wO 2022/103663 A2 | 0N 00000 KO0 O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
19 May 2022 (19.05.2022)

(10) International Publication Number

WO 2022/103663 A2

WIPO I PCT

(51) International Patent Classification:
B65D 1/02 (2006.01) B65D 51/00 (2006.01)

(21) International Application Number:
PCT/US2021/058243

(22) International Filing Date:
05 November 2021 (05.11.2021)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
63/111,718 10 November 2020 (10.11.2020) US

(71) Applicant: CORNING INCORPORATED [US/US]; 1
Riverfront Plaza, Corning, New York 14831 (US).

(72) Inventors: CHRISTIE, Dane Alphanso; 21 Tall Mead-
ows Court, Painted Post, New York 14870 (US). GOMEZ-
MOWER, Sinue; 228 Upper Delevan Ave., Corning, New
York 14830 (US). SARAFIAN, Adam Robert; 10510
Cheese Factory Rd., Corning, New York 14830 (US).
SCHAUT, Robert Anthony, 29 Federal Heights Dr.,
Horseheads, New York 14845 (US).

(74) Agent: RIGGS, F. Brock; Corning Incorporated, Intellec-
tual Property Department, SP-TI1-03-1, Corning, New York
14831 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP,KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US,UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Title: GLASS CONTAINERS AND SEALING ASSEMBLIES FOR MAINTAINING SEAL INTEGRITY AT LOW STORAGE

TEMPERATURES

(57) Abstract: A sealed glass container comprises a glass container and a seal-

176

|~
oo

1714—.

115

120

122

FIG. 1A

ing assembly. The glass container comprises a flange comprising an underside
surface, an outer surface extending from the underside surface, and a sealing
surface extending between the outer surface to an inner surface of the sealed
glass container that defines an opening. The sealing assembly comprises a stop-
per extending over the sealing surface of the flange and covering the opening;
and a metal-containing cap crimped to the flange. The metal-containing cap
compresses the stopper. The compression is maintained on the sealing surface
as the sealed glass container is cooled to a temperature of less than or equal to
80°C. In embodiments, the sealing surface comprises an inclined sealing surface
extending at an angle of greater than 5 degrees relative to a plane extending
perpendicular to the inner surface.

[Continued on next page]
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GLASS CONTAINERS AND SEALING ASSEMBLIES FOR MAINTAINING SEAL
INTEGRITY AT LOW STORAGE TEMPERATURES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority under 35 U.S.C. §119 of U.S. Provisional
Application Serial No. 63/111,718 filed on November 10, 2020, the content of which is relied upon

and incorporated herein by reference in its entirety.
Field

[0002] The present specification generally relates to glass containers, such as glass containers

for storing pharmaceutical compositions.
Technical Background

[0003] Pharmaceutical containers, such as vials and syringes, are typically sealed via a stopper
or other closure to preserve the integrity of the contained material. Closures are typically made of
synthetic rubbers and other elastomers. Such materials beneficially have high permeation
resistance and elasticity to facilitate insertion into the container to seal the container’s interior.
The elasticity of typically-used closure materials, however, may reduce at low temperatures. For
example, synthetic rubbers currently in use as material closures may comprise transition
temperatures that are greater than or equal to -70°C and less than or equal to -45°C. Below the
transition temperature, closures constructed of such synthetic rubbers may behave as a solid and
be unable to expand elastically to compensate for the relatively large difference between
coefficients of thermal expansion of the glass and a crimping cap used to secure the closure to the
container. (iven this, existing sealing assemblies for pharmaceutical containers may fail at

temperatures less than or equal to -45°C.

[0004] Some biological materials (e.g., blood, serum, proteins, stem cells, and other perishable

biological fluids) require storage at temperatures below the glass transition temperatures of
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conventional elastomers to remain useful. For example, certain RNA-based vaccines may require
storage at dry-ice temperatures (e.g., approximately -80°C) or liquid nitrogen temperatures (e.g.,
approximately -180°C) to remain active. Such low temperatures may result in dimensional
changes in the closure components (e.g., the glass or plastic container, the stopper, an aluminium
cap), leading to issues in the integrity of the seal, and potential contamination of the material stored

therein.
SUMMARY

[0005] A first aspect of the present disclosure includes a glass container comprising: a shoulder;
a neck extending from the shoulder; and a flange extending from the neck. The flange comprises
an underside surface extending from the neck; an outer surface extending from the underside
surface, the outer surface defining an outer diameter of the flange; and an inclined sealing surface
extending between the outer surface and an inner surface defining an opening in the glass
container. The inclined sealing surface extends at an angle relative to a plane extending through
an end of the opening such that a distance between the inclined sealing surface and the plane
increases with decreasing radial distance from the outer surface. The angle is greater than 5

degrees.

[0006] A second aspect of the present disclosure includes a glass container according to the first

aspect, wherein the angle is less than or equal to 45 degrees.

[0007] A third aspect of the present disclosure includes a glass container according to any of the
first through the second aspects, wherein a surface roughness of the inclined sealing surface is

greater than or equal to 3 um.

[0008] A fourth aspect of the present disclosure includes a glass container according to any of
the first through the third aspects, wherein the surface roughness of the inclined sealing surface is
predetermined based at least in part on an estimated shrinkage of a sealing assembly associated
with the glass container when the sealing assembly is cooled to temperatures less than or equal to

-80°C.
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[0009] A fifth aspect of the present disclosure includes a glass container according to any of the
first through the fourth aspects, wherein the inclined sealing surface comprises a surface roughness

of less than or equal to 0.1 um.

[0010] A sixth aspect of the present disclosure includes a glass container according to any of
the first through the fifth aspects, wherein a flatness of the inclined sealing surface is less than or

equal to 5 um.

[0011] A seventh aspect of the present disclosure includes a glass container according to any of
the first through the sixth aspects, wherein the inclined sealing surface comprises a first edge

disposed proximate to the inner surface and a second edge disposed proximate to the outer surface.

[0012] An eighth aspect of the present disclosure includes a glass container according to any of
the first through the seventh aspects, wherein the second edge is disposed radially inward of the
outer surface, the glass container further comprising a chamfer extending between the inclined

sealing surface and the outer surface.

[0013] A ninth aspect of the present disclosure includes a glass container according to any of
the first through the eighth aspects, wherein the glass container is constructed of a glass
composition having a coefficient of thermal expansion that is greater than or equal to 0x107 / K

and less than or equal to 70x1077/K.

[0014] A tenth aspect of the present disclosure includes a glass container comprising: a shoulder;
a neck extending from the shoulder; a flange extending from the neck; and an inner surface
defining an opening extending through the neck and the flange, wherein the flange comprises an
upper sealing surface extending from the inner surface. In embodiments, the upper sealing surface
comprises an inclined sealing surface extending at an angle of greater than 5 degrees relative to a
plane extending perpendicular to the inner surface. In embodiments, a portion of the upper sealing

surface comprises a length of at least 4 mm and a surface flatness of less than or equal to 5 um.
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[0015] An eleventh aspect of the present disclosure includes a glass container according to the
tenth aspect, wherein the upper sealing surface comprises the inclined sealing surface, wherein the

angle is less than or equal to 45 degrees.

[0016] A twelfth aspect of the present disclosure includes a glass container according to any of

the tenth through the eleventh aspects, wherein the angle is greater than or equal to 7 degrees.

[0017] A thirteenth aspect of the present disclosure includes a glass container according to any
of the tenth through the twelfth aspects, wherein a surface roughness of the inclined sealing surface

is greater than or equal to 3 um.

[0018] A fourteenth aspect of the present disclosure includes a glass container according to any
of the tenth through the thirteenth aspects, wherein: the upper sealing surface comprises a portion
comprising a length of at least 4 mm and a surface flatness of less than or equal to 5 um, and the
portion extends at an angle relative to the inner surface that is greater than or equal to 89.5 degrees

and less than or equal to 90.5 degrees.

[0019] A fifteenth aspect of the present disclosure includes a glass container according to any
of the tenth through the fourteenth aspects, wherein the upper sealing surface comprises a

chamfered edge extending from an outer surface of the flange.

[0020] A sixteenth aspect of the present disclosure includes a glass container according to any
of the tenth through the fifteenth aspects, wherein the glass container is constructed of a glass
composition having a coefficient of thermal expansion that is greater than or equal to 0x107 /°C

and less than or equal to 70x107/°C.

[0021] A seventeenth aspect of the present disclosure includes a sealed glass container
comprising a glass container and a sealing assembly. The glass container comprises a shoulder; a
neck extending from the shoulder; and a flange extending from the neck. The flange comprises an
underside surface extending from the neck; an outer surface extending from the underside surface,
the outer surface defining an outer diameter of the flange; and a sealing surface extending between
the outer surface to an inner surface of the sealed glass container that defines an opening. The

4



WO 2022/103663 PCT/US2021/058243

sealing assembly comprises a stopper extending over the sealing surface of the flange and covering
the opening; and a metal-containing cap crimped to the flange. The metal-containing cap
compresses the stopper. The compression is maintained on the sealing surface as the sealed glass
container is cooled to a temperature of less than or equal to 80°C such that a helium leakage rate

of the sealed glass container is less than or equal to 1.4x10°% cm?/s at the temperature.

[0022] An eighteenth aspect of the present disclosure includes a sealed glass container according
to the seventeenth aspect, wherein a difference between a coefficient of thermal expansion

(“CTE”) metal-containing cap and a CTE of the stopper less than or equal to 50x107/K.

[0023] A nineteenth aspect of the present disclosure includes a sealed glass container according
to any of the seventeenth through the eighteenth aspects, wherein the CTE of the metal-containing

cap is greater than or equal to 250x107/K.

[0024] A twentieth aspect of the present disclosure includes a sealed glass container according
to any of the seventeenth through the nineteenth aspects, wherein the metal-containing cap is

contains at least one of Zn and Mg.

