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Sefora

Edna Marcela Ramirez Orozco

Directora de Nuevas Creaciones
Superintendencia de Industriay Comercio
E. S. D.

Referencia: Solicitud de PCT Patente de Invencion denominada
Composicién Farmacéutica que Comprende Beclometasona
Dipropionato, Formoterol Fumarato Dihidrato y 1,1-Difluoroetano.

Asunto: Respuesta al Requerimiento No. 7457 del 14 de mayo de 2021.

Expediente No. NC2019/0002555
Juan Carlos Cuesta Quintero, mayor de edad, identificado como aparece al pie de mi
firma, obrando en mi calidad de apoderado de la sociedad Mexichem Fluor S.A. DE C.V,

doy respuesta al Oficio No. 7457 del 14 de mayo de 2021, en los siguientes términos:

1. Titulo:

De acuerdo a las objeciones planteadas en cuanto al titulo de la invencién, las solicitantes
aceptan la sugerencia de este Despacho en el sentido de titular la invencién bajo el

siguiente:

Composiciéon Farmacéutica que Comprende Beclometasona Dipropionato,

Formoterol Fumarato Dihidrato y 1,1-Difluoroetano

2. Reivindicaciones:

e Lareivindicacion 1 se ha modificado como sigue:

(i) para indicar que al menos el 90% en peso del componente propulsor es 1,1-
difluoroetano (HFA-152a). Se puede encontrar soporte para esta enmienda en la
reivindicacion 17 original y en la pagina 9, linea 25, a la pagina 10, linea 2, de la

solicitud originalmente presentada al entrar en fase nacional.

(ii) Para recitar el etanol como un componente de la composicion farmacéutica
reivindicada. Se puede encontrar soporte para esta enmienda en las
reivindicaciones originales 21y 22, en la pagina 11, lineas 8 a 18 y en los ejemplos

de la solicitud originalmente presentada al entrar en fase nacional.
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(i) para indicar que la composicion farmacéutica es una solucién. Se puede
encontrar soporte para esta enmienda en la reivindicacion original 29 y en los

ejemplos de la solicitud originalmente presentada al entrar en fase nacional.

¢ Las reivindicaciones 6, 10, 12, 17 a 19, 24 a 26, 28 y 35 a 68 han sido canceladas.

e La reivindicacion 16 (nueva reivindicacion 13) se ha modificado para que sea
coherente con la enmienda realizada a la reivindicacion 1. Se puede encontrar
soporte para composiciones que contienen glicerol en la reivindicaciéon 1 tal como

se presentd originalmente.

e Se han vuelto a numerar las reclamaciones 7a 9, 11, 13a 16,20 a 23,27y 29 a 34
y se han modificado sus dependencias para tener en cuenta las cancelaciones de

reclamaciones.

e Reivindicacion 1:

El Examinador opina que la presencia de glicerol en la composicion farmacéutica es
esencial para la invencion y para el problema que se resuelve, de modo que la
ausencia de glicerol de la reivindicacion 1 da como resultado una reivindicacion que

no esta debidamente respaldada por la descripcion.

La nueva reivindicacion 1 reivindica una formulaciéon en solucién que comprende
beclometasona dipropionato, formoterol fumarato dihidrato, etanol y componente
propulsor 1,1-difluoroetano (HFA-152a). Esta es una de las mismas composiciones
que se prepararon e investigaron en los ejemplos. Por lo tanto, sostenemos
respetuosamente que los ejemplos demuestran inequivocamente que el glicerol no

es una caracteristica esencial de la invencién como considera el Examinador.

Si consideramos el ejemplo 1, vemos que ninguna de las composiciones que se
prepararon contenia glicerol. Sin embargo, todas contenian beclometasona
dipropionato, formoterol fumarato dihidrato, HFA-152a y etanol y todas eran

formulaciones en solucion.

En el Ejemplo 2, se prepararon tanto composiciones sin glicerol como
composiciones que contenian glicerol. El glicerol tendia a aumentar el diametro de
masa mediana aerodindmico (MMAD) de las particulas de farmaco que se
expulsaban del inhalador de dosis medidas y, por tanto, tenderia a dar lugar a un
perfil de deposicion diferente de las particulas de farmaco en el pulmén. Sin
embargo, los MMAD mas pequefios que se registraron para las composiciones sin
glicerol no niegan la utilidad de las composiciones. De hecho, para determinadas

aplicaciones, un MMAD mas pequefio podria resultar beneficioso. Ademas, vemos
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gue las fracciones de particulas finas de las particulas de farmaco en las dosis
emitidas fueron generalmente ligeramente mas altas para las composiciones sin

glicerol, lo que es ventajoso.

Si pasamos a continuacién al Ejemplo 3, vemos que se investigo la estabilidad de
las formulaciones en solucibn que comprenden beclometasona dipropionato,
formoterol fumarato dihidrato, HFA-152a o HFA-134a y etanol. Ninguna de las
composiciones que se prepararon contenia glicerol y, sin embargo, la estabilidad de
las composiciones que comprenden HFA-152a como propulsor fue superior a las

composiciones que comprenden HFA-134a.

Finalmente, en el Ejemplo 4 se investigd la estabilidad de formulaciones en solucion
que comprenden beclometasona dipropionato, HFA-152a o HFA-134a, etanol y

opcionalmente glicerol. Vemos en la Tabla 11 que la estabilidad de las

composiciones en HFA-152a fue comparable independientemente de si se incluyo
o no glicerol. Sin embargo, una vez mas es evidente a partir de los datos
presentados en las Tablas 10 y 11 que la estabilidad de las composiciones
preparadas usando HFA-152a fue superior a la estabilidad de las composiciones
preparadas usando HFA-134a tanto si se incluy6 glicerol como si no.

Por tanto, los ejemplos no sélo investigaron formulaciones en solucién que no
incluian glicerol, sino que también muestran que se alcanz6 una estabilidad superior
cuando se usé HFA-152a como propulsor en lugar de HFA-134a. Por consiguiente,
sostenemos que los ejemplos muestran con bastante claridad que el glicerol no es
una caracteristica esencial de la invencién, ya que se prepararon composiciones sin
glicerol que también demostraron propiedades superiores debido al uso de HFA-

152a como propulsor.

Por lo tanto, cuestionamos respetuosamente la afirmacién del Examinador de que
el glicerol es esencial para las composiciones farmacéuticas de la invencién o para
la solucién del problema de proporcionar una composicion farmacéutica con

propiedades mejoradas.

Reivindicaciones 26 y 58:

El Examinador opina que el término "libre de microestructuras perforadas" en las
reivindicaciones 26 y 58 no esta claro. Hemos eliminado las reclamaciones 26 y 58.

En consecuencia, la objecién ya no ha lugar.

Reivindicaciones 28 y 60:
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El Examinador opina que el término "libre de polimeros que tienen unidades
estructurales que repiten ésteres de &cido carboxilico y/o amida" en las
reivindicaciones 28 y 60 carece de soporte. Hemos eliminado las reclamaciones 28
y 60. En consecuencia, la objecién ya no ha lugar.

¢ Reivindicacion 53:

El Examinador opina que la afirmacién 53 no es concisa. Hemos eliminado la

Reivindicacién 53. En consecuencia, la objecién ya no ha lugar.

¢ Reivindicacion 65:

El Examinador opina que la afirmacién 65 carece de claridad. Hemos eliminado la
Reivindicacion 65. En consecuencia, la objecion ya no ha lugar.

e Reivindicacion 67:

El Examinador opina que la reivindicacion 67 define una caracteristica no técnica.

Hemos eliminado la Reivindicacion 67. En consecuencia, la objecion ya no ha lugar.

3. Descripcion:

El Examinador opina que la descripcion no revela clara y completamente la caracteristica
"libre de polimeros que tienen unidades estructurales que repiten ésteres de &cido
carboxilico y/o amida" definida en las reivindicaciones 28 y 60. Hemos eliminado las

reivindicaciones 28 y 60. En consecuencia, la objecién ya no ha lugar.

4. Unidad de Invencion:

El Examinador opina que hay tres invenciones, a saber, la invencion 1 definida en las
reivindicaciones 1 a 34, la invencion 2 definida en las reivindicaciones 35 a 61 y la invencion
3 definida en las reivindicaciones 62 a 66. Las reivindicaciones 35 a 66 han sido canceladas.

En consecuencia, la objecion desaparece.

5. Examen de Patentabilidad:

5.1. Nivel Inventivo:

El Examinador opina que las reivindicaciones carecen de nivel inventivo respecto a los
documentos WO 2012/156711 (D1), WO 2007/121913 (D2) y ES 2472268 (D3). El
documento ES 2472268 es equivalente al documento WO 2005/034911 y haremos
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referencia a este documento en lo sucesivo en el presente documento. Discrepamos

respetuosamente del Examinador en que las reivindicaciones carecen de nivel inventivo.

El documento D1 divulga una solucion farmacéutica para un inhalador de dosis medidas
que comprende beclometasona dipropionato, HFA-152a y etanol. No se divulga el

formoterol fumarato dihidrato.

