20 to about 1.85. Additionally, in
these embodiments, the regioselectively substituted cellulose ester can have a
DSay in the range of from about 0.75 to about 2.80, in the range of from about
0.80 to about 2.00, or in the range of from about 1.00 to about 1.60. In such
embodiments, the regioselectivity of the regioselectively substituted cellulose
esters can be such that the sum of C2DS4y and C3DSay minus C6DSay is at
least 0.25, in the range of from about 0.30 to about 1.10, or in the range of from
about 0.70 to about 1.05. Alternatively, the regioselectivity of the regioselectively

substituted cellulose esters in these embodiments can be such that the sum of
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C2DSay and C3DSay minus C6DS,y is in the range of from about 0.25 to about
0.80, or in the range of from about 0.50 to about 0.70.

[0055] As noted above, certain embodiments of the present invention
relate to single layer optical films. In various embodiments, such single layer
optical films can be uniaxial or biaxial optical films. Additionally, such single layer
optical films can have an Nz in the range of from about 0.40 to about 0.90, in the
range of from about 0.45 to about 0.78, or about 0.50. The single layer optical
films can have an out-of-plane retardation (determined according to formula 2(b),
above; “Ry”) in the range of from about —50 to about +50 nm, in the range of from
about 0 to about +50 nm, or in the range of from about 0 to about +20 nm.
Additionally, the single layer optical films can have an in-plane retardation
(determined according to formula 2(a), above; “R.”) in the range of from about —
100 to about =300 nm, in the range of from about —170 to about —290 nm, or in
the range of from about —200 to about —270 nm.

[0056] Such single layer optical films can comprise one or more of the
above-described regioselectively substituted cellulose esters. In various
embodiments, the single layer optical films can comprise a regioselectively
substituted cellulose ester having a DSey of at least 0.30, at least 0.40, at least
0.50, or in the range of from about 0.50 to about 0.70; a DSaky in the range of
from about 1.60 to about 2.00, in the range of from about 1.60 to about 1.90, or in
the range of from about 1.65 to about 2.00; and a DS,y in the range of from
about 0.50 to about 0.70, in the range of from about 0.60 to about 0.70, or in the
range of from about 0.50 to about 0.68. Additionally, the single layer optical films
can comprise a cellulose ester having a regioselectivity such that the sum of
C2DSay and C3DSay minus C6DS,yy is greater than 0.20, in the range of from
about 0.22 to about 0.50, or in the range of from about 0.25 to about 0.45. In
various embodiments, such a regioselectively substituted cellulose ester can
constitute at least 50 weight percent, at least 75 weight percent, at least 95
weight percent, at least 99 weight percent, substantially all or all of the single
layer optical film.
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[0057] As noted above, certain embodiments of the present invention
relate to —A optical films. As described above, —A optical films are those films
having refractive indices satisfying the equation: ny < ny, where ny is
approximately equal to n,. In various embodiments, such —A optical films can
have an Nz in the range of from about 0.95 to about 1.50, or in the range of from
about 0.97 to about 1.10. Additionally, the —A optical films can have an Ry, in the
range of from about +50 to about +150 nm, in the range of from about +70 to
about +125nm, or in the range of from about +75 to about +100 nm.
Furthermore, the —A optical films can have an R in the range of from about =100
to about =300 nm, in the range of from about —120 to about —220 nm, or in the
range of from about —150 to about —200 nm.

[0058] Such —A optical films can comprise one or more of the above-
described regioselectively substituted cellulose esters. In various embodiments,
the —A optical flms can comprise a regioselectively substituted cellulose ester
having a DSon in the range of from about 0.25 to about 0.45; a DSaky in the
range of from about 1.85 to about 2.35, in the range of from about 1.85 to about
2.25, or in the range of from about 1.95 to about 2.35; and a DS,y in the range of
from about 0.35 to about 0.65, in the range of from about 0.40 to about 0.65, or in
the range of from about 0.35 to about 0.60. Additionally, the —A optical films can
comprise a cellulose ester having a regioselectivity such that the sum of C2DSayy
and C3DSgy minus C6DS,y, is greater than 0.20, in the range of from about 0.21
to about 0.45, or in the range of from about 0.23 to about 0.40. In various
embodiments, such a regioselectively substituted cellulose ester can constitute at
least 50 weight percent, at least 75 weight percent, at least 95 weight percent, at
least 99 weight percent, substantially all or all of the —A optical film.

[0059] As noted above, certain embodiments of the present invention
relate to +C optical films. As described above, +C optical films are those films
having refractive indices satisfying the equation: n, > ny, where ny is
approximately equal to n,. In various embodiments, such +C optical films can
have an Ry, in the range of from about +50 to about +800 nm, in the range of

from about +50 to about +400 nm, or in the range of from about +50 to about
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+150 nm. Furthermore, the +C optical films can have an Re in the range of from
about —15 to about +15 nm, in the range of from about —10 to about +10 nm, in
the range of from about -5 to about +5 nm, or about O nm.

[0060] Such +C optical films can comprise one or more of the above-
described regioselectively substituted cellulose esters. In various embodiments,
the +C optical films can comprise a regioselectively substituted cellulose ester
having a DSon in the range of from about 0.10 to about 0.30; a DSaky in the
range of from about 0.10 to about 2.15, in the range of from about 0.75 to about
2.05, or in the range of from about 1.20 to about 1.85; and a DS,y in the range of
from about 0.75 to about 2.80, in the range of from about 0.80 to about 2.00, or in
the range of from about 1.00 to about 1.60. Additionally, the +C optical films can
comprise a cellulose ester having a regioselectivity such that the sum of C2DSayy
and C3DSay minus C6DS,y is at least 0.25, in the range of from about 0.30 to
about 1.10, or in the range of from about 0.70 to about 1.05. Alternatively, the
regioselectivity of the regioselectively substituted cellulose esters employed in the
+C optical films can be such that the sum of C2DSay and C3DSay minus
C6DSay is in the range of from about 0.25 to about 0.80, or in the range of from
about 0.50 to about 0.70. In various embodiments, such a regioselectively
substituted cellulose ester can constitute at least 50 weight percent, at least 75
weight percent, at least 95 weight percent, at least 99 weight percent,
substantially all or all of the +C optical film.