[0025] A twenty first aspect of the present disclosure includes a sealed glass container according
to any of the seventeenth through the twentieth aspects, wherein the metal-containing cap is

constructed of an aluminum-containing polymer composite material.

[0026] A twenty second aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the twenty first aspects, wherein the metal-containing

cap is constructed of a metallic alloy comprising at least one of Zn, Al, Mg, Cu.

[0027] A twenty third aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the twenty second aspects, wherein the metal-

containing cap is constructed of a Pb-Sn alloy.
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[0028] A twenty fourth aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the twenty second aspects, wherein a CTE of the

stopper is less than or equal to 290x107/K.

[0029] A twenty fifth aspect of the present disclosure includes a sealed glass container according
to any of the seventeenth through the twenty fourth aspects, wherein the stopper is constructed of
a polymer composite comprising greater than 0 wt. % and less than or equal to 30 wt. % of a

silicon-based filler material.

[0030] A twenty sixth aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the twenty fifth aspects, wherein silicon-based filler

material comprises SiO2 glass particles.

[0031] A twenty seventh aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the twenty sixth aspects, wherein silicon-based filler

comprises a silicate.

[0032] A twenty eighth aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the twenty seventh aspects, wherein a glass transition

temperature of the stopper is less than or equal to -75°C.

[0033] A twenty ninth aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the twenty eighth aspects, wherein: the sealing surface
comprises an inclined sealing surface extending between the outer surface and the inner surface,
the inclined sealing surface extending at an angle relative to a plane extending through an end of
the opening such that a distance between the inclined sealing surface and the plane increases with

decreasing radial distance from the outer surface, and the angle is greater than or equal to 6 degrees.

[0034] A thirtieth aspect of the present disclosure includes a sealed glass container according to
any of the seventeenth through the twenty ninth aspects, wherein a surface roughness of the sealing

surface is greater than or equal to 3 pm.
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[0035] A thirty first aspect of the present disclosure includes a sealed glass container according
to any of the seventeenth through the thirtieth aspects, further comprising a sealing material
disposed between the stopper and the metal-containing cap, the sealing material having a CTE that

is less than that of the stopper and the metal-containing cap.

[0036] A thirty second aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the thirty first aspects, wherein the sealing material

comprises at least one of Ir, W, Ti, and Si.

[0037] A thirty third aspect of the present disclosure includes a sealed glass container according
to any of the seventeenth through the thirty second aspects, wherein the sealing material comprises

a polymer-based composite.

[0038] A thirty fourth aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the thirty third aspects, wherein the sealing material

comprises at least one of SiOa, Ti-doped SiO2, ZrW2{3s, and an AM2{} ceramic.

[0039] A thirty fifth aspect of the present disclosure includes a sealed glass container according
to any of the seventeenth through the thirty fourth aspects, wherein the metal-containing cap is

non-uniform in composition along a central axis of the sealed glass container.

[0040] A thirty sixth aspect of the present disclosure includes a sealed glass container according
to any of the seventeenth through the thirty fifth aspects, wherein the metal-containing cap
comprises an aluminum layer and at least one multi-layer structure in contact with the aluminum

layer.

[0041] A thirty seventh aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the thirty sixth aspects, wherein the multi-layer
structure comprises an elastomer layer and a glassy polymer layer, the glassy polymer layer

comprising a glass transition temperature of greater than 25°C.
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[0042] A thirty eighth aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the thirty seventh aspects, wherein the metal-
containing cap comprises a multi-layer laminate structure having a thickness that is greater than or

equal to 200 um and less than or equal to 300 um.

[0043] A thirty ninth aspect of the present disclosure includes a sealed glass container according
to any of the seventeenth through the thirty eighth aspects, wherein the stopper comprises a radially

heterogeneous composition.

[0044] A fortieth aspect of the present disclosure includes a sealed glass container according to
any of the seventeenth through the thirty ninth aspects, wherein the stopper comprises a low Tg

segment in contact with the sealing surface.

[0045] A forty first aspect of the present disclosure includes a sealed glass container according
to any of the seventeenth through the fortieth aspects, wherein the low Ty segment comprises a
low Tg elastomer comprising one or more of a polybutadiene, silicone, a fluorosilicone, a nitrite,

and a EPDM elastomer.

[0046] A forty second aspect of the present disclosure includes a sealed glass container
according to any of the seventeenth through the fourty first aspects, wherein the low Tg segment

comprises greater than or equal to O wt. % and less than or equal to 30 wt. % filler material.

[0047] A forty third aspect of the present disclosure includes a sealed glass container according
to any of the seventeenth through the forty second aspects, wherein the filler material comprises

silicon-based particles.

[0048] Additional features and advantages of the processes and systems described herein will
be set forth in the detailed description which follows and, in part, will be readily apparent to those
skilled in the art from that description or recognized by practicing the embodiments described
herein, including the detailed description which follows, the claims, as well as the appended

drawings.
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[0049] It is to be understood that both the foregoing general description and the following
detailed description describe various embodiments and are intended to provide an overview or
framework for understanding the nature and character of the claimed subject matter. The
accompanying drawings are included to provide a further understanding of the various
embodiments, and are incorporated into and constitute a part of this specification. The drawings
illustrate the various embodiments described herein, and together with the description serve to

explain the principles and operations of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0050] The embodiments set forth in the drawings are illustrative and exemplary in nature and
not intended to limit the subject matter defined by the claims. The following detailed description
of the illustrative embodiments can be understood when read in conjunction with the following

drawings, where like structure is indicated with like reference numerals and in which:

[0051] FIG. 1A schematically depicts a cross-sectional view of a sealed glass container,

according to one or more embodiments described herein;

[0052] FIG. 1B schematically depicts a cross-sectional view of a glass container, according to

one or more embodiments described herein;

[0053] FIG. 1C schematically depicts a cross-sectional view of an upper portion of a metal-

containing cap, according to one or more embodiments described herein,;

[0054] FIG. 1D schematically depicts a cross-sectional view of a stopper, according to one or

more embodiments described herein,;

[0055] FIG. 2A schematically depicts a cross-sectional view of a glass container, according to

one or more embodiments described herein;

[0056] FIG. 2B schematically depicts a cross-sectional view of a glass container, according to

one or more embodiments described herein;
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[0057] FIG. 3 schematically depicts a cross-sectional view of a sealed glass container, according

to one or more embodiments described herein,;

[0058] FIG. 4A depicts a simulation of compression of a stopper against a flange of a glass
container at multiple storage temperatures, where the flange comprises a first flange angle,

according to one or more embodiments described herein;

[0059] FIG. 4B depicts a simulation of compression of a stopper against a flange of a glass
container at multiple storage temperatures, where the flange comprises a second flange angle,

according to one or more embodiments described herein;

[0060] FIG. 4C depicts a simulation of compression of a stopper against a flange of a glass
container at multiple storage temperatures, where the flange comprises a third flange angle,

according to one or more embodiments described herein;

[0061] FIG. 4D depicts a simulation of compression of a stopper against a flange of a glass
container at multiple storage temperatures, where the flange comprises a fourth flange angle,

according to one or more embodiments described herein;

[0062] FIG. 4E depicts a plot of contact area between the flanges and stoppers depicted in FIGS.
4A-4D as a function of temperature when cooled at a first cooling rate, according to one or more

embodiments described herein; and

[0063] FIG. 4F depicts a plot of contact area between the flanges and stoppers depicted in FIGS.
4A-4D as a function of temperature when cooled at a second cooling rate, according to one or

more embodiments described herein.
DETAILED DESCRIPTION

[0064] Reference will now be made in detail to embodiments of sealed glass containers
comprising and sealing assemblies that maintain container closure integrity at relatively low
storage temperatures (e.g., less than or equal to -40°C, less than or equal to -50°C, less than or

equal to -60°C, less than or equal to 70°C, less than or equal to -80°C, less than or equal to -100°C,
10
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less than or equal to -125°C, less than or equal to -150°C, less than or equal to -175°C, -180°C).
In embodiments, the structure of the glass containers described herein may vary from that of
existing pharmaceutical containers in one or more respects to facilitate the maintenance of a seal
at the interface between the glass containers and a sealing assembly inserted therein. For example,
embodiments of the glass containers described herein may be vials (though other container shapes
are within the scope of the present disclosure) comprising a shoulder, a neck, and a flange
comprising a sealing surface against which a stopper of a sealing assembly is pressed by a metal-
containing cap. Various characteristics of the sealing surface may be adapted to facilitate the
maintenance of a seal when the sealed glass containers are cooled to such low storage temperatures.
For example, in embodiments, the sealing surface may comprise an inclined sealing surface that
descends with increasing radial distance from a central axis of the glass container. The inclined
sealing surface may descend at an angle of greater than 5 degrees (e.g., greater than 5 degrees and
less than or equal to 45 degrees) relative to a plane extending over an end of the glass container so
as to increase an initial force against the stopper applied during a crimping process and increase
tolerance for stopper shrinkage when cooled to lower temperatures. In embodiments, the sealing
surface extends perpendicular to the central axis of the glass container (e.g., extends at an angle of
greater than or equal 90 degrees and less than or equal to 89.5 degrees) to maximize a contact area
between the sealing surface and the stopper. In embodiments, various other characteristics of the
sealing surface (e.g., surface roughness, flatness, and the like) may be tailored to increase the

sealing integrity.