El documento D2 divulga una composicion que comprende formoterol fumarato,
beclometasona dipropionato y propulsor de 1,1,1,2-tetrafluoroetano (HFA-134a). El
documento D2 también menciona el 1,1,1,2,3,3,3-heptafluoropropano (HFA-227ea) como
propulsor. No se divulga el HFA-152a y tampoco el formoterol fumarato dihidrato. El
documento D2 divulga el formoterol fumarato. Sin embargo, este compuesto es,
evidentemente, el anhidrato. Este es un compuesto distinto del formoterol fumarato

dihidrato que es esencial para las composiciones de la presente invencion.

El documento D3 divulga una composicion farmacéutica que comprende formoterol
fumarato dihidrato, un esteroide, un propulsor y etanol. El formoterol fumarato dihidrato y el

esteroide estan ambos en suspension en la mezcla de propulsor/etanol.

Como se ha sefialado anteriormente, el documento D1 no divulga el formoterol fumarato
dihidrato, como se requiere en las presentes reivindicaciones, y el documento D2 no divulga
el formoterol fumarato dihidrato ni el HFA-152a. Por consiguiente, sostenemos que la
composicion y el método, como se reivindican actualmente, son claramente inventivos
respecto a las divulgaciones de los documentos D1 y D2, ya que no puede, a nivel practico,
ser evidente lograr una composicion, como se reivindica actualmente, a partir de
documentos que no divulgan o ni siquiera sugieren componentes que son esenciales para

la composicion reivindicada.

En cuanto al documento D3, como se ha explicado anteriormente, este documento se ocupa

de formulaciones en suspension. Por el contrario, las composiciones actualmente

reivindicadas son formulaciones en solucién. Un documento, tal como el documento D3,
gue se ocupe y Unicamente se ocupe de las formulaciones en suspensién no seria de
ninguna ayuda para la persona experta que buscara desarrollar una formulacion en solucion
como la que ahora se reivindica. Aunque la persona experta probara el HFA-152a en las
formulaciones divulgadas en el documento D3, ésta lograria, inevitablemente, una
formulacion en suspension del formoterol fumarato dihidrato y el esteroide, ya que el
documento D3 deja claro que su invencion se refiere a formulaciones en las que los
farmacos estan en suspension (véase el Resumen del documento D3 y la pagina 1, lineas

3 a 8, por ejemplo).

También existen otras razones por las que la persona experta no habria considerado el uso

del HFA-152a como propulsor en las composiciones que se ensefian en los documentos
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D2y D3 en lugar de los propulsores de hidrofluorocarburos HFA-134a y HFA-227ea usados

convencionalmente.

En primer lugar, la mayor polaridad de los propulsores de hidrofluorocarburos vy,
especialmente, del HFA-134a, en comparacién con los propulsores de clorofluorocarburos
que alguna vez se usaron en inhaladores de dosis medidas, ha dado lugar a problemas de
inestabilidad con farmacos particulares. Este problema es particularmente agudo con
determinados agonistas beta-2, tales como el formoterol. Como evidencia de esto,
adjuntamos una copia del documento WO 01/89480, que, en la pagina 2, lineas 6 a 16,

indica lo siguiente:

"Debido a la mayor polaridad de los propulsores de HFA, en particular, del
HFA 134a (constante dieléctrica D > 9,5), con respecto a los vehiculos de
CFC (D < 2,3), las formulaciones en solucion de HFA pueden
experimentar en mayor medida problemas de estabilidad quimica con

respecto a las correspondientes formulaciones de CFC.

La preparacion de formulaciones en solucion de HFA estables es incluso
mas importante cuando se trata de agonistas 3, broncodilatadores que
pertenecen a la clase de los derivados de fenilalquilamino; dichos
farmacos, como el formoterol y el salbutamol (albuterol), pueden
experimentar problemas de estabilidad quimica inherentes debido a su
susceptibilidad a las condiciones oxidativas; es mas, en vista de la
presencia de algunos grupos funcionales, como la formamida, una mayor
polaridad del vehiculo puede acelerar la velocidad de las reacciones de

solvolisis".

En segundo lugar, la mayor polaridad de los propulsores de hidrofluorocarburos los hace
significativamente mas higroscépicos, siendo el problema particularmente agudo para el
propulsor HFA-134a comunmente usado, que tiene una absorcion de agua 6 veces mayor
gue el otro propulsor HFA-227ea comunmente usado. Como evidencia de esto, adjuntamos
una copia de una ficha técnica elaborada por Daikin sobre los propulsores HFA-134a 'y HFa-

227ea, que, en la pagina 20, indica lo siguiente:

"Existe una diferencia notable en la solubilidad en agua entre el HFA 227
y el HFA 134a. Como se muestra en la Figura 17, la absorcion de
humedad del HFA 134a es seis veces mayor en comparacion con el HFA
227 (valores medidos) debido a su mayor polaridad. Por lo tanto, se
prefiere el HFA 227 para las formulaciones que puedan cambiar debido a
la absorcién de agua durante la vida util del MDI, por ejemplo, para

farmacos, tales como ... o formoterol".
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Por tanto, las personas expertas en la materia entenderdn que los propulsores de
hidrofluorocarburo son significativamente mas polares que los propulsores de
clorofluorocarburo a los que sustituyen y que esta mayor polaridad puede dar lugar a
problemas de inestabilidad y absorcion de humedad, especialmente con el HFA-134a més
polar. Ademas, las personas expertas en la materia entenderan que los problemas de
inestabilidad pueden ser particularmente agudos con los agonistas 3. broncodilatadores,

como el formoterol.

Esto nos lleva al propulsor HFA-152a que se usa en las composiciones actualmente
reivindicadas que es mas polar y significativamente mas susceptible a la absorcién de
humedad que incluso el HFA-134a. Como evidencia de esto, adjuntamos un articulo
publicado en el Journal of Physical Chemistry, 1991, 95, 3860-3866, titulado "Dipole
moments of seven partially halogenated ethane refrigerants”, junto con un estudio sobre la

solubilidad del agua en los hidrofluorocarburos.

El resumen del articulo en el Journal of Physical Chemistry registra un momento dipolar de
2,262, en cuanto al HFA-152a, en comparacion con un momento dipolar de 2,058, en cuanto
al HFA-134a. Por tanto, el HFA-152a es mas polar que el HFA-134a.

El estudio fue elaborado para ASHRAE (The American Society of Heating, Refrigerating
and Air-Conditioning Engineers), que es una organizacidbn muy respetada, por supuesto, y
se puede encontrar en Water solubility & clathrate hydrates in HFC ... -
AHRIwww.ahrinet.org » files » RESEARCH > MCLR-Program. El estudio muestra que el

HFA-152a tiene una afinidad mucho mayor por el agua que el HFA-134a. Hacemos
referencia a las Figuras 6, 11 y 16 en las paginas 23, 28 y 33 y los datos asociados en la
Tabla B1 (en cuanto al HFA-134a) y la Tabla B6 (en cuanto al HFA-152a) en las paginas
53y 55.

Por tanto, la persona experta sabe que el HFA-152a es mas polar que el HFA-227ea y el
HFA-134a y que también da como resultado una mayor absorcion de humedad. Como
resultado, la persona experta esperaria que el HFA-152a diera como resultado una mayor
inestabilidad del farmaco para los farmacos en general, pero especialmente para los
agonistas beta-2 particulares, tales como el formoterol fumarato divulgado en el documento
D2 y el formoterol fumarato dihidrato divulgado en el documento D3, que también forma
una parte esencial de las composiciones reivindicadas actualmente. Por consiguiente,
sostenemos que la persona experta no habria contemplado el uso del HFA-152a como
propulsor en lugar de los propulsores convencionales HFA-134a y HFA-227ea que se usan

en los documentos D2 y D3.

Ademas, y contrariamente a esta clara expectativa, los presentes inventores hallaron que
la estabilidad de las composiciones farmacéuticas que comprenden formoterol fumarato

dihidrato y beclometasona dipropionato mejora significativamente cuando se usa el HFA-
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152a como propulsor en oposicion al propulsor HFA-134a usado convencionalmente.
Remitimos al Examinador a los Ejemplos 3 y 4 de la presente solicitud publicada que ilustran
la estabilidad superior que se puede lograr después del curado, cuando se usa el HFA-152a
como propulsor en lugar del HFA-134a usado convencionalmente. En este sentido, la
conclusion respecto al Ejemplo 3 de la solicitud, puede leerse en la pagina 30 de la solicitud
originalmente presentada al entrar en fase nacional y en la conclusién respecto al Ejemplo
4, que se encuentra en la pagina 32 de la solicitud originalmente presentada al entrar en

fase nacional.

Esta estabilidad mejorada es muy inesperada y claramente muy beneficiosa y justifica la

presencia de nivel inventivo.

Por consiguiente, sostenemos que las composiciones actualmente reivindicadas son

claramente inventivas respecto a las divulgaciones de los documentos D1 a D3.

En vista de todo lo anterior, ruego a usted estudiar nuevamente la solicitud con base en las
modificaciones realizadas y proceder de conformidad.