[0061] Any of the above-described optical films can have an average
thickness in the range of from about 40 to about 120 um, in the range of from
about 40 to about 70 um, or in the range of from about 5 to about 20 um. As
used herein, “average thickness” shall denote an average of at least three
evenly-spaced measurements of the optical film’s thickness.

[0062] In various embodiments, additives such as plasticizers, stabilizers,
UV absorbers, antiblocks, slip agents, lubricants, dyes, pigments, retardation
modifiers, etc. may be mixed with the regioselectively substituted cellulose esters
used in preparing the above-described optical films. Examples of these additives

can be found, for example, in U.S. Patent Application Publication Nos. US
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2009/0050842, US 2009/0054638, and US 2009/0096962, the contents of which
are incorporated herein by reference.

[0063] Any of the above-described optical films can be made by solvent
casting, melt extrusion, lamination, or a coating process. These procedures are
generally known in the art. Examples of solvent casting, melt extrusion,
lamination, and coating methods can be found, for example, in U.S. Patent
Application Publication Nos. US 2009/0050842, US 2009/0054638, and US
2009/0096962, the contents of which are incorporated herein by reference.
Further examples of solvent casting, melt extrusion, lamination, and coating
methods to form films can be found, for example, in U.S. Patent Nos. 4,592,885
and 7,172,713, and U.S. Patent Application Publication Nos. US 2005/0133953
and US 2010/0055356, the contents of which are incorporated herein by
reference.

[0064] In order to assist in obtaining the desired R, and Ry, values using
the regioselectively substituted cellulose esters described herein, the films can be
stretched. By adjusting the stretch conditions, such as stretch temperature,
stretch type (uniaxial or biaxial), stretch ratio, pre-heat time and temperature, and
post-stretch annealing time and temperature, the desired Re, and Ry, can be
achieved. The precise stretching conditions may depend upon the specific
composition of the regioselectively substituted cellulose ester, the amount and
type of plasticizer, and the glass transition temperature of that specific
composition. Hence, the specific stretching conditions can vary widely. In various
embodiments, the stretching temperature can be in the range of from about 160
to about 200 °C. Additionally, the stretch ratio based on 1.0 in the machine
direction (“MD”) can range from about 1.3 to about 2.0 in the transverse direction
(“TD”). The pre-heat time can be in the range of from about 10 to about 300
seconds, and the pre-heat temperature can be the same as the stretch
temperature. The post-annealing time can range from about 0 to about 300
seconds, and the post-annealing temperature can range from about 10 to about
40 °C below the stretching temperature. Film thickness may depend upon the

film thickness before stretching and upon the stretching conditions.  After
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stretching, the film thickness can be from about 1 um to about 500 pm, from
about 5 um to about 200 um, or from about 10 um to about 120 um.

[0065] In addition to the optical properties, the films prepared from the
regioselectively substituted cellulose esters described herein have other valuable
features. Many conventional cellulose esters used in LCD displays have
relatively high moisture uptake which affects dimensional stability and results in
changing optical values of the film. Films prepared from the regioselectively
substituted cellulose esters described herein have low moisture uptake, and the
optical values of the film change very little at high humidity and temperature.
Thus, in various embodiments, the regioselectively substituted cellulose esters
can contain less than 2 weight percent moisture, less than 1 weight percent
moisture, or less than 0.5 weight percent moisture. In other various
embodiments, the change in R. for the cellulose ester film can be less than 4
percent, less than 1 percent, or less than 0.5 percent when stored at 60 °C, 100
percent relative humidity for 240 hours.

[0066] The regioselectively substituted cellulose esters described herein
are surprisingly thermally stable which makes them very useful in melt extrusion
of film. Thus, one aspect of the present invention relates to regioselectively
substituted cellulose esters that have less than 10 percent weight loss by
thermogravimetric analysis at 330 °C, 340 °C, or 350 °C.

[0067] As noted above, the optical films described herein can be employed
in LCDs. Particularly, the above-described optical films can be employed as part
or all of a compensation film in the polarizer stack of an LCD. As described
above, polarizer stacks generally include two crossed polarizers disposed on
either side of a liquid crystal layer. Compensation films can be disposed between
the liquid crystal layer and one of the polarizers. In one or more embodiments,
the above-described single layer optical film can be employed by itself as a
compensation film (i.e., a waveplate) in an LCD. In such an embodiment, the
single layer optical film can be disposed between the liquid crystal layer and one
of the polarizing filters of the LCD. In other embodiments, the above-described —

A optical film can be employed in a compensation film (i.e., a waveplate) in an
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LCD. In such embodiments, the —A optical film can be disposed adjacent to at
least one additional optical film, where such additional optical film can be a —C
optical film. In still other embodiments, the above-described +C optical film can
be employed in a compensation film (i.e., a waveplate) in an LCD. In such
embodiments, the +C optical film can be disposed adjacent to at least one
additional optical film, where such additional optical film can be a +A optical film.
In any of the foregoing embodiments, LCDs prepared comprising the optical films
described herein can operate in in-plane-switching (“IPS”) mode.

[0068] The optical films described herein can also be employed in circular
polarizers. Particularly, a single quarter waveplate can be prepared comprising
one or more of the above-described optical films of the present invention, which
can be used to convert linear polarized light to circular polarized light. This
aspect may be particularly valuable for use in circular-polarized 3-dimensional
(“3-D”) glasses and/or 3-D media displays, such as televisions (“3-D TV”).
Accordingly, in one or more embodiments, a single quarter waveplate can be
prepared comprising the above-described single layer optical film. In other
various embodiments, a single quarter waveplate can be prepared comprising the
above-described —A optical film. Such quarter waveplates can be applied to the
glass of a 3-D TV, such as above the polarizing stack. Additionally, such quarter
waveplates can be applied to the glass of 3-D glasses. In the case of 3-D
glasses, the optical film can be applied so that the optical axis in one lens is
perpendicular or substantially perpendicular to the optical axis of the other lens.
The result in 3-D glasses is that certain observed polarization is blocked in one
lens but will pass through the other lens leading to the observed 3-D optical
effect. In various embodiments, a quarter waveplate comprising one or more of
the above-described optical films can be employed in conjunction with at least
one additional polarizer, which can be a linear polarizer.