[0065] In embodiments, the sealing assembly coupled to the glass containers described herein
may be formed of various combinations of materials to facilitate seal maintenance at low storage
temperatures. Sealing assemblies of the present specification may comprise a stopper and metal-
containing cap formed from compositions tailored to prevent excessive deformation of the stopper
relative to the cap at low storage temperatures to maintain sufficient sealing force applied to the
stopper via the metal-containing cap. For example, in embodiments, the metal-containing cap may
be constructed of a material that increases the CTE thereof over existing, aluminum crimping caps.
In embodiments, the metal-containing cap may be constructed of at least on of Zn or Mg instead

of Al to provide a higher CTE. In embodiments, the metal-containing cap is constructed of an
11
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aluminum-containing polymer composite material. In embodiments, the metal-containing cap is
constructed of a metallic alloy comprising at least one of Zn, Al, Mg, Cu. In embodiments, the
stopper is constructed of a material having a lower CTE than existing pure rubber stoppers. For
example, in embodiments, the stopper may be constructed of a polymer composite comprising
greater than O wt. % and less than or equal to 30 wt. % of a silicon-based filler material. The
silicon-based filler material may comprise SiO2 glass particles or various silicates (e.g., cordierite,
b-eucryptite, b-spodumene) or combinations thereof. The CTE of the stopper may be less than or
equal to 290x107/K to reduce shrinkage thereof at low storage temperatures. Various
embodiments may include an additional sealing material disposed between the metal-containing
cap and the stopper. The sealing material may comprise a relatively low CTE (e.g., less than or
equal to 50x107/K) to allow the metal-containing cap to shrink at a greater rate than the sealing
material at lower storage temperatures such that the metal-containing cap applies a sealing force
to the stopper and sealing material. In embodiments, the sealing material may comprise at least
one of Ir, W, Ti, and Si. In embodiments, the sealing material comprises a polymer-based

composite.

[0066] As used herein, the term “surface roughness” refers to an Ra value or an Sa value. An
Ra value is a measure of the arithmetic average value of a filtered roughness profile determined
from deviations from a centerline of the filtered roughness. For example, an Ra value may be

determined based on the relation:

Ra = % i=1lH; — Hey | (1)
where Hiis a surface height measurement of the surface and HcL corresponds to a centerline (e.g.,
the center between maximum and minimum surface height values) surface height measurement
among the data points of the filtered profile. An Sa value may be determined through an areal
extrapolation of equation 1 herein. Filter values (e.g., cutoff wavelengths) for determining the Ra
or Sa values described herein may be found in ISO ISO 25718 (2012). Surface height may be
measured with a variety of tools, such as an optical interferometer, stylus-based profilometer, or

laser confocal microscope. To assess the roughness of surfaces described herein (e.g., sealing

12
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surfaces or portions thereof), measurement regions should be used that are as large as is practical,

to assess variability that may occur over large spatial scales.

[0067] As used herein, the term “container closure integrity” refers to maintenance of a seal at
an interface between a glass container and a sealing assembly (e.g., between a sealing surface of a
glass container and a stopper) that is free of gaps above a threshold size to maintain a probability
of contaminant ingress or reduce the possibility of gas permeability below a predetermined
threshold based on the material stored in a glass container. For example, in embodiments, a
container closure integrity is maintained if a helium leakage rate during a helium leak test

described in USP <1207> (2016) at less than or equal to 1.4x10° cm?¥/s.

[0068] In the embodiments of the glass containers described herein, the concentration of
constituent components (e.g., SiO2, Al2O3, B203 and the like) of the glass composition from which
the glass containers are formed are specified in mole percent (mol.%) on an oxide basis, unless

otherwise specified.

[0069] The term “substantially free,” when used to describe the concentration and/or absence of a
particular constituent component in a glass composition, means that the constituent component is
not intentionally added to the glass composition. However, the glass composition may contain
traces of the constituent component as a contaminant or tramp in amounts of less than 0.05 mol.

%.

[0070] The term “CTE,” as used herein, refers to the coefficient of thermal over a temperature

range from about -200°C to about 300°C, unless stated otherwise.

[0071] As used herein, the term “about” means that amounts, sizes, formulations, parameters,
and other quantities and characteristics are not and need not be exact, but may be approximate
and/or larger or smaller, as desired, reflecting tolerances, conversion factors, rounding off,
measurement error and the like, and other factors known to those of skill in the art. When the term
“about” is used in describing a value or an end-point of a range, the specific value or end-point

referred to is included. Whether or not a numerical value or end-point of a range in the

13
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specification recites “about,” two embodiments are described: one modified by “about,” and one
not modified by “about.” It will be further understood that the endpoints of each of the ranges are

significant both in relation to the other endpoint, and independently of the other endpoint.

[0072] Directional terms as used herein - for example up, down, right, left, front, back, top,
bottom - are made only with reference to the figures as drawn and are not intended to imply

absolute orientation.

(13 2%

[0073] Asused herein, the singular forms “a,” “an” and “the” include plural referents unless the
context clearly dictates otherwise. Thus, for example, reference to “a” component includes aspects

having two or more such components, unless the context clearly indicates otherwise.

[0074] Referring now to FIG. 1A, one embodiment of a sealed glass container 100 for storing a
pharmaceutical formulation is schematically depicted in cross section. The sealed glass container
100 comprises a glass container 102 and a sealing assembly 104 coupled to the glass container
102 via an opening 105 of the glass container 102. The sealing assembly 104 comprises a stopper
106 and a metal-containing cap 108. In the embodiment depicted in FIG. 1, the stopper 106
comprises an insertion portion 117 and a sealing portion 119. The insertion portion 117 is inserted
into the opening 105 of the glass container 102 until the sealing portion 119 contacts an upper
sealing surface 110 of the glass container 102. The sealing portion 119 is then pressed against the
upper sealing surface 110 via crimping of the metal-containing cap 108 to form a seal at the upper
sealing surface 110. Various aspects of the glass container 102 and the sealing assembly 104 are
designed to ensure maintenance of container closure integrity of the glass container 102 at low

storage temperatures, as described herein.

[0075] The glass container 102 generally comprises a body 112. The body 112 extends between
an inner surface 114 and an outer surface 116 of the glass container 102, includes a central axis A,
and generally encloses an interior volume 118. In the embodiment of the glass container 102
shown in FIG. 1A, the body 112 generally comprises a wall portion 120 and a floor portion 122.
The wall portion 120 transitions into the floor portion 122 through a heel portion 124. In the

depicted embodiment, the glass container 102 includes a flange 126, a neck 128 extending from

14
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the flange 126, a barrel 115, and a shoulder 130 extending between the neck 128 and the barrel
115. The floor portion 122 is coupled to the barrel 115 via the heel portion 124. In embodiments,
the glass container 102 is symmetrical about a central axis A, with each of the barrel 115, neck
128, and flange 126, being substantially cylindrical-shaped. The body 112 has a wall thickness

Tw which extends between the inner surface 114 to the outer surface 116, as depicted in FIG. 1A.

[0076] In embodiments, the glass container 102 may be formed from Type I, Type II or Type
III glass as defined in USP <660>, including borosilicate glass compositions such as Type 1B
borosilicate glass compositions under USP <660>. Alternatively, the glass container 102 may be
formed from alkali aluminosilicate glass compositions such as those disclosed in U.S. Patent No.
8,551,898, hereby incorporated by reference in its entirety, or alkaline earth aluminosilicate glasses
such as those described in U.S. Patent No. 9,145,329, hereby incorporated by reference in its
entirety. In embodiments, the glass container 102 may be constructed from a soda lime glass
composition. In embodiments, the glass container 102 is constructed of a glass composition having
a coefficient of thermal expansion that is greater than or equal to 0x107/K and less than or equal

to 100x1077/K (e.g., greater than or equal to 30 x 10”"/K and less than or equal to 70x107/K).

[0077] While the glass container 102 is depicted in FIG. 1A as having a specific form-factor
(i.e., a vial), it should be understood that the glass container 102 may have other form factors,
including, without limitation, Vacutainers®, cartridges, syringes, ampoules, bottles, flasks, phials,
tubes, beakers, or the like. Further, it should be understood that the glass containers described
herein may be used for a variety of applications including, without limitation, as pharmaceutical

packages, beverage containers, or the like.

[0078] The wall thickness Tw of the glass container 102 may vary depending on the
implementation. In embodiments, the wall thickness Tw of the glass container 102 may be from
less than or equal to 6 millimetres (mm), such as less than or equal to 4 mm, less than or equal to
2 mm, less than or equal to 1.5 mm or less than or equal to 1 mm. In some embodiments, the wall
thickness Tw may be greater than or equal to 0.1 mm and less than or equal to 6 mm, greater than
or equal to 0.3 mm and less than or equal to 4 mm, greater than or equal to 0.5 mm and less than

or equal to 4 mm, greater than or equal to 0.5 mm and less than or equal to 2 mm, or greater than
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or equal to 0.5 mm and less than or equal to 1.5 mm. In embodiments, the wall thickness Tw may
be greater than or equal to 0.9 mm and less than or equal to 1.8 mm. The wall thickness Tw may

vary depending on the axial location within the glass container 102.

[0079] As depicted in FIG. 1A, the flange 126 comprises an underside surface 132, an outer
surface 136, and the upper sealing surface 110. The outer surface 136 may define an outer diameter
of the flange 126. In embodiments, the metal-containing cap 108 of the sealing assembly 104 is
crimped around the flange 126 via any suitable crimping method (e.g., a pneumatic crimping
apparatus or the like). During the sealing process, the stopper 106 is inserted into the opening 105,
and a compression force is applied to the metal-containing cap 108 during crimping. For example,
as depicted in FIG. 1A, the metal-containing cap 108 comprises an underlying portion 109 that
contacts the underside surface 132 of the flange 126 to force the stopper 106 to remain in a
compressed state and form a seal after the crimping process. Compression of the stopper 106
generates a residual sealing force within the flange 126 that maintains compression on the stopper
106 after the metal-containing cap 108 is crimped into place. In embodiments, the length of the
underlying portion 109 of the metal-containing cap 108 that directly contacts the underside surface
132 of the flange 126 possesses a length (e.g., in the X-direction depicted in FIG. 1A) that is greater
than or equal to 1 mm to facilitate maintenance of residual sealing force within the stopper 106 at

storage temperatures of less than or equal to -80°C.