Cordialmente,

Juan Carlos Cuesta Quintero.
C.C. 79.339.809 de Bogota
T.P. 43.273 del C.S. de la J.
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ABSTRACT

This research project determined the solubility of water in HFC refrigerants R-134a, R-
32, R-1433, R-125, and R-152a and HFC refrigerant blends R410A, R407C, R507A, and R404A
from -100°F (-73°C) to 160°F (71°C) (or within 15°F (8.3°C) of critical temperature) in liquid
refrigerant and in the presence of refrigerant clathrate hydrate below 60°F (16°C). Water
solubility curves were constructed for each refrigerant and blend by measuring water content at
20°F (11°C) increments over the entire temperature range. In this study, all refrigerants in the
presence of 1% w/w water were confirmed to form stable solid clathrate hydrates between 50°F
(10°C) and 60°F (16°C), with R-32 and blends containing R-32 demonstrating stable clathrate
hydrates up to 80°F (27°C).

Evaluation of water solubility in HFC refrigerants and blends was performed using a
small, bench-top unit constructed of type 316 stainless steel that was temperature controlled,
inexpensive to build, and easy to operate. The test cell/unit controlled the temperature of both
the liquid and vapor refrigerant phases. This instrument and a Karl Fischer coulometer were
used to measure the water equilibrium in solution of the aforementioned HFC refrigerants and
blends at the specified temperatures, as well as water equilibrium between clathrate hydrate and
liquid refrigerant. This project determined the maximum amount of water permissible for

operating systems down to -40°F (-40°C).
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INTRODUCTION

One of the universal contaminants in hermetic systems is water, which can enter the
system through manufacturing and other means. HVAC sealed systems are manufactured,
evacuated, and nitrogen purged with heat to remove moisture before refrigerant is added. The
solubility of water in refrigerant is important nonetheless. Knowing the solubility properties of
water in refrigerant is necessary to help manufacturers in the production of sealed systems, the
calculation of desiccant quantity, the determination of water distribution ratios, and the
prevention of freeze-up conditions. Normally, a properly desiccated system has a water content
below 50 ppm, which generally does not pose a problem.

Desiccants play the vital role of maintaining refrigerant systems in an acceptably dry state
and free of circulating inorganic acid contaminants (Cavestri and Schooley 1998). Historicaly,
refrigerant systems were CFC and HCFC chemicals with mineral or akylbenzene lubricants.
However, the latest systems are quite different; HFC refrigerants generally use polyolesters,
which are more polar oxygen bearing lubricants. The equilibrium water solubility in HFCs may
be different and requires measurement. Since the circulating water equilibrium conditions are
desiccant/temperature dependent, knowledge of water equilibrium with desiccant at various
temperatures is a necessity (Cavestri and Schafer 1999a and 1999b).

Unlike CFC refrigerants, HFC and HCFC refrigerants carry hydrogen atoms that create a
polarized portion of the molecule, increasing the solubility of water. Refrigerants that are fully
substituted, such as R-12, carry the least amount of water in solution (ASHRAE 1994 and
DuPont 1982a). One or two hydrogen-substituted carbon refrigerants such as R-22 and R-134a
provide the best solubility for water.

Regardless of which refrigerant or lubricant is used, moisture can cause problems in
refrigerating and air-conditioning systems. These problems are avoidable when loose and solid
filter driers are used with new and/or field-serviced equipment, or with refrigerant reclaim and
recycle equipment. For maximum life and reliability, it is essential for a system to be maintained

at aminimum circul ating water content.



BACKGROUND

No measured data is available regarding the solubility of water in HFC refrigerants R-32,
R-143a, R-125, and R-152a and blends of these refrigerants, R410A, R407C, R507A, and
R404A. While data for R-123, R-134a, and R-22 is available (ASHRAE 1994), literature on
simple, cost-effective test methods that provide unequivocal analytical data is not. Thrasher et
al. (1993), using an NMR to measure dissolved water, reported measurement difficulties at low
temperatures.

The temperature range of this research study was -100°F (-73°C) to 160°F (71°C), or
within 15°F (8.3°C) of critical temperature. The formation of clathrate hydrates was a serious
point of concern, since their constraints on this project were unknown. However, an abundance
of information on clathrate hydrates has been published by such researchers as Chinworth and
Katz (1947), Akiya et al. (1997), Holder et al. (1988), Walker et al. (1960), and Sloan (1990).
The main objective of this research was to determine the solubility of water in liquid refrigerants,
thisis simple in theory, but difficult in practice. Logic dictated the development of atest device
and method that was insensitive to temperature, refrigerant changes, and solid suspensions. The

method was actualized with a device custom-built from readily available components.

ANALYTICAL PROTOCOL

The initial protocol was to load an apparatus that circulated a quantity of degassed
refrigerant and dissolved water. Dissolved air was reported to reduce water solubility at the
specified temperature and pressure in an excess of 2.7% deionized, degassed water (w/w)
(Thrasher et al. 1993).

Test Unit 1

The first test device (Figure 1), designed for safety and high pressure, was intended to

promote slow agitation of the water and liquid refrigerant and to incorporate the vapor spacein a

temperature controlled environment. This was similar in concept and design to a device used by



DuPont (Sturgis 1996). Test Unit 1 consisted of an inverted 3.5” OD x 14" stainless steel tube
fitted at the top with a weld cap and pipe fitting assembly. The bottom was configured with a
type C flange, drilled, and tapped to accept 5/16 x 18 studs. The bottom plate was stainless steel
configured with a sampling tube and tap. The test cylinder was enclosed in an insulated glass
jacket for temperature control. Temperature was regulated by circulating refrigerated methanol,
with the aid of solid dry ice for temperatures below -40°F (-40°C), from a microprocessor-
controlled cryostat between the test cylinder and the glass jacket. For temperatures of 80°F
(27°C) and above, a microprocessor-controlled heating bath was used to circulate a
water/ethylene glycol mixture. This system was used to test R-134a, R-143a, R-125, R410A,
R407C, and R507A. Temperature test points were taken from 80°F (27°C) to 160°F (71°C) (or
within 15°F (8.3°C) of critical temperature) and then from 60°F (16°C) to -100°F (-73°C).

Test Unit 2

The second test system (Figure 2), smply a modification of Test Unit 1, was designed
and built to provide additional slow stirring of the entire mixture and to minimize clathrate
hydrate formation near the sampling port. In the second test unit, the magnetic stirring bar was
replaced with a ¥4’ diameter, stainless steel tube equipped with two stirring arms, two opposing
neodymium magnets, and three holes to permit sample flow to the sampling port. The mixing
device, which sat on the base of the enclosed cylinder, was rotated by a 300 rpm stirring motor.
Water and refrigerant were introduced in the usual manner, but the principal difference was that
the sampling orifice was placed 2%2" up from the bottom. The sample was stirred by both a 1/16”
diameter pin that held the interna tube plug and the bottom magnet armature. This system was
used to test R-32, R-152a, and R404A. It was aso used in the attempt to collect R-22 and R-23
data. The temperature test points were taken in order from lowest to highest (-40°F (-40°C)
through 160°F (71°C)) (or within 15°F (8.3°C) of critica temperature) per the committee’s
suggestion. The lowest temperature at which data points were collected changed from -100°F
(-73°C) to -40°F (-40°C) because data collected below -40°F (-40°C) was not reproducible.
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The redesign of Test Unit 1 resulted from examining the water equilibrium test points
plotted as log refrigerant water content (ppm) vs. temperature (1000/°K). In particular, R-143a
clearly demonstrated two distinct slopes (see Discussion). At this point in the project, clathrate
hydrates were assumed less dense than the refrigerant; therefore, it was presumed, they would
float. Additiona experimentation became necessary to learn more about the characteristics of
clathrate hydrates.

Unlike previous investigations (Akiya et al. 1997 and Lederhos et al. 1992), this study
showed clathrate hydrate formation in excess refrigerant. In order to characterize the physical
properties of the clathrate hydrates formed, sealed tubes were made with 1% and 5% water (w/w)
(Appendix C), which was outside the scope of the work statement, but necessary for this
investigation. Observation of the sedled tubes containing water and refrigerant confirmed
clathrate hydrate formation and disappearance as temperatures increased and decreased between
0°F (-18°C) and 80°F (27°C) (Appendix C). The amount of clathrate hydrates formed and the
temperature at which they appeared depended on the amount of water in the system, the
refrigerant being tested, and whether measurements were taken as the temperature was

decreasing or increasing (Figures 3 and 4).

Test Unit 3

Test Unit 3 (Figure 5) is a modification of Test Unit 2. It was suggested that free water
should not be used in water solubility equilibrium studies with liquid refrigerant and that the
available water be retained in a saturated desiccant in an effort to minimize clathrate hydrate
crystal formation (Parrish et al. 1982 and Walker et al. 1960). A small can was fabricated that
could hold up to 759 of desiccant by using 30 gauge stainless steel sheet metal and 80 mesh
screens. The top was removable, but spring loaded in compression to retain the desiccant. The
top, sides, and bottom of the can had dlots allowing free flow of the liquid refrigerant. The set up
of the system was otherwise the same as Test Unit 2. This system was used only with R-32 (see

Discussion).