[0069] This invention can be further illustrated by the following examples of
embodiments thereof, although it will be understood that these examples are
included merely for the purposes of illustration and are not intended to limit the

scope of the invention unless otherwise specifically indicated.
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EXAMPLES
Materials and Methods
General procedures:
[0070] NMR Characterization: Proton NMR data were obtained on a JEOL
Model Eclipse-600 NMR spectrometer operating at 600 MHz. The sample tube

size was 5 mm, and the sample concentrations were ca. 20 mg/mL DMSO-ds.
Each spectrum was recorded at 80 °C using 64 scans and a 15 second pulse
delay. One to two drops of trifluoroacetic acid-d were added to each sample to
shift residual water from the spectral region of interest. Chemical shifts are
reported in parts per million (“ppm”) from tetramethylsilane with the center peak
of DMSO-ds as an internal reference (2.49 ppm).

[0071] Quantitative carbon 13 NMR data were obtained on a JEOL Model
GX-400 NMR spectrometer operating at 100 MHz. The sample tube size was 10
mm, and the sample concentrations were ca. 100 mg/mL DMSO-ds.
Chromium(lll) acetylacetonate was added to each sample at 5 mg/100 mg
cellulose ester as a relaxation agent. Each spectrum was typically recorded at 80
°C using 10000 scans and a 1 second pulse delay. Chemical shifts are reported
in ppm from tetramethylsilane with the center peak of DMSO-ds as an internal
reference (39.5 ppm).

[0072] Proton and carbon NMR spectral assignments of cellulose acetates
and cellulose propionates of the present invention are based upon the work
described in Macromolecules, 1987, 20, 2750 and Macromolecules, 1991, 24,

3050. Assignment of the benzoate carbonyl carbon resonances are based upon
the work described in Chirality, 2000, 12, 670.

[0073] The degree of substitution for acetate (“DSa.”), propionate (“DSg;”)
and benzoate (“DSg,”) of the cellulose acyl benzoates were determined by 'H
NMR. As an example, the DSp, for a CBzP can be calculated by first dividing the
integral of the spectral region between 0.3-1.2 ppm by 3 (methyl resonances of
the propionate substituent) which is then divided by the product of the integral of
the spectral region between 2.7-5.8 ppm divided by 7 (anhydroglucose ring

proton resonances). Similarly, the DSg; for the CBzP can be calculated by first
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dividing the integral of the spectral region between 7.0-8.2 ppm by 5 (benzene
ring proton resonances of the benzoate substituent) which is then divided by the
product of the integral of the spectral region between 2.7-5.8 ppm divided by 7
(anhydroglucose ring proton resonances). The DSon can then be calculated by
subtracting the sum of DSp; + DSpg; from 3.

[0074] The relative degree of substitution (“RDS”) of the cellulose acyl
benzoates were determined by carbon 13 NMR. The resonance for the
unsubstituted C6 carbon is centered at 60.0 ppm. After esterification at C6, the
resonance shifts downfield and is centered at 62.5 ppm. The RDS at C6 can be
calculated by dividing the integral of the 62.5 ppm resonance by the sum of the
integrals for the 60.0 and 62.5 ppm resonances. Esterification of an alcohol
causes an upfield shift of a carbon atom gamma to the carbonyl. Hence, for
cellulose esters esterification at C2 is reflected in a shift of the unsubstituted C1
carbon resonance (centered at 102.3 ppm) upfield to 99.4 ppm. On this basis,
the RDS at C2 can be calculated by integration of these carbon resonances.
Similarly, esterification at C3 is reflected in an upfield shift of the unsubstituted C4
carbon resonance (centered at 79.6 ppm). The resonance for the substituted C4
carbon resonance partially overlaps with the C2, C3, and C5 carbon resonances.
However, the RDS at C3 can be calculated by dividing the integral of the
unsubstituted C4 carbon resonance by the product of the sum of the C1 and C6
carbon resonances divided by 2. Subtraction of the resulting value from 1 gives
the RDS at C3.

[0075] The C6DSg; and the C2DSg, + C3DSg; were determined by
integration of the benzoate carbonyl carbon resonances. Integration of the
spectral region between 164.6-165.8 ppm gives the fraction corresponding to
C6g; and integration of the spectral region between 163.4-164.6 ppm gives the
fraction corresponding to C2g; + C3g;. The C6DSg; and the C2DSg; + C3DSg;
can then be calculated by multiplying the DSg, obtained by 'H NMR by the
resulting integral fractions for C6g; and C2g; + C3p..

[0076] Solution preparation: Cellulose ester solids and 10 wt% plasticizer

were added to CH,CI, or 90/10 CHxCly/acetone to give a final concentration of 12
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wi% based on cellulose ester + plasticizer. The mixture was sealed, placed on a
roller, and mixed for 24 hours to create a uniform solution.

[0077] The solution prepared above was cast onto a glass plate using a
doctor blade to obtain a film with the desired thickness. Casting was conducted
in a fume hood with relative humidity controlled at 45%~50%. After casting, the
film was allowed to dry for 45 minutes under a cover pan to minimize rate of
solvent evaporation before the pan was removed. The film was allowed to dry for
15 minutes then the film was peeled from the glass and annealed in a forced air
oven for 10 minutes at 100 °C. After annealing at 100 °C, the film was annealed
at a higher temperature (120 °C) for another 10 minutes.

[0078] Film stretching was done by a Bruckner Karo IV laboratory film
stretcher. Stretching conditions, such as stretch ratio, stretch temperature, pre-
heating and post-annealing, can affect the film’s final optical retardations and
dispersion. Stretching conditions are provided below for each of the samples that
follow.

[0079] Film optical retardation and dispersion measurements were made
using a J.A. Woollam M-2000V Spectroscopic Ellipsometer having a spectral
range from 370 to 1000 nm. RetMeas (Retardation Measurement) program from
J.A. Woollam Co., Inc. was used to obtain optical film in-plane (Re) and out-of-

plane (Rw) retardations.

Example 1. N optical films: Preparation of a cellulose benzoate propionate
(DSpr = 1.91, DSg; = 0.62) by a staged addition and measurement of optical
properties. (EX1020-114)

[0080] To a 300 mL 3-neck round bottom flask was added 81.85 g of
tributylmethylammonium dimethylphosphate (“TBMADMP”). The TBMADMP was
heated to 100 °C where it was held for 3 h at 0.68-1.20 mm Hg. N-
Methylpyrrolidone (NMP, 35.04 g, 30 wt%) was added to the TBMADMP and the
solution was cooled to room temperature. To this solution was added 8.79 g (7
wi%) of DPv 657 cellulose (4 min addition). The heterogeneous mixture was
stirred for 1 h 40 min at room temperature. An IR probe for in situ monitoring of
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reactions (Mettler-Toledo AutoChem, Inc., Columbia, MD, USA) was inserted
before the mixture was heated to 100 °C. The mixture was stirred overnight (15 h
10 min) at 100 °C which provided a clear homogeneous cellulose solution.