[0080] When the sealed glass container 100 is cooled to relatively low storage temperatures of
less than or equal to -80°C (e.g., less than or equal to -80°C, less than or equal to -100°C, less than
or equal to -125°C, less than or equal to -150°C, less than or equal to -175°C, -180°C), each of the
constituent components of the sealed glass container 100 may undergo a volumetric shrinkage that
is dependent on the thermal properties of that component. As depicted in FIG. 1A, the volume of
material disposed between the underlying portion 109 and an upper portion 113 of the metal-
containing cap 108 comprises the sealing portion 119 of the stopper 106 and the flange 126 of the
glass container 102. If the combination of the stopper 106 and the flange 126 shrinks in an amount

that is greater than the amount of shrinkage of the metal-containing cap 108, the compression on
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the stopper 106 provided by the metal-containing cap 108 may diminish, increasing the probability
of the seal at the upper sealing surface 110 being broken.

[0081] For example, as depicted in FIG. 1A, the combined height 138 (e.g., in the Z-direction
depicted in FIG. 1A) of the flange 126 and stopper 106 is approximately equal to the distance
between the upper portion 113 and underlying portion 109 of the metal-containing cap 108. In
such a state, the metal-containing cap 108 may compress the stopper 106 against the upper sealing
surface 110 to form a seal. If the combined height 138 shrinks to a greater extent than the metal-
containing cap 108, however, the compression of the stopper 106 may diminish, reducing the
residual seal force . To maintain a compression of the stopper 106, shrinkage AL of the metal-

containing cap 108, the stopper 106, and the glass container 102 may satisfy the following relation:
ALcap = ALvial + ALstopper (D)
where the shrinkage of AL of each component may be approximated by
AL = L; x (e/ 2™ — 1), (2)

where Li is an initial dimension of the component and a(T) is the temperature-dependent CTE of
the material out of which each of the metal-containing cap 108, the stopper 106, and the glass

container 102 are constructed.

[0082] In embodiments, the stopper 106 is constructed of a polymer-based material (e.g., butyl
or other synthetic rubbers). Such materials may comprise a glass transition temperature (Tg) that
is greater than or equal to -70°C and less than or equal to -45°C. Below the Tg, the stopper 106
may behave as a solid (e.g., loss its elasticity), resulting in a diminished sealing force at the upper
sealing surface 110. For example, if the stopper 106 is cooled to beneath its Tg, the stopper 106
may not fill the entirety of the gap between the upper sealing surface 110 and the upper portion
113 of the metal-containing cap 108, increasing the probability of the seal breaking. That is, the
stopper 106 effectively behaves as two different materials as it is cooled below its glass transition
temperature: an elastic material above the transition temperature, and a solid glass below the

transition temperature. According to equation 2 herein, the shrinkage of the stopper 106 disposed
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between the flange 126 and the upper portion 113 of the metal-containing cap 108 when cooled
from an initial temperature Ti to a final temperature Tr may be approximated as:

T T
_ ng “rubber(T)dT+fT F A glass(T)AT
ALstopper = Li,stopper x (e g -

D, )

where oglass refers to the CTE of the glass-like material that the rubber of the stopper 106 transforms
into below its glass transition temperature Tg. In embodiments, to maintain the seal, the metal-
containing cap 108 and stopper 106 may be constructed such that the shrinkage of the metal-
containing cap 108 is greater than or equal to the combined shrinkage of the glass container 102
and the stopper 106. To facilitate meeting such a relationship, the shrinkage of the metal-
containing cap 108 may be increased, the shrinkage of the stopper 106 and flange 126 may be
decreased, or any combination thereof. Alternatively or additionally, the structure of the glass
container 102 may be designed to increase an initial capping compression imparted on the stopper

106, thereby providing a greater tolerance for shrinkage of the stopper 106.

[0083] In embodiments, the metal-containing cap 108 is constructed of aluminium, which may
have a CTE of approximately 240x107/K. Typical rubbers out of which the stopper 106 is
constructed (e.g., Butyl 325, Butyl 035, etc.) may have CTEs of greater than or equal to 300x10"
/K. That is, purely in terms of CTE differential, the metal-containing cap 108 has a tendency to
shrink less than the stopper 106, resulting in a diminished sealing force at lower storage
temperature. In addition to the above-described CTE mismatch, as depicted in FIG. 1A, the
stopper 106 may make up a larger volumetric percentage of the sealing assembly 104 than the
metal-containing cap 108, further compounding the tendency of the stopper 106 to undergo a larger

thermal shrinkage.

[0084] In the embodiment depicted in FIG. 1A, to counteract such tendencies of the stopper
shrinkage to overwhelm the shrinkage of the metal-containing cap 108 at low storage temperatures,
the structure of the glass container 102 has been modified to deviate from existing glass containers
to provide greater compression of the stopper 106 during the process of crimping the metal-

containing cap 108. FIG. 1B schematically depicts a detailed view of the glass container 102 from
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the shoulder 130 upwards. As depicted in FIG. 1B, the upper sealing surface 110 comprises an
inclined sealing surface 140. The inclined sealing surface 140 extends between the outer surface
136 of the flange 126 and the inner surface 114 of the glass container 102. The inclined sealing
surface 140 extends at an angle 150 to a plane 152 extending through an end 154 of the opening
105. The plane 152 may be a planar surface that rests on top of the glass container 102 at the
opening 105 (e.g., that rests on peaks of the inclined sealing surface 140). In embodiments, the
plane 152 connects points extending around the upper sealing surface 110 that are most distant
from a reference point (e.g., the floor portion 122, see FIG. 1A) of the glass container 102. The
plane 152 may extend through the top of the glass container 102 in a direction perpendicular to the
central axis A of the glass container 102 (e.g., in the X-direction depicted in FIG. 1B). In
embodiments, the plane 152 extends perpendicular to the portion of the inner surface 114 defining

the opening 105.

[0085] The angle 150, as described herein, may be referred to as a “flange angle.” Flange angles
relative to the plane 152 may be measured in a variety of different ways. For example, in
embodiments, to determine an extension direction for the inclined sealing surface 140, an image
may be captured of the glass container 102, and image processing techniques may be used to
determine the angle 150 of the inclined sealing surface 140 relative to the plane 152). In
embodiments, the extension direction of the inclined sealing surface 140 is measured via finding
a plane that extends between a peak of the inclined sealing surface 140 (e.g., having the greatest
distance in the Z-direction from the underside surface 132) and a second highest point on the
inclined sealing surface 140 (e.g., the extension direction of the inclined sealing surface 140 is
measured via a plane that rests on the peak of the inclined sealing surface and another point of the
inclined sealing surface 140 that is lower than the peak relative to the plane 152). In embodiments,
the extension direction of the inclined sealing surface 140 is measured via connecting points on
the inclined sealing surface 140 that are a predetermined distance (e.g., 0.1 mm, 0.2 mm, 0.5 mm,
1.0 mm, etc.) inward from the inner surface 114 and the outer surface 136. In embodiments, the
extension direction of the inclined sealing surface 140 is measured by curve fitting a linear plane
to a plurality of different points distributed throughout the entirety of the inclined sealing surface
140.
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[0086] In embodiments, the angle 150 is greater than 5 degrees and less than or equal to 45
degrees (e.g., greater than 5 degrees and less than or equal to 40 degrees, greater than 5 degrees
and less than or equal to 40 degrees, greater than 5 degrees and less than or equal to 30 degrees,
greater than 5 degrees and less than or equal to 20 degrees, greater than 5 degrees and less than or
equal to 10 degrees). In embodiments, the angle 150 is substantially uniform around a
circumference of the glass container 102 (e.g., when measured at a plurality of azimuthal
orientations, each of the measurements may be within 0.5 degrees of one another). In existing
glass containers, the angle 150 is typically around 3 degrees. As such, in the glass container 102,
the inclination of the upper sealing surface 110 relative to the plane 152 is increased by at least
50% over existing glass containers. The greater inclination of the upper sealing surface 110 tends
to increase stopper compression at low storage temperatures. The angle 150 may create a
compression gradient within the stopper 106 as a result of crimping the metal-containing cap 108.
For example, in embodiments, a compression of the stopper 106 may increase with increasing
radial distance from the outer surface 136 such that the compression stopper is greater closer to
the inner surface 114. Such greater compression with proximity to the inner surface 114 may

prevent gaps from forming in the seal as the stopper 106 shrinks with cooling.

[0087]  Referring to FIG. 1A, as a result of the angle 150, a distance 156 between the upper
portion 113 of the metal-containing cap 108 and the upper sealing surface 110 may vary as a
function of radial distance from the central axis A to a greater extent than existing glass containers.
Given this, the stopper 106 is compressed to a greater extent proximate to the opening 105 than at
peripheral regions of the stopper 106 disposed near the outer surface 136 of the flange 126. Such
greater compression results in a greater compression of the stopper 106 using the same crimping
process, providing a higher tolerance for shrinkage of the stopper 106. Additionally, the inclined
sealing surface 140 reduces the term Listwopper in equation 3 above proximate to the opening 105.
This reduces the amount of shrinkage of the metal-containing cap 108 necessary to maintain the

relationship of equation 1 herein.

[0088] Referring to FIG. 1B, the inclined sealing surface 140 comprises a first edge 142

disposed proximate to the inner surface 114 and a second edge 144 disposed proximate to the outer
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surface 136 of the flange 126. In the depicted embodiment, the inclined sealing surface 140
extends the entirety of the distance between the outer surface 136 and the inner surface 114 such
that the inclined sealing surface 140 corresponds to the upper sealing surface 110 (e.g., the upper
sealing surface 110 corresponds to the inclined sealing surface 140). In embodiments, the inclined
sealing surface 140 extends only a portion of the distance between the outer surface 136 and the
inner surface 114 such that the inclined sealing surface 140 is only a portion of the upper sealing
surface 110. In embodiments, the inclined sealing surface 140 comprises a length (e.g. in a
direction extending at an angle 150 from the plane 152) that is greater than or equal to 3 mm to

facilitate sufficient contact area with the stopper 106 (see FIG. 1A).