Observations of HFC Refrigerants and Blends with 1 % and 5% Water (w/w) Added
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Observations of HFC Refrigerants and Blends with 1 % and 5% Water (w/w) Added

Observations made at ten degree intervals starting at 0°F(-18°C) up through 80°F(27°C)
Figure 4
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Clathrate Hydrates

A brief discussion of clathrate hydrates, commonly referred to as gas hydrates, is
necessary given the impact these crystalline molecular complexes have on the findings of this
study. A hydrate is acomplex containing water that belongs to the class of compounds known as
clathrates. Clathrate refers to an open crystalline structure of one compound, in this case water,
which encloses molecules of another compound, which are usually gas molecules typically
referred to as the guest molecule. The guest molecule or gas molecule (refrigerant) is referred to
as such even when it is not in the gas phase. There is no chemical tie between the gas and water
molecules; instead, they interact through van der Waals type dispersion forces (Holder et al.
1988). These forces between molecules reflect the momentary and induced dipoles from
electrons normally moving about; the net result is attraction between the two molecules. van der
Waals forces are short range and act between portions of different molecules that are in close
contact (Morrison and Boyd 1973). The crystaline lattice entrapping the gas molecules is
formed by strong hydrogen bonds between water molecules. Examination of clathrate hydrates
reveals that they may have two different structural forms, referred to as Structures | and II.
Formation of either structure is dependent on their stability and both can coexist under certain
conditions. Structure | is comprised of 46 water molecules configured to provide two small and
six large cavities for gas molecules to occupy. Structure II's arrangement of 136 water molecules
hosts 16 small and eight large cavities in which gas molecules can reside (Holder et al. 1988).

A discussion of clathrate hydrates centers around three concepts: solubility, metastability,
and the establishment of critical nuclei as they relate to water clustering (Sloan 1990). The water
in refrigerant, as temperature decreases, becomes a short-lived liquid cluster of irregular and
broken hydrogen-bonded water molecules (metastability) surrounding a dissolved hydrocarbon.
This metastability develops into well-formed hydrogen bonds fixed in position to form a solid
clathrate cage around a guest molecule (refrigerant) defining the critical nuclel or nucleation
phase (Sloan 1990). Therefore, water measurements above the metastable temperature represent
water solubility/equilibrium in liquid refrigerant. Water measured at metastability or nucleation
temperaturesis likely decomposed clathrate hydrate in liquid refrigerant.

11



While the subject of gas hydrates is well documented, most of the research has focused
on the plugging of natural gas lines and naturally formed hydrates found beneath the earth’s
surface that are an attractive source of natural gasses (Holder et al. 1988). Clathrate hydrates are
formed in a variety of conditions with a variety of gasses and their existence must be
acknowledged when interpreting the results of this study.

The presence of clathrate hydrates in liquid refrigerant poses problems in interpreting
water solubility measurements in HFC refrigerants and blends below 80°F (27°C). For instance,
it is known that clathrate hydrates separate from refrigerant at temperatures above the freezing
point of water (ASHRAE 1994, Chinworth and Katz 1947, and Downing 1988). Other
investigators show clathrate hydrate formation by several refrigerants, but do not report water
solubility measurements in those refrigerants or in HFCs (Chinworth and Katz 1947). Studies
focused primarily on clathrate hydrate formation were conducted by Lederhos et al. (1992),
Akiya et al. (1997), Sugaya et al. (1996), and Mori et al. (1989), all of whom used a water rich
phase, as opposed to the refrigerant rich phase used in this study. The Fluorocarbon
Refrigerants Handbook (Downing 1988) briefly discusses clathrate hydrates, but discusses the
solubility of water in liquid refrigerant separately. With regard to clathrate hydrates, the
handbook states that there is not a sufficiently large amount of water present in refrigeration
systems to present a clathrate hydrate formation problem. The information on solubility of water
in liquid refrigerant does not address clathrate hydrates, nor does it provide a test method
(ASHRAE 1994). Like many of the other references, it provides an abundance of information,
discussion, and graphs on the solubility of refrigerant in water.

In summary, there is a short supply of documented research addressing the impact of
clathrate hydrates on measuring water solubility in refrigerants. The test procedures used to
compile the data for the small number of published solubility charts and graphs are equally
difficult to find.

All of the refrigerants examined clearly form clathrate hydrates. Once formed at lower
temperatures, clathrate hydrates with R-32 and blends containing R-32 are stable up to 80°F
(27°C). More importantly, in this study, some clathrate hydrates were denser than the refrigerant
under test, which necessitated aredesign of Test Unit 1.
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Method

Hydrofluorocarbon refrigerants are known to form clathrate hydrates at substantially
lower temperatures (Chinworth and Katz 1947) than their decomposition temperatures (Akiya et
al. 1997). Therefore, the following method was devised. This method was based on the concept
that the metastable period of water solubility exists and then ends just before the onset of the
secondary nucleation of the clathrate hydrate crystals (Sloan 1990). The temperature profile
protocol was designed based on these reported observations and on those that described the
decomposition temperature of HFC refrigerant gas hydrates in water rich systems. Akiya et al.
(1997) reports the critica decomposition temperature for R-134a (70°F/21°C), R-125
(52°FH11°C), R-32 (50°F/10°C), R407C (68°F/20°C), and R410A (57°F/14°C); these correlate
well with our sealed tube observations of a refrigerant rich system. In order to prolong the
metastable period of liquid water equilibrium solubility, the temperature was lowered in 20°F
increments starting from 80°F (27°C).

The water solubility data for R-134a, R-143a, R-125, R410A, R407C, and R507A was
measured by thermostatting the test cell at 80°F (27°C) and then proceeding upward to 160°F
(71°C) (or within 15°F (8.3°C) of critical temperature) in 20°F (11°C) increments, as previously
mentioned. This provided the liquid water solubility equilibria with liquid refrigerant in the
absence of any solid clathrate. After the upper temperature scan was complete, the cell was
cooled to the lower temperatures. The starting point was 60°F (16°C). The temperature was then
lowered to -100°F (-73°C) in 20°F (11°C) increments. Based on data in the progress reports
submitted during this study, the project monitoring committee decided that water solubility
determinations be accomplished by starting at -40°F (-40°C) and proceeding upwards in 20°F
(11°C) increments to 160°F (71°C) (or within 15°F (8.3°C) of critical temperature). Refrigerants
R-32, R-152a, and R404A were processed in this manner.

Refrigerant and Water Introduction

To guarantee that a sufficient amount of water was present to ensure saturation of liquid

refrigerant, the initial target was approximately 10,000 ppm or 1% water (w/w). To introduce
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refrigerant and water into any of the test systems, the apparatus was first placed under vacuum by
the top sampling port valve for approximately 15-30 minutes. After isolating the system with the
top valve, the appropriate amount of water was aspirated into the apparatus through the bottom
sampling port valve (Test Units 1 and 2) and then the system was cooled to 0°F (-18°C). Test
Unit 3 required disassembly for wetted silica gel addition for each refrigerant test. Then, a
second vacuum was pulled from the top cell valve for approximately one minute and the
appropriate amount of refrigerant was added through the bottom port.

The amount of water in the test system was also critical to data collection at lower
temperatures (<80°F (27°C)). ldedly, water should be present in slight excess of saturation at
each temperature measurement to insure maximum water saturation (Daniels et al. 1962).

Clathrate hydrate formation is compounded by the addition of too much water (see Appendix C).

Data Collection

To obtain a measurement of water solubility in wet refrigerant, the test system was
allowed to stir for a minimum of four hours at the desired temperature to attain equilibrium.
Stirring was discontinued 15-30 minutes prior to sampling. A 5-10g sample was introduced into
a pre-weighed sampling device under vacuum and cooled with either ice water or liquid nitrogen
if necessary. After the sampling device was weighed, it was placed in a 220°F (104°C) sand bath
and the sample was slowly discharged into a coulometer for moisture determination. Finally, a
dry nitrogen gas purge of the sampling device insured that all sample moisture was extracted.
Each data point is the average of multiple raw data determinations (see Appendices A and B).
Error, represented by error bars on the graphs, was calculated as standard deviation of the

measurements (see Figures 6-15). This sampling method was utilized with al test units.

DISCUSSION OF RESULTS

Water solubility in liquid refrigerant data was graphed as temperature (1000/°K) vs. log

refrigerant water content (ppm), with most refrigerants clearly showing two distinct water

solubility slopes (see Figures 6-15). Figure 16 shows water solubility comparisons of al pure
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refrigerants used in this study and figures 17-20 show water solubility data for the blends,
azeotropes, and their components. Some refrigerants tested have data points at -60°F (-51°C),
-80°F (-62°C), and -100°F (-73°C), but these low temperature data points were excluded from
the water solubility graphs because the percent error calculations called their validity into

guestion.