[0081] To the cellulose solution was added 9.88 g (1.4 eq) propionic
anhydride (3 min addition). Twelve minutes after starting the propionic anhydride
addition, IR showed that all of the propionic anhydride had been consumed
(Figure 4). A sample was removed and the cellulose propionate was isolated by
precipitation with MeOH. Following filtration, the sample was washed 4 times with
MeOH before the white solid was dried (5 mm Hg, 50 °C). Analysis by '"H NMR
revealed that this sample had a DSp, = 1.13 and that the propionate was primarily
located at C6. Following the sample removal, 34.3 g (2.8 eq) of Bz,O was added
to the remaining solution as a solid (2 min addition). In addition to a band at 1788
cm™ corresponding to Bz,0, a band at 1818 cm™ corresponding to Pr.O was
immediately observed by IR (Figure 4). This is thought to be due to reaction of
Bz,O with residual propionic acid from the first reaction stage resulting in
formation of a mixed anhydride and/or Pr,O. The absorbance due to these two
bands slowly decreases over time with a corresponding increase in the band at
1724 cm™ (carboxylic acid). After 2 h 5 min from the start of the Bz,O addition,
IR indicated that all of the anhydrides had been consumed. The cellulose
benzoate propionate was isolated by precipitation with MeOH. Following
filtration, the sample was washed 10 times with MeOH before the white solid was
dried (5 mm Hg, 50 °C). Analysis by '"H NMR revealed that this sample had a
DSk = 1.91 and a DSg, = 0.62. Analysis by ®C NMR showed that the relative
degree of substitution was: C6 = 1.00, C3 = 0.63, C2 = 0.83. By integration of the
benzoate carbonyl resonances, >C NMR also showed that C2DSg, + C3DSg;, —
C6DSg; = 0.35 (Figure 5).

[0082] Using the cellulose benzoate propionate (DSpr = 1.91, DSg; = 0.62),
film was cast (CHxCl,) according to the general film casting procedure. The film
was then stretched according to the general film stretching procedure. The

results are summarized in Table 1.
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Table 1. Re and Ry, for non-stretched and stretched film prepared
from a cellulose benzoate propionate (DSp, = 1.91, DSg; = 0.62).

Stretched film Stretching Condition’
Sample Re (nm) Rth (nm) Nz d (um) Temp (°C) MD x TD
1 -107.75 -4.82 0.46 74 165 1x1.3
2 -150.86 1.08 0.51 70 165 1x1.4
3 -221.73 41.40 0.69 70 170 1x1.6

T All of the samples were stretched using a preheat time of 25 seconds and a speed of
14%/s.

[0083] As illustrated in this example, staged addition in which 1.4 eq Pr,O
is added first results in a cellulose propionate with a DS = 1.13 in which the
propionate is primarily installed at C6 with lesser amounts at C2 and C3. Upon
addition of Bz,O, a mixture of anhydrides are formed which react competitively
with the cellulose. The resulting cellulose benzoate propionate has a higher DSp;
(DSpr = 1.91) than is expected based upon the number of equivalents of ProO
added due to the formation of the mixed anhydrides. The result is a cellulose
benzoate propionate with a DSg; = 0.62 in which the benzoate is primarily located
on C2 and C3. When film is cast using this CBzP dissolved in CH,CI, and
stretched at 1x1.6 (MDxTD), the resulting film (sample 3) has an Re of -221 nm
and an R, of 41 nm at a film thickness of 70 um, which is ideal for preparing Nz
optical films. At lower stretch ratios (1x1.3 or 1x1.4), the absolute value of Rq is
smaller but suitable for Nz optical films.

Example 2. N, optical films: Preparation of a cellulose benzoate propionate
(DSpr = 2.03, DSg; = 0.51) by a staged addition and measurement of optical
properties. (EX1020-127)

[0084] A cellulose benzoate propionate (DSpr = 2.03, DSg; = 0.51) was
The
relative degree of substitution (“RDS”) for this cellulose benzoate propionate was
determined by *C NMR. This sample had a total RDS of C6 = 1.00; C3 = 0.64,

and C2 = 0.84. For benzoate substitution, this sample had a regioselectivity such

prepared according to the general procedure illustrated in Example 1.

that the sum of benzoate degrees of substitution at C2 and C3 (C2DSg; +
C3DSg;) minus the benzoate degree of substation at C6 (C6DSg,) was 0.33.
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[0085] A film was cast (CH,Cl,) and stretched using this cellulose
benzoate propionate according to the general film casting and stretching

procedures. The results are summarized in Table 2.

Table 2. Re and Ry, for non-stretched and stretched film prepared
from a cellulose benzoate propionate (DSp, = 2.03, DSg, = 0.51).

Stretched Film Stretching Conditions’
Sample Re (nm) Rth (nm) Nz d (um) Temp (°C) MD xTD
4 -112.42 4.98 0.54 76 170 1x1.40
5 -124.70 41.06 0.83 76 178 1x1.50
6 -162.02 43.86 0.77 80 172 1x1.60
7 -216.66 41.47 0.69 94 170 1x1.60
8 -209.05 52.08 0.75 88 172 1x1.65

" All of the samples were stretched using a preheat time of 25 seconds and a speed of
14%/s.

[0086] This example shows that with increasing stretch ratios, the absolute
values of both Re and R, increase. For example, at the same film thickness (76
um) changing the stretch ratio from 1x1.40 to 1x1.50 increases Re from -112.4 to
-124.7 nm and Ry, from 5.0 to 41.1 nm (sample 4 and 5). This example also
shows the importance of film thickness and the temperature at which the film is
stretched. Film sample 6 had an R of -162.0 nm and an Ry, of 43.9 nm when
stretched at 172 °C. When the stretching temperature was decreased to 170 °C
and the film thickness was increased to 94 um (sample 7), R increased to -216.7
nm but Ry (41.5 nm) was essentially unchanged relative to sample 6. As this
example illustrates, a cellulose benzoate propionate with a DSg; = 0.51 in which
the propionate is primarily located on C2 and C3 is suitable for Nz optical films
when the film is stretched according to the preferred conditions of the present

invention.