[0089] In embodiments, various additional characteristics of the upper sealing surface 110
and/or the inclined sealing surface 140 depicted in FIGS. 1A and 1B may be tailored for
maintaining a seal at storage temperatures less than or equal to -80°C.  For example, in
embodiments, the upper sealing surface 110 comprises a surface roughness (e.g., Ra value) that is
less than or equal to a threshold value (e.g., 0.1 um, 50 nm, etc.). Such a low surface roughness
beneficially prevents the stopper 106 from pulling away from the upper sealing surface 110 upon
cooling. In embodiments, the upper sealing surface is substantially free of defects (e.g., folds,
bumps, ridges, etc.). Such defects may lead to gaps forming at the interface between the upper
sealing surface 110 and the stopper 106, thereby reducing seal quality. A flatness of the inclined
sealing surface 140 may be maintained within a threshold value to facilitate adherence between

the stopper 106 and the upper sealing surface 110.

[0090] In embodiments, the upper sealing surface 110 comprises a surface roughness (e.g., Sa
value) that is greater than or equal to a threshold value (e.g., 3 um, 5 um, 10 pm) to increase
friction at the upper sealing surface 110 between the glass container 102 and the stopper 106. In
such embodiments, the surface roughness of the upper sealing surface 110 may be relatively
uniform throughout the entirety thereof. For example, Sa values of the upper sealing surface 110
throughout a plurality of different measurement windows (e.g., 100 um by 100 um) may vary by
less than or equal 0.1 um. In embodiments, the roughness of the upper sealing surface 110 may

be determined based at least in part on properties (e.g., surface roughness) of the stopper 106. In
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embodiments, the roughness of the upper sealing surface 110 may approximately equal a
difference in shrinkage between the metal-containing cap 108 and the combination of the flange
126 and stopper 106. For example, in embodiments, the surface roughness of the upper sealing
surface 110 may be within a threshold value of the estimated shrinkage difference between the
metal-containing cap 108 and the combination of the stopper 106 and flange 126. Providing such
a surface roughness may ensure at least some contact between the upper sealing surface 110 and

the stopper 106 after cooling.

[0091] Referring to FIG. 1A, other than the inclined sealing surface 140, additional structural
modifications may be made to the sealed glass container 100 apart from the composition of the
sealing assembly 104 components (e.g., the metal-containing cap 108 and the stopper 106) to
insure container closure integrity at cold storage temperatures. For example, in embodiments, a
flange thickness 158 (e.g. distance between the upper sealing surface 110 and the underside surface
132) may be increased over existing glass containers. In such embodiments, if the stopper 106
and crimping process of the metal-containing cap 108 is un-modified, the proportion of the
combined height 138 of material enclosed by the metal-containing cap 108 containing the
relatively high CTE stopper 106 is reduced, thereby lowering the shrinkage of the metal-containing
cap 108 needed to satisfy equation 1 described herein. Alternatively or additionally, the size of
the stopper 106 (e.g., in terms of thickness of the sealing portion 119) may be reduced. In
embodiments, the flange height 158 is greater than or equal to 4.0 mm and constitutes at least 61%

of the combined height 138.

[0092] In addition to the structural aspects of the glass container 102 described herein with
respect to FIGS. 1A and 1B that may be designed to maintain a seal at low storage temperatures,
compositional adjustments may be made to the sealing assembly 104 to facilitate equation 1 being
met at cold storage temperatures. For example, in embodiments, the metal-containing cap 108 is
constructed of a higher CTE material than aluminum to facilitate greater shrinkage thereof upon
cooling, and therefore greater compression of the stopper 106. In embodiments, the metal-
containing cap 108 is constructed such that a difference between a CTE of the metal-containing

cap and a CTE of the glass container 102 is greater than or equal to 180x107/K. In embodiments,
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the CTE of the metal-containing cap 108 is greater than or equal to 250x1077/K (greater than or
equal to 260x107/K, greater than or equal to 270x107/K, greater than or equal to 280x1077/K,
greater than or equal to 290x107/K). In embodiments, the metal-containing cap 108 comprises a
CTE that is greater than or equal to that of aluminum (at a desired storage temperature of less than
or equal to -70°C), but less than or equal to the CTE of the material out of which the stopper 106

is constructed.

[0093] In embodiments, the metal-containing cap 108 comprises Zn or Mg to increase the CTE
of the cap relative to aluminum. In embodiments, the metal-containing cap 108 is constructed of
a metallic alloy comprising at least one of Zn, Mg, Al, Cu(e.g., a ZAMAK alloy). In embodiments,
the metallic alloy comprises less than 5 wt. % Al. In embodiments, the metal-containing cap 108
comprises other metallic alloys, such as a suitable Pb-Sn alloy. In embodiments, any suitable
metallic alloy may be used. Metallic alloys may beneficially be used with existing crimping
processes. As such, current bottling processes need not be significantly modified to obtain

improved the seals described herein.

[0094] In embodiments, the metal-containing cap 108 is constructed of a polymer-metal
composite material. For example, in embodiments, the metal-containing cap 108 is constructed of
an aluminum-polymer composite comprising a polymer matrix coated with an aluminum-
containing coating. In embodiments, the metal-containing cap 108 is constructed of an aluminum-
polymer composite comprising an aluminum matrix having polymer-based reinforcements

disposed therein.

[0095] In embodiments, the metal-containing cap 108 comprises a structure that is
heterogeneous along the central axis A of the sealed glass container 100. In embodiments, the
metal-containing cap 108 comprises a multi-layer laminate structure. The multi-layer laminate
structure may comprise a metallic layer and at least one polymer layer. For example, FIG. 1C
schematically depicts a cross-sectional view of the upper portion 113 of an embodiment of the
metal-containing cap 108. The metal-containing cap 108 comprises an aluminum layer 160, a first
multi-layer structure 162 and a second multi-layer structure 168. In embodiments, the metal-

containing cap 108 comprises an aluminum content that is greater than or equal to 40 vol. % and
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less than or equal to 90 vol. %. In embodiments, an entirety of the aluminum content of the metal-
containing cap 108 is contained within the aluminum layer 160, and first and second multi-layer
structures 162 and 164 are substantially free of aluminum. In embodiments, the aluminum layer
160 comprises a thickness that is less than or equal to caps that are currently in use for sealing
glass containers. In embodiments, the thickness of the aluminum layer is greater than or equal to
I um and less than or equal to 100 um. In embodiments, the aluminum layer 160 is a solid
aluminum layer. In embodiments, the aluminum layer is a perforated aluminum layer comprising
a plurality of perforations extending between the first and second multi-layer structures 162 and
168. The perforations may beneficially reduce the overall percentage by volume of aluminum
within the metal-containing cap 108, thereby increasing the proportion of the metal-containing cap
108 made up of the first and second multi-layer structures 162 and 168. Such greater proportion
of polymeric material may increase the overall CTE of the metal-containing cap 108, thereby

facilitating greater shrinkage thereof upon cooling and seal maintenance.

[0096] In embodiments, the first and second multi-layer structures 162 and 168 comprise
elastomeric layers 164 and 170 and glassy polymer layers 166 and 172, respectively. In
embodiments, the glassy polymer layers 166 and 172 are constructed of a polymeric material
having a glass transition temperature of greater than or equal to 25°C. The glassy polymer layers
166 and 172 may facilitate the metal-containing cap 108 retaining rigidity to a great enough extent
in order to be used in current crimping processes, while reducing the effects of the material of the

elastomeric layers 164 and 170 reaching their Tg upon cooling to low storage temperatures.

[0097] In embodiments, the elastomeric layers 164 and 170 are constructed of Butyl rubber. In
embodiments, the elastomeric layers 164 and 170 are constructed of one or more low Tg
elastomeric materials such as Polybutadienes, silicones, fluorosilicones, nitrites, and EPDM
elastomers (e.g., PDMS), or any combination thereof. In embodiments the elastomeric layers 164
and 170 comprise a glass transition temperature that is less than or equal to -100°C. In
embodiments, the elastomeric layers 164 and 170 comprises additions, such as a silica
nanoparticles (e.g., comprising a particle size that is greater than or equal to 10 nm and less than

or equal to 100 nm). In embodiments, the additions comprise less than or equal to 30 wt. % of the
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elastomeric layers 164 and 170. The glassy polymer layers 166 and 172 may also comprise such
additions. The additions may tune the mechanical properties of the first and second multi-layer
structures 162 and 168 to provide a CTE mismatch between the metal-containing cap 108 and the
stopper 106 that maximizes compression of the stopper 106 upon cooling to lower storage

temperatures.

[0098] Referring still to FIG. 1C, in embodiments, the metal-containing cap 108 comprises a
plurality (e.g., greater than or equal to 5, 10, 20, 50, 100) of the depicted multi-layer structure (e.g.,
comprising the aluminum layer 160 and the first and second multi-layer structures 162 and 178)
stacked on top of one another. In embodiments, the metal-containing cap 108 comprises an overall
thickness (e.g., a combined thickness of the stacked multi-layer structures) that is greater than or
equal to 200 pm and less than or equal to 300 um. In embodiments, the thickness of the metal-
containing cap 108 is increased over metallic caps that are currently used to seal pharmaceutical
containers to increase the shrinkage propensity thereof when cooled to temperatures less than or

equal to -70°C.