R-134a

The water (w/w) content of 0.8% produced curves that began to closely resemble the data
presented previously by ASHRAE (1994) (see Figure 6). R-134a measurements, taken with Test
Unit 1, followed the initial sampling protocol of raising the temperature from 80°F (27°C) to
160°F (71°C) and then lowering it from 60°F (16°C) to -100°F (-73°C). Figure 6 illustrates a
small change in solubility in the temperature region where clathrate hydrates are known to form
(see Figure 3). This suggests a maximum allowable water content of 70 ppm or less in liquid
refrigerant for the low-pressure region of a system that operates below -20°F (-29°C) to prevent
clathrate hydrate formation. (See also Appendix D, Picture 1)

R-32

R-32 measurements used Test Unit 2. The cell was loaded with 1% water (w/w) and data
recorded from 20°F (-6.7°C) to 100°F (38°C). No samples were attempted above 140°F (60°C)
because of safety concerns due to high pressure; attempts below 20°F (-6.7°C) resulted in
clogging of the sampling valve. Figure 7 shows a dramatic change in the water solubility at 60°F
(16°C). Referring to Gibbs Phase Rule,

F=2+C-P
where F = number of degrees of freedom (system variance),
C = number of components, and
P = number of phases,
and allowing one degree of freedom to set the system temperature, it is possible to have three

phases using a pure refrigerant. At 60°F (16°C), there was a phase change from clathrate hydrate
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to liquid water, thereby affecting water solubility. The other two phases are liquid and vapor
refrigerant. Figure 7 shows that a water level below 125 ppm at 20°F (-6.7°C) will reduce
clathrate hydrate formation in the evaporator region of an operating system.

R-32 was also tested using Test Unit 3 (Figure 5) with wetted 14-20 mesh silicagel asthe
source of water (25 g H,O/50 g silica gel) (see Figure 8). No data was taken between -40°F
(-40°C) and 60°F (16°C) due to clogging of the sampling valve. In this work, solubility results
obtained using a solid adsorbent (silica gel) as the water source differed from results using
straight water addition. The adsorbent method of water reported by Walker et al. (1960) was
limited to one data point for R-22 at 86°F (30°C) in their study of the stability of fluorocarbon
refrigerants and refrigerating oil mixtures. Here, the adsorbent-generated data form a straight
line while the water-addition data form two intersecting lines (see Figures 7 and 8). Since both
data sets are limited, it is difficult to draw a conclusion about which method of water addition is
better. (Seeaso Appendix D, Picture 2)

R-143a

R-143a measurements used the same temperature, sampling protocol, amount of water,
and test unit used with R-134a. Figure 9 clearly demonstrates the difference of solubility
between liquid water in refrigerant and clathrate hydrate in refrigerant when plotted using the log
profile. Again, a marked change in the slope is apparent at 60°F (16°C), signifying a phase
change from liquid water to clathrate hydrate, adhering to Gibbs Phase Rule. Water levels below
15ppmat -40°F (-40°C) are advisable to avoid clathrate hydrate formation in the evaporating
low-pressure region of an operational system. (See also Appendix D, Picture 3)

R-125
R-125 measurements used the same temperature, sampling protocol, and test unit (loaded
with 1% water (w/w)) used with R-134a. This datais graphed in Figure 10. Water solubility in

R-125 is affected by a phase change from liquid water in R-125 to the solubility of clathrate
hydrate in R-125 at 40°F (4.4°C). In order to minimize clathrate hydrate formation on the low-
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pressure side of a system, water levels should be below 125 ppm at -20°F (-29°C). (See aso
Appendix D, Picture 4)

R-152a

Based on occurrences within the test cell during R-143a experimentation and sealed tube
observations, R-152a measurements used Test Unit 2. The cell was loaded with 1% water (w/w)
and the temperature scanned from 0°F (-18°C) to 140°F (60°C). Thisdatais shown in Figure 11.
The log plot clearly shows that two water solubility slopes could be plotted, indicating the phase
change of liquid water to clathrate hydrate at 60°F (16°C) and the results of liquid water and
clathrate hydrate solubility in R-152a. The phase change temperature of 60°F (16°C) was
predicted with the sealed tube observations (see Figure 4). The sampling valve was clogged at
lower temperatures. The maximum allowable water content of an operating system should be
less than or equal to 350 ppm at 0°F (-18°C) to prevent clathrate hydrate formation in the low-
pressure region of the system. (See also Appendix D, Picture 5)

R410A

R410A measurements used the same temperature, sampling protocol, and test unit as R-
134a with 1% water (w/w). This datais shown by itself in Figure 12 and with components R-32
and R-125 in Figure 17. The R410A results are a good example of complications caused by
clathrate hydrates. It appears asif two linesintersect at 0°F (-18°C). The solubility is less below
0°F (-18°C) because of clathrate hydrate formation. Figure 12 indicates that a water level less
than 15 ppm at -40°F (-40°C) will prevent clathrate hydrate formation in the low-pressure region
of an operational system. Sealed tube observations confirm clathrate hydrate formation at 10°F
(-12°C) (see Figure 3). Figure 12 illustrates a change in water solubility at 0°F (-18°C).
Considering Gibbs Rule (F = 2 + C —P) and the fact that this azeotrope has two components, the
number of componentsisthree (R-32, R-125, and water), thereby permitting the existence of four

phases so that one degree of freedom remains in tact for setting the temperature of the system.

17



Therefore, the phase changes affecting water solubility in R410A at 0°F (-18°C) through 10°F
(-12°C) might be from the presence of V, L;, and L, to one of the following combinations:

1) V, Ly Ly, andH, or Hy,

2) V,Ly l,andH, or Hy, or

3) V, Ly, Hj, and Hy,
where: V = refrigerant vapor,

L; = liquid water,

L, = liquid refrigerant,

| = solid water (ice),

H, = clathrate hydrate structure I, and

H, = clathrate hydrate structure 11.

The sealed tube observations show clathrate hydrate appearance at 10°F (-12°C) for
R410A and R-125 and at 50°F (10°C) for R-32 (see Figure 3). This is interesting because the
existence of a hydrate azeotrope has been reported with alower dissociation pressure than that of

either of the components of the mixture (Holder et al. 1988). (See also Appendix D, Picture 6)

R407C

R407C measurements used the same temperature, sampling protocol, and test unit as
R-134a with 1% water (w/w). This data is shown in Figures 13 and 18. The R407C figures
illustrate a more subtle change in water equilibrium below 20°F (-6.7°C) with respect to
temperature points taken at 20°F (-6.7°C) and above. This can be explained by the temperature
at which clathrate hydrate is formed and dissolved (see Figure 3, R407C with 1% water (w/w)).
This is not surprising since clathrate hydrate observance for R407C and its components, except
R-32, is below 20°F (-6.7°C). A change in water solubility is noted below 20°F (-6.7°C),
reflecting a change in water equilibrium in R407C to clathrate hydrate equilibrium in R407C.
Operating levels of 15 ppm water at -40°F (-40°C) prevent clathrate hydrate formation in the
evaporator. (Seeaso Appendix D, Picture7)
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R507A

R507A measurements used the same temperature, sampling protocol, and test unit as R-
134a. 1% water (w/w) was added. This data is displayed in Figures 14 and 19. R507A is a
blend of R-125 and R-143a and below 40°F (4.4°C) the water/clathrate hydrate solubility in
R507A fals between that of its two component refrigerants. All three refrigerants
water/clathrate hydrate solubility lines on Figure 19 show two changes in the slope, one at either
40°F (4.4°C), 60°F (16°C), or 80°F (27°C) and one at 20°F (-6.7°C). The slope changes for
R507A and its components correspond with a phase change from liquid water to liquid water and
hydrate, liquid water to ice and hydrate, or liquid water to hydrate. This data confirms the sealed
tube observations in Figure 3. In addition, examination of Figure 14 predicts that water levels
should be lower than 30 ppm at -40°F (-40°C) to prevent clathrate hydrates from forming in the
evaporator. (Seeaso Appendix D, Picture 8)

R404A

R404A measurements used Test Unit 2. The cell was loaded with 1% water (w/w) and
data acquired successfully from -40°F (-40°C) to 100°F (38°C). Thisdatais shown in Figures 15
and 20. Clearly, two slopes exist, one for data above 40°F (4.4°C) and another for data below
40°F (4.4°C). Keeping water levels below 30 ppm at -40°F (-40°C) will reduce clathrate
hydrates in an operating systems evaporator region. Comparing R404A with its components
(see Figure 20), each refrigerant goes through a phase change near 20°F (-6.7°C). (See dso
Appendix D, Picture 9)

R-22
Although published R-22 water solubility data was intended to be an analytical control
along with R-134ain this study, at the time the proposal was written it was unknown that R-22

formed significant amounts of clathrate hydrates. The results of this project predict clathrate
hydrate formation at or below 60°F (16°C); Chinworth and Katz (1947) reported that wet R-22
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formed a solid hydrate at 64°F (18°C). Nevertheless, R-22 water solubility measurements were
attempted for comparison with published ASHRAE data (1994). The water solubility of R-22
was comparable to the reported ASHRAE value, 950 ppm vs. 970 ppm respectively, at 60°F
(16°C), but was vastly different at 80°F (27°C). Because R-22 forms flocculant clathrate
hydrates as readily as R-32 (see Appendix D, Pictures 2 and 10) and based on the difficulty
experienced during R-32 testing at lower temperatures, further R-22 testing was terminated.