Example 3. N; optical films: Preparation of a cellulose benzoate acetate
(DSac = 1.81, DSg; = 0.62) by a staged addition and measurement of optical
properties. (EX1020-122)

[0087] A cellulose benzoate acetate (DSac = 1.81, DSg; = 0.62) was
prepared according to the general procedure of Example 1. In this case, 1 eq of
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Ac,O was added first followed by 3.4 eq of Bz,O. The relative degree of
substitution (“RDS”) for this cellulose benzoate acetate was determined by '*C
NMR. This sample had a total RDS of C6 = 1.00; C3 = 0.57, and C2 = 0.78. For
benzoate substitution, this sample had a regioselectivity such that the sum of
benzoate degrees of substitution at C2 and C3 (C2DSg, + C3DSg;) minus the
benzoate degree of substation at C6 (C6DSg,) was 0.44.

[0088] A film was cast (90/10 CHxCl./acetone) and stretched using this
cellulose benzoate acetate according to the general film casting and stretching

procedures. The results are summarized in Table 3.

Table 3. Re and Ry, for non-stretched and stretched film prepared from a
regioselectively substituted cellulose benzoate acetate (DSx. = 1.81, DSg; =

0.62).
Stretched Stretching conditions
Sample | R, (nm) | Ry, (nm) Nz d (um) MD x Temp Speed | Preheat
TD (°C) (%/'s) Time (s)
9 -103.15 33.24 0.82 82 1x1.3 190 14 25
10 -163.99 46.03 0.78 80 1x1.4 190 14 25
11 -131.99 44.20 0.84 76 1x1.4 195 14 25
12 -179.15 47.28 0.76 72 1x1.5 195 3 40

[0089] This example shows that a cellulose benzoate acetate with a DSg,
= 0.62 in which the benzoate is primarily located on C2 and C3 is also suitable for
Nz optical films when the film is stretched according to the preferred conditions of
the present invention. Relative to CBzP, a higher stretching temperature is
required due to the difference in glass transition temperatures between these two
types of cellulose esters. This example also shows that the absolute values of
both Re and Ry increase with increasing stretch ratios (cf. samples 9 and 10).
Analogous to the CBzP, this example also shows the importance of film thickness
and the temperature at which the film is stretched. When the stretching
temperature was dropped from 195 °C to 190 °C, R, increased from -132.0 to -
164 nm (cf. samples 10 and 11) while Ry, remained relatively unchanged, despite

the fact that sample 11 was a thicker film (80 um).
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Example 4. (Comparative example, US 2009/0082557) Preparation of a
cellulose benzoate acetate propionate (DSg, = 0.62) by esterification of
cellulose followed by hydrolysis then installation of benzoate and
measurement of optical properties. (EX368-13)

[0090] A non-regioselectively substituted cellulose acetate propionate was
prepared by first esterifying cellulose to the triester followed by hydrolysis
according to the method described by Shelton et al. (US 2009/0096962). This
process typically yields a cellulose ester with a high C6 DScon (e.g., DSpr = 1.77,
DSac = 0.16, C6 RDS = 0.56, C3 RDS = 0.71, C2 RDS = 0.66).

[0091] To a 2 L 3-neck flask was added 1 L of anhydrous pyridine. While
stirring, 65.05 g of the non-regioselectively substituted cellulose acetate
propionate was added to the pyridine. The heterogeneous mixture was heated to
50 °C at which point the CAP slowly dissolved. Following dissolution, benzoyl
chloride (33.3 g) was slowly added (20 min addition). The solution was stirred
under Ny for 20 h at 50 °C before cooling to 24 °C. The contact mixture was then
slowly added to 8 L of vigorously stirred ethanol. The resulting solid was isolated
by filtration and washed with 8 L of additional ethanol. Following drying, 77 g of
an off-white solid was obtained. Proton NMR showed that the CBzAP had a DSg;
= 0.62. Due to the fact that the starting CAP had a high C6 DSon, the benzoate
was primarily installed at C6. In contrast, the benzoate is primarily installed at C2
and C3 in the cellulose acyl benzoates of the present invention.

[0092] Film was cast (90/10 CH,CI/THF) and stretched according to the
general film casting and stretching procedures. The results are summarized in
Table 4.
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Table 4. R. and Ry, for stretched film prepared from non-regioselectively
substituted cellulose benzoate acetate propionate.

Stretched film Stretching conditions’
Sample Re (nm) Rth (nm) Nz d (um) MDxTD Temp (°C)
13 -48.75 27.00 1.05 81 1x1.3 140
14 -84.85 40.40 0.98 78 1x1.4 140
15 -52.41 51.53 1.48 80 1x1.3 145
16 -79.93 59.44 1.24 89 1x1.4 145
17 -47.26 61.15 1.79 88 1x1.3 150
18 -71.29 66.00 1.43 97 1x1.4 150
19 -40.33 68.01 2.19 93 1x1.3 155
20 -46.86 49.65 1.56 75 1x1.4 155
21 -33.81 56.21 2.16 95 1x1.3 160
22 -61.43 79.85 1.80 105 1X1.4 160
23 -61.64 70.30 1.64 92 1X1.5 160

' Al of the samples were stretched using a preheat time of 25 seconds and a speed of 14%/s.

[0093] This example shows that a non-regioselectively substituted
cellulose benzoate propionate with a DSg, = 0.62 in which the benzoate is
primarily located on C6 is not suitable for Nz optical films regardless of the
stretching conditions employed. In all cases, Rc is too low while Ry, is generally

too large.

Example 5. (Comparative example, US 2009/0082557) Preparation of a
cellulose benzoate acetate (DSg. = 0.86) by esterification of cellulose
followed by hydrolysis then installation of benzoate and measurement of
optical properties. (EX368-27)

[0094] A non-regioselectively substituted cellulose acetate was prepared
by first esterifying cellulose to the triester followed by hydrolysis according to the
general method described in Example 4. The resulting cellulose acetate had a
DSac =1.78.

[0095]A CBzA was prepared following the procedure described in
Example 4. Proton NMR showed that the CBzAP had a DSg, = 0.86. Due to the
fact that the starting CA had a high C6 DSoy, the benzoate was primarily installed
at C6.