[0099] In addition to the compositional modifications to the metal-containing cap 108 described
herein, the composition of the stopper 106 may be chosen to lower the CTE or glass transition
temperature thereof. Choosing such compositions for the stopper 106 may lower the shrinkage
thereof and therefore help maintain compression of the stopper 106 via the metal-containing cap
108. For example, in embodiments, the polymer formulation of the stopper 106 may be chosen
(or additions may be added to the stopper 106) such that the glass transition temperature of the
stopper 106 is less than or equal to -75°C (e.g., less than or equal to -80°C, less than or equal to -
85°C). In embodiments, the glass transition temperature of the stopper 106 may be lowered to
below a desired storage temperature of the sealed glass container 100 (e.g., to less than or equal to
dry ice storage temperatures around -80°C) such that the stopper 106 retains elasticity, creating
the seal at the upper sealing surface 110. In embodiments, the stopper 106 is constructed of one
or more low Ty elastomeric materials such as Polybutadienes, silicones, fluorosilicones, nitrites,
and EPDM elastomers (e.g., PDMS), or any combination thereof. In embodiments the elastomeric

layer comprises a glass transition temperature that is less than or equal to -100°C.
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[00100] In embodiments, the stopper 106 comprises a polymer-based composite material having
a lower CTE than typically used rubbers. In embodiments, the stopper 106 is constructed from a
rubber-filler mixture. For example, in embodiments, the stopper 106 comprises up to 15 % by
volume of filler material. In embodiments, the stopper 106 comprises less than or equal to 40 wt.
% filler material (e.g., less than or equal to 30 wt.% filler material). More than 40 wt. % filler
material may diminish seal quality by lowering the elasticity of the stopper 106. The filler material
may have a CTE that is less than that of the rubber out of which stoppers are typically constructed
(e.g., less than or equal to 50x107/K, less than or equal to 20x107/K, less than or equal to 10x10°
"/K, less than or equal to 5x107/K). In embodiments, the filler comprises silicon. For example,
in embodiments, the filler material comprises SiO2 glass particles. In embodiments, the SiO2 glass
particles may have a particle size that is greater than or equal to 10 nm and less than or equal to
100 nm. In embodiments, the SiO2 glass particles may be functionalized with oranosilanes to tune
the particle dispersion state within the elastomeric material of the stopper 106. In embodiments,
the filler material comprises a silicate (e.g., cordierite, b-eucryptite, b-spodumene). In
embodiments, the filler material is a high melting point metal (e.g., Ir, W, Ti, Si). In embodiments,
the filler material comprises Mg:POs. In embodiments, the filler material comprises an oxide,
such as SiOs, Ti-doped SiO2, ZrW20s, or other ceramics in the AM20s family. In embodiments,
the filler material comprises any other suitable material with a relatively low or negative CTE. In
embodiments, the CTE of the stopper 106 containing the filler material is less than or equal to
300x107/K (e.g., less than or equal to 290x107/K, less than or equal to 280x1077/K, less than or
equal to 270x1077/K). By adding the filler material described herein to the stopper 106, the CTE
differential between the metal-containing cap 108 and stopper 106 is reduced, thereby reducing
the likelihood of decompression of the stopper 106 when the sealed glass container 100 is cooled

to storage temperatures that are less than or equal to -80°C.

[00101] In embodiments, the stopper 106 comprises a radially heterogeneous structure having a
variable composition. For example, FIG. 1D schematically depicts an example embodiment of the
stopper 106 in cross-section. As depicted, the stopper 160 comprises a body 166 defining the
insertion portion 117 and the sealing portion 119. In embodiments, the body 166 is constructed of

an elastomeric material having a relatively high elasticity at room temperature, such as Butyl
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rubbers or any other suitable stopper material. The body 166 may be similar in size and dimension
to stoppers that are currently in use for sealing pharmaceutical glass containers. For example, in
the depicted embodiment, the sealing portion 119 comprises a thickness 168 and a width 170. In
embodiments, the width 170 is greater than or equal to a radial distance between the inner surface
114 and the outer surface 136 of the glass container 102 (See FIG. 1B) to maximize a contact area

between the sealing portion 119 and the upper sealing surface 110 of the glass container 102.

[00102] In the embodiment depicted in FIG. 1D, the stopper 106 further comprises low Tg
segment 172 in the sealing portion 119. The low Tg segment 172 may be disposed in the sealing
portion 119 such that the low Ty segment 172 contacts the upper sealing surface 110 of the glass
container 102 upon insertion of the stopper 106 therein. In embodiments, the stopper 106 may be
constructed by compression molding or injection molding. In embodiments, the body 166 and the
low Tg segment 172 may be separately formed and bonded together. For example, as depicted in
FIG. 1D, the low Tg segment 172 slightly protrudes from the sealing portion 119. Such protrusion
depicts the low Tg segment 172 being separately constructed from the body 166 (e.g. via injection
or compression molding) and later bonded thereto. In embodiments, once the stopper 106 is
constructed and inserted into the glass container 102, the low Tg segment 172 is compressed into
the body 166 (e.g., via the metal-containing cap 108) such that both the body 166 and the low Tg

segment 172 press against the upper sealing surface 110.

[00103] In embodiments, the low Tg segment 172 comprises a radial width 174 that is greater
than or equal to 10 % and less than or equal to 50 % of the width 170 of the sealing portion 119 of
the body 166. The low Tg segment 172 also comprises a thickness 176 that is greater than or equal
to 10% and less than or equal to 90% of the sealing portion 119 of the body 166. The low Tg
segment 170 may comprise greater than or equal to 1% and less than or equal to 45% by volume
of the sealing portion 119 depending on the storage application. In embodiments, the volumetric
proportion of the low Tg segment 172 relative to the body 166 may depend on the dimensions of
the glass container 102 (e.g., the flange thicknes 152) and the compositions of the stopper 106 and

metal-containing cap 108.
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[00104] In embodiments, the low Ty segment 172 is constructed of a low Ty elastomeric material.
In embodiments, the glass transition temperature of the low Tg elastomeric material is less than or
equal to -75°C (e.g., less than or equal to -80°C, less than or equal to -90°C, less than or equal to
-100°C, less than or equal to -110°C, less than or equal to -120°C). In embodiments, the low Tg
segment 172 comprises one or more low Ty elastomeric materials such as Polybutadienes,
silicones, fluorosilicones, nitrites, and EPDM elastomers (e.g., PDMS), or any combination
thereof. The relatively low glass transition temperature of the low Ty segment172 as compared to
the body 166 beneficially maintains elasticity of the stopper 106 at a point of contact between the
sealing portion 119 and the upper sealing surface 110 of the glass container 102 when cooled to

relatively low temperatures of less than or equal to -70°C.

[00105] The low Tg elastomeric material of the low Tg segment 172 may have a higher gas
permeability than the material of the body 166. In embodiments, to improve the gas permeability
of the low Tg segment 172, the low Ty segment comprises up to 30 wt. % filler material. In
embodiments, the filler material comprises silicon. For example, in embodiments, the filler
material comprises SiO2 glass particles. In embodiments, the SiO2 glass particles may have a
particle size that is greater than or equal to 10 nm and less than or equal to 100 nm. In
embodiments, the SiO2 glass particles may be functionalized with oranosilanes to tune the particle
dispersion state within the elastomeric material of the stopper 106. In embodiments, the filler
material comprises a silicate (e.g., cordierite, b-eucryptite, b-spodumene). The filler material of
the low Tg segment 172 lowers the CTE thereof relative to the body 166 to facilitate maintenance

of contact and compression at the upper sealing surface 110 of the glass container 110,

[00106] It should be appreciated that any combination of the above-described approaches (e.g.,
lowering the CTE and/or Ty of the stopper 106, increasing the CTE of the metal-containing cap
108, structurally modifying the glass container 102 in any of the ways described herein) may be
used in the sealed glass container 100. For example, in embodiments, the inclined sealing surface
140 may significantly increase compression of the stopper 106 such that conventional materials
for the stopper 106 (e.g., Butyl rubbers) and metal-containing cap 108 (e.g., aluminum) may be

used while still maintaining a seal at temperatures less than or equal to -80°C. A similar result
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may be achieved if the upper sealing surface 110 meets certain requirements (e.g., flatness, surface
roughness uniformity, etc.). In embodiments, the inclined sealing surface 140 may be combined
with one or more material modifications to the sealing assembly 104 (e.g., reduced-CTE stopper
106, increased-CTE metal-containing cap 108) to provide an even more robust seal for storage
temperatures less than or equal to -100°C (e.g., less than or equal to -125°C, less than or equal to
-150°C, less than or equal to -170°C). The specific combination of structural or compositional

modifications used may depend on the storage application.

[00107] In embodiments, both a high CTE metal-containing cap 108 (e.g., constructed of a
polymer-aluminum composite) and low CTE stopper 106 (e.g., constructed of a rubber-SiO:
composite) may be used. In such embodiments, given that the shrinkage differential between the
metal-containing cap 108 and the stopper 106 is reduced by composition formulation, modification
of the structure of the glass container 102 may be avoided. Such approaches may be beneficial for
use with existing glass containers, where the angle 150 of the inclined sealing surface 140 may be
approximately 3 degrees. The ultimate structure of the glass container 102 and sealing assembly

104 may vary depending on the implementation.

[00108] It should be understood that alternatives to the glass container 102 described herein with
respect to FIGS. 1A and 1B may be used while still maintaining container closure integrity at
storage temperatures less than or equal to -80°C. For example, FIG. 2A schematically depicts a
sectional view of another glass container 200. The glass container 200 may comprise similar
components to the glass container 102 described herein with respect to FIGS. 1A and 1B.
Accordingly, FIG. 2A incorporates like reference numerals to indicate the incorporation of such

like components.

[00109] The glass container 200 differs from the glass container 102 described with respect to
FIGS. 1A and 1B in that the glass container 200 includes flange 202 comprising an underside
surface 204, an outer surface 206, and an upper sealing surface 208. As depicted in FIG. 2A, the
upper sealing surface 208 extends in the plane 152 extending through the end 154 of the opening
105 in the glass container 200. In embodiments, the upper sealing surface 208 extends

substantially perpendicular (e.g., at an angle greater than or equal to 89.5 degrees and less than or
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equal to 90.5 degrees) to the central axis A of the glass container 200. In embodiments, the upper
sealing surface 208 extends substantially perpendicular to the inner surface 114 of the glass
container 200 defining the opening 105. Such an upper sealing surface 208 beneficially increases
a contact area between the stopper 106 (see FIG. 1A) and the upper sealing surface 208 and may

increase the probability of maintaining integrity of the seal.