R-23

Although liquid R-23 was to be tested in this project, no data points were attempted.
Raising the test unit to 80°F (27°C) and above with R-23 would have resulted in pressures
greater than 600psig, which exceeded safe limitations of the test apparatus. In addition, based on
previous testing, water solubility information obtained at temperatures of 60°F (16°C) or below
would have been misleading because of clathrate hydrate existence/interference. Because no
meaningful data could have been obtained without extensive reconstruction of the test cell, R-23

was eliminated from the project.

CONCLUSION

At lower temperatures, the amount of water in the test assembly is related to the amount
of clathrate hydrates formed, which interferes with the measurement of water and/or clathrate
hydrate solubility. The straight addition of water to the test system gives the analyst the most
precise method of controlling how much water is introduced. It is not advisable to exceed 2%
water (w/w) or to use less than 1% water (w/w). These amounts of water are in sight excess of
saturation so that maximum solubility is achieved at each temperature while the amount of
clathrate hydrate production is minimized at the lower temperatures (see Appendix D, 1% v. 5%
water (w/w) added).

The water solubility data reported by ASHRAE (1994) in Table 1, Solubility of Water in
the Liquid Phase of Certain Refrigerants, matches the data (excluding R-134a and R-123)
reported by DuPont in Bulletins B-43 (1982a) and M-5 (1982b) up to 100°F (38°C). More
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importantly, Chinworth and Katz (1947) reported the formation of refrigerant clathrate hydrates
for R-11 (47°F/8.3°C), R-12 (52°F/11°C), and R-22 (62°F/17°C). This is further confirmed by
Briggs and Barduhn (1962). Some data supplied to the industry was correlated to experimental
data and may represent water solubility measured in the presence of clathrate hydrates. It is
guestionable to conclude that straight-line water solubility exists based on the results of this
research. The more recent data for R-134a seems to have been partially obtained from an
ASHRAE research project (RP-602) using an NMR technique. The data reported in the
ASHRAE handbook was taken from a temperature range of -9.7°F (-23°C) to 98°F (37°C),
which is within the range of clathrate hydrate formation. Examining the water solubility range
below 0°F (-18°C) is pointless due to NMR crystal broad banding. Downing (1988) reports the
solubility of R-152a and R-23 a temperatures where both clathrate hydrates and liquid
conditions exist. However, he reports straight-line solubility curves in regions where clathrate
hydrates may exist.

The solubility of water is the concentration of water in solution in the immiscible
refrigerant-rich liquid phase in equilibrium with 1) a water rich liquid phase or 2) at or below
metastable temperatures, the solid clathrate hydrate phase. The solubility of water plotted as log
refrigerant water content (ppm) vs. temperature (1000/°K) may show a different slope in the
clathrate hydrate temperature region than in the non-clathrate hydrate temperature region because
of a phase change affecting water solubility. The solubility of liquid water in liquid refrigerant
above the clathrate hydrate formation temperature is independent of the overall water
concentration in the test cell. However, water content does indeed have a noticeable effect at the
lower temperatures when clathrate hydrates are formed. This is due to the varying amounts of
liquid water and/or clathrate hydrate formation. It is difficult to determine the impact blends and
azeotropes have on clathrate hydrate formation. By itself, one component of a blend may form
clathrate hydrates at an observed temperature. However, the presence of other components in a
blend or azeotrope may change the clathrate hydrate formation temperature.

When interpreting the results of this study on water and/or clathrate hydrate
equilibrium/solubility in a liquid refrigerant rich environment under isothermal conditions, the
impact of clathrate hydrates cannot be ignored. Although clathrate hydrates were not the focal

point of this research, their presence affected the level of equilibrium water solubility. The fact

21



that water was measured in temperature regions where clathrate hydrates exist is significant. The
water level measured can be attributed to clathrate hydrates since, recaling Gibbs Phase Rule
(F=2+C-P) for a pure refrigerant rich environment at a temperature supporting metastability and
nucleation, only three phases can exist: liquid and vapor refrigerant and clathrate hydrate. This
means that some clathrate hydrate was expelled with refrigerant during the sampling procedure,
representing the solubility of clathrate in refrigerant at that sampling temperature and
theoretically accounting for all the water in that sample’ s result.

This research provides ASHRAE with data and relevant information regarding liquid
refrigerant properties in the presence of water. It also contributes a firm foundation for further
research to understand water solubility in refrigerants. The use of liquid water in a water
equilibrium isothermal situation with liquid refrigerant is a sound approach at a temperature
above clathrate hydrate formation. The water solubility data generated in this research compares
favorably with R-134a data taken by an NMR method (Thrasher et al. 1993) and data taken using
near infrared spectroscopy (Jackson et al. 1995).

Finally, based on this research the authors recommend the maximum tolerable amount of
water in liquid refrigerant for system operation below -40°F (-40°C). Typicaly, in mineral oil
and R-22 systems, desiccants routinely maintain water concentration below 30 ppm. It is
unknown, however, the effect typical amounts of synthetic lubricant may have on solubility and
clathrate formation at these lower temperatures. In conclusion, for each refrigerant tested, the
maximum amount (ppm) of water that should be tolerated for operations at -40°F (-40°C) is:

Maximum Amount of Water Tolerablein Systemsat -40°F (-40°C)
Based on Clathrate Formation

Tablel
Refrigerant Water (ppm)

R-134a 30*

R-32 <10*
R-143a 15
R-125 200*
R-152a 150*
R410A 15
R407C 15
R507A 40
RA04A 40

*extrapol ated
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Raw Data
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Raw Data Points: Solubility of H,O in R-134a with 8.0g H,O and 1.0Kg R-134a

TableA.1
Temperature H->0 (ppm) Temperature H->0 (ppm)
o070 o Raw Data oo o Raw Data
(°F/°C) | (1000/°K) Points Average (°F/°C) | (1000/°K) Points Average
0 2,057
-100/-73 5.00 8 5.7 ig;g
8 120/49 311 1754 1,900
32.3 2,097
0 1,837
-80/-62 4.74 0 12 2,488
15.7 2,667
6.1 140/60 3.00 2.687 2,600
0 2,511
-60/-51 4.50 53 23 3,040
23.6 3,018
64.7 160/71 291 3,482 3,200
-20/-29 4.10 99 71 3481
’ 63.5 2,936
76.9 3,008
168
0/-18 3.92 162 160
158
225
199
20/-6.7 3.76 557 220
237
478
469
40/4.4 3.61 511 490
509
483
763
730
60/16 3.46 810 790
856
1,067
1,094
80/27 3.33 1,088 1,100
1,092
1,042
1,546
1,552
100/38 3.22 1,428 1,500
1,488
1,529
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Raw Data Points: Solubility of H,O in R-32 with 159 H,O and 1.5Kg R-32

TableA.2
Temperature H,0O (ppm)

o /o o Raw Data

(°F/°C) | (1000/°K) Points Average
243

20/-6.7 3.76 15 230
1,054

40/4.4 3.61 1108 1,100
4,411

60/16 3.46 3,601 4,000
7,108

100/38 3.22 7,367 7,000
6,548
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Raw Data Points: Solubility of H,O in R-32 with 25g H,O in 50g 14-20 mesh Silica Gel
and 1.5Kg R-32
TableA.3

Temperature H-0O (ppm)
oo o Raw Data
(°F/°C) | (1000/°K) Points
479
-40/-40 4.29 439 460
462
2,520
60/16 3.46 2,393 2,400
2,303
3,883
80/27 3.33 3,152 3,600
3,870
4,271
100/38 3.22 4,289 4,500
4,919
4,519
4,567
120/49 311 4,645 4,700
4,720
4,804

Average




Raw Data Points: Solubility of H,O in R-143a with 15g H,O and 1.5K g R-143a
TableA.4

Temperature H,0O (ppm)

(°FI°C)

(1000/°K)

Raw Data
Points

Average

-100/-73

5.00

1.20

3.80

2.5

-80/-62

4.74

0

0

12.2

41

-60/-51

4.50

3.51

17.2

6.9

-40/-40

4.29

15.6

10.9

11.8

13

-20/-29

4.10

17.6

16.9

19.6

18

0/-18

3.92

21.9

17.3

20

20/-6.7

3.76

29.3

29.3

29

40/4.4

3.61

148

194

189

180

60/16

3.46

5,170

3,899

5,563

4,900

80/27

3.33

5,800

4,900

5,800

5,500

100/38

3.22

7,600

7,000

7,300

120/49

311

11,100

9,000

10,000
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Raw Data Points: Solubility of H,O in R-125 with 10g H,O and 1.0Kg R-125
TableA.5

Temperature H,0O (ppm)
o /o o Raw Data
(°F/°C) | (1000/°K) Points
711
-100/-73 5.00 09 52
0
-80/-62 4.74 a2 72
28.0
-60/-51 4.50 172 100
249
177
-20/-29 4.10 14 220
225
267
0/-18 3.92 230 250
350
404
20/-6.7 3.76 266 390
336
1,500
40/4.4 3.61 1,500 1,400
1,100
1,400
60/16 3.46 1,200 1,400
1,600
1,700
1,400
2,000
100/38 3.22 1,900 1,800

1,500

Average

80/27 3.33 1,600




Raw Data Points: Solubility of H,O in R-152a with 15g H,O and 1.5K g R-152a

TableA.6

Temperature

H.0

ppm)