[0096] Film was cast (90/10 CHxCI/THF) and stretched according to the
general film casting and stretching procedures. The results are summarized in

Table 5.
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Table 5. Re and Ry, for stretched film prepared from non-regioselectively

substituted cellulose benzoate acetate.

Stretched film Stretching conditions’
Sample Re (nm) Rth (nm) Nz d (um) MDxTD Temp (°C)
24 4410 8.10 0.32 100 1x1.3 165
25 67.70 24.00 0.15 112 1x1.4 165
26 73.60 11.70 0.34 88 1x1.5 165
27 36.40 17.40 0.02 90 1x1.3 170
28 53.70 29.00 -0.04 108 1x1.4 170
29 67.50 21.50 0.18 82 1x1.5 170

T All of the samples were stretched using a preheat time of 25 seconds and a speed of
14%/s.

[0097] This example shows that a non-regioselectively substituted
cellulose benzoate propionate with a DSg, = 0.86 in which the benzoate is
primarily located on C6 is not suitable for Nz optical films regardless of the
stretching conditions employed. In all cases, Rc is too low while Ry, is generally
too large.

Example 6. —A optical films: Preparation of cellulose benzoate propionates
by a staged addition and measurement of optical properties. (EX1020-97,
106, 111)

[0098] Cellulose benzoate propionates were prepared according to the
general procedure illustrated in Example 1. The number of equivalents of ProO
and Bz,O were adjusted to obtain the desired DS and optical values (Table 6).
Samples 30 through 32 (prepared from the same cellulose benzoate propionate)
had a regioselectivity such that the sum of benzoate degrees of substitution at C2
and C3 (C2DSg; + C3DSg;) minus the benzoate degree of substation at C6
(C6DSE;) was 0.38. Samples 33 and 34 (prepared from the same cellulose
benzoate propionate) had a regioselectivity such that the sum of benzoate
degrees of substitution at C2 and C3 (C2DSg; + C3DSg;) minus the benzoate
degree of substation at C6 (C6DSg;) was 0.23. Samples 35 and 36 (prepared
from the same cellulose benzoate propionate) had a regioselectivity such that the
sum of benzoate degrees of substitution at C2 and C3 (C2DSg; + C3DSg;) minus
the benzoate degree of substation at C6 (C6DSg;) was 0.38.
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[0099] Film was cast (CH>CI,) and stretched according to the general film

casting and stretching procedures. The results are summarized in Table 6.

Table 6. R. and Ry, for non-stretched and stretched —A film prepared from a
regioselectively substituted cellulose benzoate propionates.

Sample eq anhydride DSp | DSg | DSon | Re (nm) Rin Nz pm [ MDx | Temp

r 2 (nm) 1D (*C)

30 1.7 eq Pr20 1, 2.09 | 0.60 | 0.31 | -102.22 95.75 144 | 62 | 1x1.3 160
3.0 eq Bz;0 2nd

31 1.7 eq Pr20O 150 2.09 | 0.60 | 0.31 | -121.54 91.63 1.25 | 60 | 1x1.4 160
3.0 eq Bz,0 2nd

32 1.7 eq Pr20O 150 2.09 | 0.60 | 0.31 | 21248 | 121.14 | 1.07 | 66 | 1x1.5 160
3.0 eq Bz,O 2nd

33 2.1 eq Pr20 10 232 | 0.37 | 0.31 | -122.08 72.41 1.09 | 74 | 1x1.5 160
2.5 eq Bz,0 2™

34 2.1 eq P20 1%, 232 | 0.37 | 0.31 | -159.35 | 74.239 | 0.97 | 68 | 1x1.6 160
2.5 eq Bz,0 2™

35 1.5 eq Pr20 17, 1.93 | 0.64 | 043 | -139.17 83.08 1.10 | 64 | 1x1.4 165
3.0 eq Bz,0 2™

36 1.5 eq Pr2O 17, 1.93 | 0.64 | 0.43 | -199.92 95.19 0.98 | 62 | 1x1.5 165
3.0 eq Bz,0 2™

[00100] This example shows that cellulose benzoate propionates
within a select range of DSg; and DSey are suitable for —A optical films when the
film is stretched according to the preferred conditions of the present invention.
The Nz for these samples ranged from 1.44 to 0.97 which is ideal for —A optical

films.

Example 7. C+ optical films: Preparation of cellulose acyl benzoates by a
staged addition and measurement of optical properties. (EX1020-68-3,
EX1020-85-2, EX1020-81-3, EX1020-90-3, EX1020-72-2, EX1020-56-3, EX1020-84-2,
EX1020-69-3, EX1020-80-3, EX1020-83-3, EX1020-86-2)

[00101] Cellulose benzoate propionates were prepared according to
the general procedure illustrated in Example 1. The number of equivalents of
alkyl anhydride and Bz,O were adjusted to obtain the desired DS and optical
values (Table 7). Additionally, the order of addition was also varied regarding the
alkyl anhydride and Bz,O. For samples prepared where the alkyl anhydride (e.g.,
acetic anhydride, propionic anhydride, or hexanoic anhydride) was added first
(samples 37, 39, 40, 42, and 44-47), the cellulose acyl benzoates had a
regioselectivity such that the sum of benzoate degrees of substitution at C2 and
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C3 (C2DSg; + C3DSg;) minus the benzoate degree of substation at C6 (C6DSg;)
ranged from 0.30 to 1.06. For samples prepared where the benzoic anhydride
was added first (samples 38, 41, and 43), the cellulose acyl benzoates had a
regioselectivity such that the sum of benzoate degrees of substitution at C2 and
C3 (C2DSg; + C3DSg;) minus the benzoate degree of substation at C6 (C6DSg;)
ranged from 0.25 to 0.76.

[00102] Films were cast (CHCly) according to the general film casting
procedures but were not stretched. The equivalents of anhydrides, the sequence
of addition, and the resulting DS values are summarized in Table 7. When an
aliphatic anhydride was added prior to Bz,0O, additional aliphatic anhydride was
added after the Bz,O. This protocol was adopted to insure that the DSon was
very low so that the effect of DSon on optical properties was removed. In most
cases, this 3" addition was not necessary as the DSon was quite low prior to the
34 addition. The film thickness and the optical results are summarized in Table 8.
The values for Re and Ry, have been normalized to 60 pum and 20 um in order to
allow direct comparison at the same film thickness and to show the utility of these

cellulose acyl benzoates as a coating on a film substrate.