[00110] In embodiments, the upper sealing surface 208 may be constructed to possess the surface
characteristics described herein with respect to the inclined sealing surface described with respect
to FIGS. 1A and 1B to increase the quality of contact with the stopper 106. For example, in
embodiments, the upper sealing surface 208 comprises a surface roughness that is less than or
equal to a threshold value (e.g., 0.1 um) to reduce the probability of gaps being formed at the
interface between the upper sealing surface 208 and the stopper 106. In embodiments, the upper
sealing surface 208 comprises a uniform surface roughness (e.g., greater than or equal to 3 um,
greater than or equal to 5 um) based on an estimated shrinkage of the flange 202 and stopper 106
when cooled to any of the cold storage temperatures described herein. In embodiments, the upper

sealing surface comprises a surface flatness that is less than or equal to a threshold value.

[00111] Inthe example depicted in FIG. 2A, the upper sealing surface 208 extends from the outer
surface 206 to the inner surface 114. It should be appreciated that the upper sealing surface 208
may include a variety of different features consistent with the present disclosure. For example,
FIG. 2B schematically depicts a sectional view of a glass container 210 comprising an upper
sealing surface 212 comprising a flat portion 214, a chamfer 216 extending between the flat portion
214 and the outer surface 206 of the flange 202, and a rounded corner 218 extending between the
flat portion 214 and the inner surface 114. The flat portion 214 may extend in the plane 152 like
the entirety of the upper sealing surface 208 depicted in FIG. 2A. In embodiments, the chamfer
216 extends at an angle of 45 degrees relative to the flat portion 214. In embodiments, the chamfer
216 increases the integrity of the seal created by the stopper 106 by allowing the stopper to
encapsulate the upper sealing surface 212 in multiple directions. In embodiments, rather than the
rounded corner 218, the upper sealing surface 212 comprises a chamfer similar in structure to the

chamfer 216 extending between the flat portion 214 and the inner surface 114. It should be
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appreciated that any of the features (e.g., the chamfer 216, the rounded corner 218, the at least one
sealing feature 220) described herein with respect to FIG. 2B may also be incorporated into the
inclined sealing surface 140 described herein with respect to FIG. 1B (e.g., the upper sealing
surface 110 may comprise a chamfer extending between the inclined sealing surface 140 and the

outer surface 136).

[00112] Referring now to FIG. 3, a cross-sectional view of a sealed glass container 300 is
depicted. The sealed glass container 300 comprises the glass container 102 described herein with
respect to FIGS. 1A and 1B. Accordingly, like reference numerals are used in FIG. 3 to signify
the incorporation of such like components. The sealed glass container 300 comprises a sealing
assembly 302 inserted into the glass container 102 to seal the opening 105 therein. The sealing
assembly 302 comprises a stopper 304 that is inserted into the opening 105 and compressed against
the upper sealing surface 110 via a crimped metal-containing cap 308. In embodiments, the
stopper 304 and metal-containing cap 308 are similar in structure and function to the stopper 106
and metal-containing cap 108 described herein with respect to FIGS. 1A and 1B, and be
constructed of any of the materials described herein to increase the sealing integrity at low sealing

temperatures.

[00113] The sealing assembly 302 depicted in FIG. 3 differs from the sealing assembly 104
described herein with respect to FIGS. 1A and 1B in that the sealing assembly 302 comprises a
sealing material 306 disposed between the metal-containing cap 308 and the stopper 304. The
sealing material 306 may be affixed to the metal-containing cap 308 and/or the stopper 304,
depending on the implementation. In embodiments, the sealing material 306 is constructed of a
material having a CTE that is less than that of both the metal-containing cap 308 and the stopper
304. Incorporating of the sealing material 306 may reduce the overall CTE (e.g., average CTE) of
the material stack disposed within the metal-containing cap 308 (e.g., the flange 126, the stopper
304, and the sealing material 306) as compared to embodiments not incorporating the sealing
material 306. Such overall CTE reduction reduces the overall amount of shrinkage of the material
disposed within the metal-containing cap 308, thereby facilitating the maintenance of compression

on the stopper 304.
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[00114] In embodiments, the sealing material 306 comprises a CTE of less than or equal to
50x107/K (e.g., less than or equal to 25x107/K, less than or equal to 10x1077/K, less than or equal
to 5x107/K). In embodiments, the sealing material is constructed of a high melting point metal
(e.g., Ir, W, Ti, Si). In embodiments, the sealing material 306 is constructed of a polymer or
rubber-based composite (e.g., such as those described herein with respect to the stopper 106). In
embodiments, the sealing material 306 comprises an oxide, such as SiO2, Ti-doped Si02, ZrW1Os,
or other ceramics in the AM20s family. The sealing material 306 may have any suitable size or
shape, depending on the implementation. In embodiments, the sealing material 306 is symmetric
about the central axis A of the glass container 102 to facilitate maintenance of a uniform

compression on the stopper 304.

[00115] FIGS. 4A-4D depict simulations of stopper compression as a function of flange angle.
FIG. 4A depicts simulated results of a flange 400 comprising an inclined sealing surface 402
extending at an angle of -3 degrees relative to a plane 404 lying on top of the flange 400 (see top
portion of FIG. 4A). FIG. 4B depicts simulated results of a flange 412 comprising a sealing surface
414 extending at an angle of O degrees relative to a plane 416 lying on top of the flange 412 (see
top portion of FIG. 4B). FIG. 4C depicts simulated results of a flange 424 comprising an inclined
sealing surface 426 extending at an angle of 2.4 degrees relative to a plane 428 lying on top of the
flange 424 (see top portion of FIG. 4C). FIG. 4D depicts simulation results of a flange 434
comprising an inclined sealing surface 436 extending at an angle of 7 degrees relative to a plane

438 lying on top of the flange 434 (see top portion of FIG. 4A).

[00116] The simulations predict the compression of stoppers 406, 418, 428, and 440 being
inserted into the flanges 400, 412, 424, 434 depicted in FIGS. 4A, 4B, 4C, and 4D, respectively
and crimped via an aluminum cap (not depicted) to provide a residual sealing force of
approximately 25 Ibf (e.g., greater than or equal to 24.8 1bf and less than or equal 25.6 1bf). Finite
element analysis was then performed to simulate compression of the stoppers 406, 418, 428, and
440 at multiple temperatures. The middle portions of FIGS. 4A, 4B, 4C, and 4D depict the
simulation results at room temperature (e.g., 25°C). The stopper 406 of FIG. 4A being crimped
against the flange 400 resulted in a compression profile 408 at 25°C. The stopper 418 of FIG. 4B
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being crimped against the flange 412 resulted in a compression profile 420 at 25°C. The stopper
428 of FIG. 4C being crimped against the flange 424 resulted in a compression profile 430 at 25°C.
The stopper 440 of FIG. 4D being crimped against the flange 434 resulted in a compression profile
442 at 25°C. As depicted in each of the compression profiles 408, 420, 430, 442, each of the
stoppers 406, 418, 428, and 440 is continuously pressed along a segment of each of the sealing
surfaces 402, 414, 426, and 436 (e.g., the compression profiles 408, 420, 430, 442 contain
segments without any gaps containing zero compression), indicating relatively large contact areas

and the presence of a seal at 25°C.

[00117] The bottom portions of FIGS. 4A, 4B, 4C, and 4D depict the simulation results at a
lower temperature of -80°C. The stopper 406 of FIG. 4A being crimped against the flange 400
resulted in a compression profile 410 at -80°C. The stopper 418 of FIG. 4B being crimped against
the flange 412 resulted in a compression profile 422 at -80°C. The stopper 428 of FIG. 4C being
crimped against the flange 424 resulted in a compression profile 432 at -80°C. The stopper 440
of FIG. 4D being crimped against the flange 434 resulted in a compression profile 444 at -80°C.
Each of the compression profiles 410, 422, and 432 comprises at least one gap where the
compression of the stopper is zero, indicating a reduced contact area and likelihood of a broken
seal. That is, according to the simulation results, flanges having a flange angle of less than 5
degrees resulted reduced contact area at lower storage temperatures. The compression profile 444
of flange 436 depicted in FIG. 4D, in contrast, resulted in continuous compression of the stopper
440 at -80°C. That is, the compression profile 444 comprises a segment containing no gaps of
zero compression at the inclined sealing surface 436, indicating seal maintenance at such

temperatures.

[00118] FIG. 4E depicts a plot 446 of stopper contact area with the flanges 400, 412, 424, 434 as
a function of temperature when cooled at a rate of 1°C/minute. FIG. 4F depicts a plot 448 of
stopper contact area with the flanges 400, 412, 424, 434 as a function of temperature when cooled
at a rate of 5°C/minute. As depicted in FIG. 4E, when cooled at a rate of 1°C/minute, the flange
434 depicted in FIG. 4D, with a flange angle of 7 degrees, maintains a contact area at temperatures

less than or equal to -70°C that is at least 55% of a contact area at room temperature. The flange
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434 also maintains such a contact area at temperatures of less than or equal to -100°C (e.g., less
than or equal to 110°C, less than or equal to 110°C, less than or equal to 120°C, less than or equal
to 130°C, less than or equal to 140°C, less than or equal to 170°C). Such a result contrasts with
the results for the flanges 400, 412, 424, having flange angles of less than or equal to 5°C, where
the contact area is less than 40% at -70°C as compared to 25°C, and further decreasing to below
10 percent at temperatures of less than -90°C. That is, the flange angle (e.g., the angle 150
described herein with respect to FIGS. 1A and 1B) possessing the values of greater than 5 degrees
facilitates maintaining stopper contact area at low storage temperatures, indicating seal
maintenance. The plot 448 depicted in FIG. 4F depicts a similar result, except that the stopper
contact area appears to decrease at a greater rate than in the plot 446 (especially for the flanges
400, 412, and 424) as the glass is cooled. As such, cooling the glass containers described herein

at rates of less than 5°C/minute may also facilitate seal maintenance.