(°FI°C) | (1000/°K)

Raw Data
Points

Average

0/-18 3.92

375

357

276

340

40/4.4 3.61

868

922

900

60/16 3.46

2,062

1,674

1,900

100/38 3.22

2,816

2,240

2,669

2,600

140/60 3.00

3,622

3,202

3,058

3,300
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Raw Data Points: Solubility of H,O in R410A with 10g H,O and 1.0Kg R410A

TableA.7

Temperature

H,0

ppm)

(°F/°C)

(1000/°K)

Raw Data
Points

Average

-100/-73

5.00

0.114

0

0.06

-80/-62

4.74

0.200

0.630

0

0.410

0.31

-60/-51

4.50

0

5.07

0

1.67

17

-40/-40

4.29

11.6

14.7

12.7

11.7

13

-20/-29

4.10

39.2

44.5

39.5

36.0

40

0/-18

3.92

253

295

222

193

240

20/-6.7

3.76

407

395

432

410

40/4.4

3.61

645

550

545

585

580

60/16

3.46

953

937

1,011

983

970

80/27

3.33

1,420

1,293

1,731

1,500

100/38

3.22

2,759

2,466

2,952

2,700

120/49

311

3,252

3,356

3,862

3,500
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Raw Data Points: Solubility of H,O in R407C with 10g H,O and 1.0Kg R407C
TableA.8

Temperature H->0 (ppm)
oo o Raw Data
(°F/°C) (1000/°K) Points

0
-100/-73 5.00 535 12
-80/-62 4.74 5'30 2.6
0
-60/-51 4.50 16.5 55

0
14.2
-40/-40 4.29 123 13
48.8
-20/-29 4.10 41.4 41
32.2
48.3
0/-18 3.92 50.5 48
46.3
162
227
20/-6.7 3.76 213 200
237
152
320
40/4.4 3.61 379 330
297
777
876
60/16 3.46 729 800
804
792
1,513
1,533
1,511
1,532
1,908
2,078
2,055
1,897
2,861
2,643
2,745
2,569
4,188
4,935

Average

80/27 3.33 1,500

100/38 3.22 2,000

120/49 311 2,700

140/60 3.00 4,600




Raw Data Points: Solubility of H,0 in R507A with 10g H,O and 1.0Kg R507A
TableA.9

Temperature H,0O (ppm)

(°FI°C)

(1000/°K)

Raw Data
Points

Average

-100/-73

5.00

0

7.50

3.8

-80/-62

4.74

3.20

114

7.3

-60/-51

4.50

6.90

20.6

14

-40/-40

4.29

37.8

35.8

37

-20/-29

4.10

40.9

36.4

39

0/-18

3.92

37.5

43.4

37.6

38.1

40

20/-6.7

3.76

41.5

59.6

42.3

48

40/4.4

3.61

154

148

210

154

222

180

60/16

3.46

481

409

406

375

420

100/38

3.22

934

897

773

769

946

860

120/49

311

3,711

4,355

2,974

3,700
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Raw Data Points: Solubility of H,O in R404A with 159 H,O and 1.5K g R404A

Table A.10
Temperature H,0O (ppm)
or/o o Raw Data
(°F/°C) | (1000/°K) Points Average
45
-40/-40 4.29 8 37
50
0/-18 3.92 45 48
122
40/4.4 3.61 5 100
338
60/16 3.46 535 440
453
1,426
100/38 3.22 1,384 1,400
1,421
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Appendix B
Data Points (aver aged)
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Data Points (averaged): Solubility of H,O in R-134a with 8.0g H,O and 1.0Kg R-134a

TableB.1
Temperature H.0O Error Error (ppm)/H20 (ppm)

(°F/°C) | (1000I°K) | (ppm) (Ppm) (%)
-100/-73 5.00 5.7 +17 300
-80/-62 4.74 12 +20 170
-60/-51 4.50 23 +29 130
-20/-29 4.10 71 +8.9 13
0/-18 3.92 160 +8.0 5.0
20/-6.7 3.76 220 +21 10
40/4.4 3.61 490 +21 4.3
60/16 3.46 790 +66 8.4
80/27 3.33 1,100 +58 5.3
100/38 3.22 1,500 172 4.8
120/49 3.11 1,900 +200 11
140/60 3.00 2,600 +110 4.2
160/71 291 3,200 +280 8.8

Data Points (averaged): Solubility of H,O in R-32 with 15g H,0 and 1.5Kg R-32

TableB.2
Temperature H.O Error Error (ppm)/H,0 (ppm)
(°E/°C) | (1000/°K) |  (ppm) (Ppm) (%)
20/-6.7 3.76 230 +15 6.5
40/4.4 3.61 1,100 +46 4.2
60/16 3.46 4,000 +410 9.8
100/38 3.22 7,000 +450 6.4

Data Points (averaged): Solubility of H,O in R-32 with 25g H,O in 50g 14-20 mesh

Silica Gel and 1.5Kg R-32

TableB.3
Temperature H,O Error Error (ppm)/H,0 (ppm)

(°F/°C) | (1000/°K) | (ppm) (ppm) (%)
-40/-40 4.29 460 +21 4.6

60/16 3.46 2,400 +120 5.0

80/27 3.33 3,600 +450 13

100/38 3.22 4,500 +420 9.3
120/49 3.11 4,700 +180 3.8
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Data Points (averaged): Solubility of H,O in R-143a with 15g H,O and 1.5Kg R-143a

TableB.4
Temperature H.O Error Error (ppm)/H,0 (ppm)
(°F/°C) | (1000/°K) | (ppm) (Ppm) (%)
-100/-73 5.00 2.5 +1.3 52
-80/-62 4.74 4.1 +8.1 200
-60/-51 4.50 6.9 +10 140
-40/-40 4.29 13 +2.6 20
-20/-29 4.10 18 +1.6 8.9
0/-18 3.92 20 +2.7 14
20/-6.7 3.76 29 +0.3 1.0
40/4.4 3.61 180 +32 18
60/16 3.46 4,900 +1,000 20
80/27 3.33 5,500 +600 11
100/38 3.22 7,300 +300 4.1
120/49 3.11 10,000 +1,000 10

Data Points (averaged): Solubility of H,O in R-125 with 10g H,O and 1.0Kg R-125

TableB.5
Temperature H.O Error Error (ppm)/H,0 (ppm)

(°F/°C) | (1000/°K) | (ppm) (PPm) (%)
-100/-73 5.00 52 +19 37

-80/-62 4.74 72 +72 100
-60/-51 4.50 100 +72 72
-20/-29 4.10 220 +43 20
0/-18 3.92 250 +20 8.0
20/-6.7 3.76 390 +76 19
40/4.4 3.61 1,400 +300 21
60/16 3.46 1,400 +200 14
80/27 3.33 1,600 +200 13
100/38 3.22 1,800 +300 17
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Data Points (averaged): Solubility of H,O in R-152a with 15g H,O and 1.5Kg R-152a

TableB.6
Temperature H.O Error Error (ppm)/H20 (ppm)

(°F/°C) | (1000°K) | (ppm) (PPm) (%)

0/-18 3.92 340 +64 19

40/4.4 3.61 900 +32 3.6

60/16 3.46 1,900 +230 12

100/38 3.22 2,600 +360 14

140/60 3.00 3,300 +320 9.7

Data Points (averaged): Solubility of H,O in R410A with 10g H,O and 1.0Kg R410A

TableB.7
Temperature H,0 Error Error (ppm)/H,0 (ppm)
(°F/°C) | (1000/°K) |  (ppm) (ppm) (%)
-100/-73 5.00 0.06 +0.06 100
-80/-62 4.74 0.31 +0.32 97
-60/-51 4.50 1.7 +3.4 170
-40/-40 4.29 13 +1.7 13
-20/-29 4.10 40 4.5 11
0/-18 3.92 240 +55 23
20/-6.7 3.76 410 +22 54
40/4.4 3.61 580 +65 11
60/16 3.46 970 +41 4.2
80/27 3.33 1,500 +230 15
100/38 3.22 2,700 +250 9.3
120/49 3.11 3,500 +360 10

55



Data Points (aver aged): Solubility of H,O in R407C with 10g H,O and 1.0Kg R407C

TableB.8
Temperature H.O Error Error (ppm)/H,0 (ppm)

(°E/°C) | (1000/°K) | (ppm) (Ppm) (%)
-100/-73 5.00 1.2 +1.2 100
-80/-62 4.74 2.6 +2.6 100
-60/-51 4.50 55 +11 200
-40/-40 4.29 13 +1.2 9.2
-20/-29 4.10 41 8.8 21
0/-18 3.92 48 125 5.2
20/-6.7 3.76 200 +48 24
40/4.4 3.61 330 +49 15
60/16 3.46 800 +76 9.5
80/27 3.33 1,500 +33 2.2
100/38 3.22 2,000 +100 5.0
120/49 311 2,700 +160 59
140/60 3.00 4,600 +410 8.9