Table 7. The equivalents of anhydrides, the sequence of addition, and the
resulting DS values for cellulose acyl benzoates.

Sample DSy, | DSac | DSp, | DSg, | DS
37 1 eq Ac,0 1%, 5 eq Bz,0 2™, 2 eq Ac,0 3" 1.96 1.09 | 3.05
38 | 3eqBz0 1%, 2.0eqAc,0 2™ 1.99 1.05 | 3.04
39  [1.5eqAc0 1% 5eqBz,0 2™, 2 eq Ac,0 37 2.29 0.74 [3.03
40 | 2eqAc,0 1%, 5eq Bz,0 2™, 2 eq Ac,0 3 2.62 0.40 | 3.02
41 4.5 eq Bz,0 1%, 2.0 eq Pr,0 2™ 0.89 [1.98 [ 2.87
42 1 eq Pr,0 1%, 5 eq Bz,0 2™, 2 eq Pr,O 3" 1.37 | 1.61 | 2.98
43 3eq Bz,0 1%, 2.0 eq Pr,0 2™ 1.88 | 1.15 [ 3.03
44 1.5 eq Pr20 1%, 5 eq Bz,0 2™, 2 eq Pr20 37 1.83 [ 1.13 | 2.96
45 2 eq Pr.O 1%, 5 eq Bz,0 2™, 2 eq Pr,0 3" 2.14 1 0.80 | 2.94
46 | 2.5eqPr20 1%, 5 eq Bz,0 2™, 2 eq Pr,0 37 2.48 | 0.53 | 3.01
47 1 eq Hx,0 1%, 5 eq Bz,0 2™, 2 eq Hx,0 3" 1.61 1.39 [ 3.00
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Table 8. Thickness, Re, and Ry, for C+ films cast from different cellulose
acyl benzoates. R. and Ry, have been normalized to 60 pm and 20 pm.

Sample | d(um) | R. | Ry | R.60 (nm) | Ry60 (nm) | R.20 (nm) | Ry,20 (nm)
37 64 | 3.3 | 1905 3.5 173.7 1.2 57.9
38 68 | 6.7 | 137.2 4.2 118.6 1.4 39.5
39 60 | 5.7 | 143.7 7.3 1435 2.4 478
40 70 | 0.9 | 125.1 16 108.9 0.5 36.3
41 94 | 12.4 | 580.1 9.2 363.2 3.1 121.0
42 66 | 6.6 | 5495 12.1 4955 4.1 165.6
43 62 | 2.4 | 201.1 2.8 196.4 0.9 655
44 84 48 | 3585 291 267.3 9.7 89.1
45 76 | 4.3 | 2287 3.1 183.7 1.0 61.2
46 70 | 2.0 | 1385 14 117.3 0.5 39.1
47 92 | 7.6 | 2795 3.6 192.3 1.2 64.1

[00103] This example illustrates a number of important features of the
present invention related to C+ optical films. First, comparing samples 42, 44,
45, and 47 which were prepared by adding Pr,O first and, after all of the Pr,O
was consumed, followed by Bz,O then Pr20, it is observed that Ry, increases with
increasing DSg;. That is, increasing levels of benzoate increases the absolute
magnitude of Rw. Second, the order of addition of anhydrides significantly
impacts the magnitude of Rw. For example, sample 41 was prepared by adding
4.5 eq Bz,0 first and, after all of the Bz,O was consumed, followed by 2 eq Pr0.
Sample 41 had a DSg;, = 1.98 and an Ru60 of 363.2 nm. Sample 42 was
prepared by adding 1 eq PrO first and, after all of the Pro.O was consumed,
followed by 5 eq Bz,O then 2 eq Pr,O. Sample 42 had a DSg; = 1.61 and an
Rin60 of 495.5 nm. That is, even though sample 42 had a lower DSg, versus
sample 41, the R,60 for sample 42 was still significantly larger. Similar behavior
can be observed when comparing samples 37 to 38 and samples 43 to 44. In
every case, installation of the acyl group at C6 followed by preferential installation
of benzoate at C2 and C3 leads to a larger value of Ry. Third, upon comparing
sample 44 (CBzP, DSg; = 1.13, Rn60 = 267.3 nm) to sample 37 (CBzA, DSg; =
1.09, Rn60 = 173.7 nm) it can be seen that when the acyl group is propionate
versus acetate, Rw, is larger in magnitude. Fourth, the Ry20 for many of these
samples are greater than 50 nm making them suitable as a thin coating on a film
substrate in the preparation of C+ optical films. That is, preferentially installing

benzoate at C2 and C3 at suitable levels leads to large values of Ry, even in thin
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films. Finally, the Ry20 for samples 40 and 46 indicates that the DSg; is too low
and that these cellulose acyl benzoates are not suitable for C+ optical films.

DEFINITIONS

[00104] It should be understood that the following is not intended to be an
exclusive list of defined terms. Other definitions may be provided in the foregoing
description, such as, for example, when accompanying the use of a defined term
in context.

[00105] As used herein, the terms “a,” “an,” and “the” mean one or more.

[00106] As used herein, the term “and/or,” when used in a list of two or
more items, means that any one of the listed items can be employed by itself or
any combination of two or more of the listed items can be employed. For
example, if a composition is described as containing components A, B, and/or C,
the composition can contain A alone; B alone; C alone; A and B in combination; A
and C in combination, B and C in combination; or A, B, and C in combination.

[00107] As wused herein, the terms “comprising,” “comprises,” and
‘comprise” are open-ended transition terms used to transition from a subject
recited before the term to one or more elements recited after the term, where the
element or elements listed after the transition term are not necessarily the only
elements that make up the subject.

[00108] As used herein, the terms “having,” “has,” and “have” have the
same open-ended meaning as “‘comprising,” “comprises,” and “comprise”
provided above.

[00109] As used herein, the terms “including,” “includes,” and “include”
have the same open-ended meaning as “comprising,” “comprises,” and

“‘comprise” provided above.

NUMERICAL RANGES
[00110] The present description uses numerical ranges to quantify certain
parameters relating to the invention. It should be understood that when

numerical ranges are provided, such ranges are to be construed as providing
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literal support for claim limitations that only recite the lower value of the range as
well as claim limitations that only recite the upper value of the range. For
example, a disclosed numerical range of 10 to 100 provides literal support for a
claim reciting “greater than 10” (with no upper bounds) and a claim reciting “less
than 100” (with no lower bounds).