[00119] In view of the foregoing description, it should be understood that sealed glass containers
capable of maintaining container closure integrity at storage temperatures of less than or equal to
-70°C are disclosed. Depending on the implementation and the storage application, the structure
of the glass container may be designed specifically to account for shrinkage of the sealing assembly
during cooling for storage. For example, glass containers may include an inclined sealing surface
extending at an angle of greater than 5 degrees relative to a plane resting on top of the glass
container so as to increase compression of the stopper during the crimping process and therefore
increase the tolerance for stopper shrinkage. Aspects of the sealing surface (e.g., surface
roughness, flatness, other features such a chamfers or sealing features) may also be tailored to
prevent the stopper from peeling off the sealing surface during shrinkage. Moreover, dimensions
of the glass container (e.g., flange thickness) may also be increased to provide a greater probability
of seal integrity maintenance. In addition to the structural modifications to the glass container,
compositions of components of the sealing assembly (e.g., the cap, the stopper, any additional
sealing materials) may be selected to ensure that the cap maintains an adequate amount of
compression on the stopper to maintain placement of the stopper in the event of thermal shrinkage

thereof.
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[00120] Unless otherwise expressly stated, it is in no way intended that any method set forth
herein be construed as requiring that its steps be performed in a specific order, nor that with any
apparatus specific orientations be required. Accordingly, where a method claim does not actually
recite an order to be followed by its steps, or that any apparatus claim does not actually recite an
order or orientation to individual components, or it is not otherwise specifically stated in the claims
or description that the steps are to be limited to a specific order, or that a specific order or
orientation to components of an apparatus is not recited, it is in no way intended that an order or
orientation be inferred, in any respect. This holds for any possible non-express basis for
interpretation, including: matters of logic with respect to arrangement of steps, operational flow,
order of components, or orientation of components; plain meaning derived from grammatical
organization or punctuation, and; the number or type of embodiments described in the

specification.

[00121] It will be apparent to those skilled in the art that various modifications and variations can
be made to the embodiments described herein without departing from the spirit and scope of the
claimed subject matter. Thus, it is intended that the specification cover the modifications and
variations of the various embodiments described herein provided such modification and variations

come within the scope of the appended claims and their equivalents.
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CLAIMS
What is claimed is:

1. A glass container comprising:

a shoulder;
a neck extending from the shoulder; and
a flange extending from the neck, the flange comprising:

an underside surface extending from the neck;

an outer surface extending from the underside surface, the outer surface defining
an outer diameter of the flange; and

an inclined sealing surface extending between the outer surface and an inner surface
defining an opening in the glass container, wherein the inclined sealing surface extends at
an angle relative to a plane extending through an end of the opening such that a distance
between the inclined sealing surface and the plane increases with decreasing radial distance

from the outer surface, wherein the angle is greater than 5 degrees.

2. The glass container of claim 1, wherein the angle is less than or equal to 45 degrees.

3. The glass container of claim 1, wherein a surface roughness of the inclined sealing surface is

greater than or equal to 3 um.

4. The glass container of claim 3, wherein the surface roughness of the inclined sealing surface is
predetermined based at least in part on an estimated shrinkage of a sealing assembly associated
with the glass container when the sealing assembly is cooled to temperatures less than or equal to

-80°C.

5. The glass container of claim 1, wherein the inclined sealing surface comprises a surface

roughness of less than or equal to 0.1 pum.
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6. The glass container of claim 1, wherein a flatness of the inclined sealing surface is less than or

equal to 5 um.

7. The glass container of claim 1, wherein the inclined sealing surface comprises a first edge

disposed proximate to the inner surface and a second edge disposed proximate to the outer surface.

8. The glass container of claim 7, wherein the second edge is disposed radially inward of the outer
surface, the glass container further comprising a chamfer extending between the inclined sealing

surface and the outer surface.

9. The glass container of claim 1, wherein the glass container is constructed of a glass composition
having a coefficient of thermal expansion that is greater than or equal to 0x10”7 / K and less than

or equal to 70x107/K.

10. A glass container comprising:
a shoulder;
a neck extending from the shoulder;
a flange extending from the neck; and
an inner surface defining an opening extending through the neck and the flange, wherein
the flange comprises an upper sealing surface extending from the inner surface, wherein at least
one of:
the upper sealing surface comprises an inclined sealing surface extending at an
angle of greater than 5 degrees relative to a plane extending perpendicular to the inner
surface; and
a portion of the upper sealing surface comprises a length of at least 4 mm and a

surface flatness of less than or equal to 5 pm.

11. The glass container of claim 10, wherein the upper sealing surface comprises the inclined

sealing surface, wherein the angle is less than or equal to 45 degrees.
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12. The glass container of claim 11, wherein the angle is greater than or equal to 7 degrees.

13. The glass container of claim 11, wherein a surface roughness of the inclined sealing surface

is greater than or equal to 3 um.

14. The glass container of claim 10, wherein:

the upper sealing surface comprises a portion comprising a length of at least 4 mm and a
surface flatness of less than or equal to 5 pm, and

the portion extends at an angle relative to the inner surface that is greater than or equal to

89.5 degrees and less than or equal to 90.5 degrees.

15. The glass container of claim 10, wherein the upper sealing surface comprises a chamfered

edge extending from an outer surface of the flange.

16. The glass container of claim 15, wherein the glass container is constructed of a glass
composition having a coefficient of thermal expansion that is greater than or equal to 0x10”7 /°C

and less than or equal to 70x107/°C.

17. A sealed glass container comprising:
a glass container, the glass container comprising:
a shoulder;
a neck extending from the shoulder;
a flange extending from the neck, the flange comprising:
an underside surface extending from the neck;
an outer surface extending from the underside surface, the outer surface
defining an outer diameter of the flange; and
a sealing surface extending between the outer surface to an inner surface of

the sealed glass container that defines an opening; and
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a sealing assembly, the sealing assembly comprising:

a stopper extending over the sealing surface of the flange and covering the opening;
and

a metal-containing cap crimped to the flange, the metal-containing cap compressing
the stopper, wherein the compression is maintained on the sealing surface as the sealed
glass container is cooled to a temperature of less than or equal to 80°C such that a helium
leakage rate of the sealed glass container is less than or equal to 1.4x10° cm?/s at the

temperature.

18. The sealed glass container of claim 17, wherein a difference between a coefficient of thermal

expansion (“CTE”) metal-containing cap and a CTE of the stopper less than or equal to 50x107/K.

19. The sealed glass container of claim 18, wherein the CTE of the metal-containing cap is greater

than or equal to 250x107/K.

20. The sealed glass container of claim 17, wherein the metal-containing cap is contains at least

one of Zn and Mg.

21. The sealed glass container of claim 17, wherein the metal-containing cap is constructed of an

aluminum-containing polymer composite material.

22. The sealed glass container of claim 17, wherein the metal-containing cap is constructed of a

metallic alloy comprising at least one of Zn, Al, Mg, Cu.

23. The sealed glass container of claim 17, wherein the metal-containing cap is constructed of a

Pb-Sn alloy.

24. The sealed glass container of claim 17, wherein a CTE of the stopper is less than or equal to

290x1077/K.
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25. The sealed glass container of claim 24, wherein the stopper is constructed of a polymer
composite comprising greater than 0 wt. % and less than or equal to 30 wt. % of a silicon-based

filler material.

26. The sealed glass container of claim 25, wherein silicon-based filler material comprises SiO2

glass particles.

27. The sealed glass container of claim 25, wherein silicon-based filler comprises a silicate.

28. The sealed glass container of claim 17, wherein a glass transition temperature of the stopper

is less than or equal to -75°C.

29. The sealed glass container of claim 17, wherein:

the sealing surface comprises an inclined sealing surface extending between the outer
surface and the inner surface, the inclined sealing surface extending at an angle relative to a plane
extending through an end of the opening such that a distance between the inclined sealing surface
and the plane increases with decreasing radial distance from the outer surface, and

the angle is greater than or equal to 6 degrees.

30. The sealed glass container of claim 17, wherein a surface roughness of the sealing surface is

greater than or equal to 3 um.

31. The sealed glass container of claim 17, further comprising a sealing material disposed between
the stopper and the metal-containing cap, the sealing material having a CTE that is less than that

of the stopper and the metal-containing cap.

32. The sealed glass container of claim 31, wherein the sealing material comprises at least one of

Ir, W, Ti, and Si.
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33. The sealed glass container of claim 31, wherein the sealing material comprises a polymer-

based composite.

34. The sealed glass container of claim 31, wherein the sealing material comprises at least one of

Si02, Ti-doped SiOa, ZrWa (s, and an AMROs ceramic,

35. The sealed glass container of claim 17, wherein the metal-containing cap is non-uniform in

composition along a central axis of the sealed glass container.

36. The sealed glass container of claim 35, wherein the metal-containing cap comprises an

aluminium layer and at least one multi-layer structure in contact with the aluminium layer.

37. The sealed glass container of claim 36, wherein the multi-layer structure comprises an
elastomer layer and a glassy polymer layer, the glassy polymer layer comprising a glass transition

temperature of greater than 25°C.
38. The sealed glass container of claim 35, wherein the metal-containing cap comprises a multi-
layer laminate structure having a thickness that is greater than or equal to 200 um and less than or

equal to 300 um.

39. The sealed glass container of claim 17, wherein the stopper comprises a radially heterogeneous

composition.

40. The sealed glass container of claim 39, wherein the stopper comprises a low Tg segment in

contact with the sealing surface.
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41. The sealed glass container of claim 40, wherein the low Tg segment comprises a low Tg
elastomer comprising one or more of a polybutadiene, silicone, a fluorosilicone, a nitrite, and a

EPDM elastomer.

42. The sealed glass container of claim 40, wherein the low Tg segment comprises greater than or

equal to 0 wt. % and less than or equal to 30 wt. % filler material.

43. The sealed glass container of claim 42, wherein the filler material comprises silicon-based

particles.
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