[00111] The present description uses specific numerical values to quantify
certain parameters relating to the invention, where the specific numerical values
are not expressly part of a numerical range. It should be understood that each
specific numerical value provided herein is to be construed as providing literal
support for a broad, intermediate, and narrow range. The broad range
associated with each specific numerical value is the numerical value plus and
minus 60 percent of the numerical value, rounded to two significant digits. The
intermediate range associated with each specific numerical value is the numerical
value plus and minus 30 percent of the numerical value, rounded to two
significant digits. The narrow range associated with each specific numerical
value is the numerical value plus and minus 15 percent of the numerical value,
rounded to two significant digits. For example, if the specification describes a
specific temperature of 62 °F, such a description provides literal support for a
broad numerical range of 25 °F to 99 °F (62 °F +/- 37 °F), an intermediate
numerical range of 43 °F to 81 °F (62 °F +/- 19 °F), and a narrow numerical range
of 53 °F to 71 °F (62 °F +/- 9 °F). These broad, intermediate, and narrow
numerical ranges should be applied not only to the specific values, but should
also be applied to differences between these specific values. Thus, if the
specification describes a first pressure of 110 psia and a second pressure of 48
psia (a difference of 62 psi), the broad, intermediate, and narrow ranges for the
pressure difference between these two streams would be 25 to 99 psi, 43 to 81

psi, and 53 to 71 psi, respectively.

CLAIMS NOT LIMITED TO DISCLOSED EMBODIMENTS
[00112] The preferred forms of the invention described above are to be

used as illustration only, and should not be used in a limiting sense to interpret
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the scope of the present invention. Modifications to the exemplary embodiments,
set forth above, could be readily made by those skilled in the art without
departing from the spirit of the present invention.

[00113] The inventors hereby state their intent to rely on the Doctrine of
Equivalents to determine and assess the reasonably fair scope of the present
invention as it pertains to any apparatus not materially departing from but outside

the literal scope of the invention as set forth in the following claims.
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We claim:

1. A regioselectively substituted cellulose ester comprising a plurality
of alkyl-acyl substituents and a plurality of aryl-acyl substituents, wherein said
regioselectively substituted cellulose ester has a hydroxyl degree of substitution
(“DSon”) of at least 0.30, wherein the regioselectivity of said regioselectively
substituted cellulose ester is such that the sum of the aryl-acyl degrees of
substitution at C2 and C3 (“C2DSay” and “C3DSa4y”) minus the aryl-acyl degree
of substitution at C6 (“C6DSary”) is greater than 0.20.

2. The regioselectively substituted cellulose ester of claim 1, wherein
said DSon is at least 0.40, wherein the regioselectivity of said regioselectively
substituted cellulose ester is such that the sum of C2DS4y and C3DSay minus
C6DSayi is in the range of from about 0.22 to about 0.50.

3. The regioselectively substituted cellulose ester of claim 1, wherein
said regioselectively substituted cellulose ester has an alkyl-acyl degree of
substitution (“DSaky”) in the range of from about 1.60 to about 2.00, wherein said
regioselectively substituted cellulose ester has an aryl-acyl degree of substitution
(“DSary”) in the range of from about 0.50 to about 0.70.

4. The regioselectively substituted cellulose ester of claim 1, wherein
said regioselectively substituted cellulose ester has a DS,y in the range of from
about 1.60 to about 1.90, wherein said regioselectively substituted cellulose ester
has a DS4y in the range of from about 0.60 to about 0.70.

5. The regioselectively substituted cellulose ester of claim 1, wherein
said regioselectively substituted cellulose ester has a DSaky in the range of from
about 1.65 to about 2.00, wherein said regioselectively substituted cellulose ester
has a DS,y in the range of from about 0.50 to about 0.68.
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6. The regioselectively substituted cellulose ester of claim 1, wherein
the aryl group of said aryl-acyl substituent comprises a substituted or
unsubstituted phenyl group, wherein the alkyl group of said alkyl-acyl substituent

comprises a Cq to Cs straight chain alkyl group.

7. The regioselectively substituted cellulose ester of claim 1, wherein
said aryl-acyl substituent comprises benzoate, wherein said alkyl-acyl substituent

comprises acetate and/or propionate.

8. A regioselectively substituted cellulose ester comprising a plurality
of alkyl-acyl substituents and a plurality of aryl-acyl substituents, wherein said
regioselectively substituted cellulose ester has a hydroxyl degree of substitution
(“DSoy”) in the range of from about 0.25 to about 0.45, wherein said
regioselectively substituted cellulose ester has an alkyl-acyl degree of
substitution (“DSakyi”) in the range of from about 1.85 to about 2.35, wherein said
regioselectively substituted cellulose ester has an aryl-acyl degree of substitution
(“‘DSay”) in the range of from about 0.35 to about 0.65, wherein the
regioselectivity of said regioselectively substituted cellulose ester is such that the
sum of the aryl-acyl degrees of substitution at C2 and C3 (“C2DSay” and
“C3DSanyi”) minus the aryl-acyl degree of substitution at C6 (“C6DSary”) is greater
than 0.20.

9. The regioselectively substituted cellulose ester of claim 8, wherein
said regioselectively substituted cellulose ester has a DSaky in the range of from
about 1.85 to about 2.25, wherein said regioselectively substituted cellulose ester

has a DS,y in the range of from about 0.40 to about 0.65.

10.  The regioselectively substituted cellulose ester of claim 8, wherein
said regioselectively substituted cellulose ester has a DS,y in the range of from
about 1.95 to about 2.35, wherein said regioselectively substituted cellulose ester

has a DSqy in the range of from about 0.35 to about 0.60.
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11.  The regioselectively substituted cellulose ester of claim 8, wherein
the aryl group of said aryl-acyl substituent comprises a substituted or
unsubstituted phenyl group, wherein the alkyl group of said alkyl-acyl substituent
comprises a C, to C; straight chain alkyl group.

12.  The regioselectively substituted cellulose ester of claim 8, wherein
said aryl-acyl substituent comprises benzoate, wherein said alkyl-acyl substituent
comprises acetate and/or propionate.

13. The regioselectively substituted cellulose ester of claim 8, wherein
the regioselectivity of said regioselectively substituted cellulose ester is such that
the sum of C2DS,y and C3DS,y minus the C6DS,yy is in the range of from about
0.23 to about 0.40.
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