Data Points (averaged): Solubility of H,O in R507A with 10g H,O and 1.0K g R507A

TableB.9
Temperature H.O Error Error (ppm)/H20 (ppm)
(°F/°C) | (1000/°K) | (ppm) (Ppm) (%)
-100/-73 5.00 3.8 +3.8 100
-80/-62 4.74 7.3 +4.1 56
-60/-51 4.50 14 +7.1 51
-40/-40 4.29 37 +1.2 3.2
-20/-29 4.10 39 12.6 6.7
0/-18 3.92 40 3.4 8.5
20/-6.7 3.76 48 +12 25
40/4.4 3.61 180 +42 23
60/16 3.46 420 161 15
100/38 3.22 860 +91 11
120/49 311 3,700 +730 20
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Data Points (averaged): Solubility of H,O in R404A with 15g H,O and 1.5K g R404A

TableB.10
Temperature H.O Error Error (ppm)/H20 (ppm)

(°F/°C) | (1000/°K) | (ppm) (Ppm) (%)
-40/-40 4.29 37 +9 24

0/-18 3.92 48 +3 6.3
40/4.4 3.61 100 +22 22

60/16 3.46 440 +100 23

100/38 3.22 1,400 +26 1.9
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Appendix C
Sealed Tube Analysis M ethod

Sealed tubes were prepared to observe the formation and disappearance of clathrate
hydrates in water and refrigerant as temperatures decreased from 80°F (27°C) to 0°F (-18°C) and
increased from O°F (-18°C) to 80°F (27°C). Specific ratios of water and refrigerant were sealed
in heavy walled glass tubes labeled with ceramic marking ink on both ends. When labeling
tubes, the ink turnsred as it is burned into the glass with a propane torch, then a cooler flame is
used to smooth the stress lines in the glass around the burned area.

The total weight of water and refrigerant in the specified ratio in the macro tubes should
be approximately 10g. The amount of water needed in each tube is calculated and added to the
tube using a 10ul syringe or a long Pasteur pipette. A four-place electronic balance is used for
weighing and the weights are recorded before and after water addition.

Oxygen and a MAPP gas torch form athick-walled capillary in the glass above the water
in each tube, about 2¥%" from the top. A uniform glass wall thickness should be maintained
while constricting the tube. Didymium eye glasses assist in seeing the glass during this
manipulation.

To add refrigerant, first attach the constricted tube to the gas manifold. Submerge the
tube in liquid nitrogen in a thermos dewar. Evacuate the sample to <40mTorr and then close the
valveto the sample. Attach the refrigerant gas to the manifold with a charging hose and evacuate
the hose. Purge the manifold three times by adding refrigerant and evacuating it. The third
evacuation should be <60mTorr. Add refrigerant to the manifold so that the internal pressure is
800-900 mm Hg. Slowly open the tube valve to the manifold and allow the refrigerant gas to
condense as it contacts the cold tube. Control the amount of added refrigerant by observing the
manometer Hg fal. The difference in Hg levels can be related to the weight of condensed
refrigerant. Since the specific gravities of all refrigerants are different, a refrigerant constant,
which relates Hg pressure drop to refrigerant gas weight, must be determined before sample
tubes are charged with refrigerant. After sufficient refrigerant has been added, fill the dewar with
liquid nitrogen and evacuate the manifold to <40mTorr. Open the tube valve to eliminate non-

condensable gases (such as air) from the tube and evacuate to <40mTorr.
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To determine the aforementioned refrigerant constant, first prepare empty glass tubes.
Accurately record their weight and constrict the tubes. Attach them to the manifold and precisely
add varying amounts of refrigerant from 150-300 mm Hg. Seal and allow the tubes to warm to
room temperature. Re-weigh matched tops and bottoms of each tube. Calculate the constant for

each of the samples by the formula below and obtain an average.

C:Ta: grams/ mm Hg

where C = refrigerant constant
a=initial weight of the tube (Q)
b = final weight of refrigerant + tube (g)
H = mm of Hg pressure difference in manifold
Once the water is accurately weighed into the tube, the proper weight of refrigerant to be
added based on the specified ratio can be calculated by the formula:

_La-p)
P

where R = refrigerant weight (g)

R

L = water weight (g)
P = percent water [expressed as adecimal (i.e. 40% = .40)]
The mm of Hg manometer pressure drop needed to deliver a certain weight of refrigerant
can be calculated from the above equation and the refrigerant constant.

M=
C

where M = mm Hg manometer pressure drop
R = refrigerant weight (g)
C = refrigerant constant (g/mm Hg)

After refrigerant has been added to the tube, proceed to seal the tube. Adjust the oxygen
and MAPP gasesto give a 3-4" flame. With the tube still evacuated and in liquid nitrogen, warm
the constriction uniformly until it is drawn inward by the vacuum. Heat the fused portion
strongly and lower the tube to produce a molten thread. Cut the thread with the flame. The tube

can be annealed while in liquid nitrogen using a cooler carbon-rich flame. The annealing process
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deposits carbon on the glass that must be wiped off later. Remove the tube from the liquid
nitrogen.

SAFETY NOTE: Oncethe tube has been sealed and brought to room temperature,
it isunder high internal pressure and could explode at any time. When possible, keep it
behind a safety shield and wear safety glasses, heavy gloves, and a face shield.

Prior to heating in the oven, the two parts of the tube are matched and re-weighed so that
the actual weight of refrigerant added can be determined. Thus, the actual weight ratio of
water:refrigerant in the sealed tube can be calculated.

Carefully insert the sealed tube into a protective metal sleeve and cap it. Put it into a
122°F (50°C) oven for 2-3 hours as a safety check. Taking appropriate safety precautions inspect
the tube for hydrate formation going up and down in temperature from O0°F (-18°C) to 80°F
(27°C).

The photographs in Appendix D were taken with a blue filter, 200 speed film, and a 1/30
second shutter speed and developed by subtracting 2 densities and 1 cyan to compensate for low
light.
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Appendix D
Photographic Evidence of Clathrate Hydrate Formation

61



Picture 2

1% water

Picture 4

5% water

Picture 1
1% water 5% water
Picture 3
1% water 5% water

1% water

5% water

62



Picture 6

1% water

Picture 8

5% water

Picture 5

1% water 5% water
Picture 7

1% water 5% water

1% water

5% water

63



Picture9

Picture 10

1% water

5% water

1% water

5% water

64



On Demand

Your order details Your shipping address:
Our Order Ref: 02473029-001
Your Ref: MEXCR/P61569IN

Despatched on: 2/12/2020 United Kingdom

Your item details

UIN: BLL01012092267

Title: The journal of physical chemistry.

Publisher: Easton, Pa. : American Chemical Society,
¢1952-¢1996.

ISSN: 0022-3654

Year: 1991 Volume: 95 Comments

Month: May

Day: 1

Pages: 3860-3866

Author name(s): Christopher W. Meyer and Graham Morriso

Article title Dipole moments of seven partially

words: halogenated ethane refrigerants

United Kingdom

Copyright Statement

Unless out of copyright, the contents of the document(s) attached to or accompanying this page are protected by copyright. They are supplied on condition that, except to
enable a single paper copy to be printed out by or for the individual who originally requested the document(s), you may not copy (even for internal purposes), store or retain
any electronic medium, retransmit, resell, or hire the contents (including the single paper copy referred to above). However these rules do not apply where:

1. you have written permission of the copyright owner to do otherwise;

2. you have the permission of The Copyright Licensing Agency Ltd, or similar licensing body;

3. the document benefits from a free and open licence issued with the consent of the copyright owner;

4. the intended usage is covered by statute.

Breach of the terms of this notice is enforceable against you by the copyright owner or their representative.

This document has been supplied under our Copyright Fee Paid service. You are therefore agreeing to the terms of supply for our Copyright Fee Paid service, available at:

http://www.bl.uk/reshelp/atyourdesk/docsupply/help/terms/index.html

The British Library, On Demand, Boston Spa, Wetherby, United Kingdom, LS23 7BQ
OnDemand.bl.uk



wl

3860 J. Phys. Chem. 1991, 95, 31860-3866

Dipole Moments of Seven Partially Halogenated Ethane Refrigerants

Christopher W. Meyer* and Graham Morrison

Thermophysics Division, National Institute of Standards and Technology (formerly National Bureou of
Standards), Gaithersburg, Maryland 20899 (Received: October 9, 1990)

Dielectric constant measurements have been performed on seven partially halogenated cthanes, currently being considered
as alternative refrigerants, in the gaseous state over the range 305415 K in order to determine their dipole moments. Argon
was also studied to test the apparatus. Five of the refrigerants have temperature-independent moments: R125 (CFyCHF,),
# = 1.563 & 0.005 D; R134a (CF,CH,F), p = 2.058 £ 0.010 D; R143a (CF,CH,), » = 2,340 % 0.010 D; R152a (CHF,CH,),
u=2.262 £ 0.008 D; and R124 (CF,CHCIF), & = 1.469 & 0.012 D. Two refrigerants have conformer-dependent moments,
making their time-averaged moments temperature dependent: R134 (CHF,CHF,), with a moment ranging from 0.991 %
0.004 D at 309 K to 1.250 £ 0.004 D at 413 K; and R143 (CHF,CH,F), where the moment ranges from 1.680 £ 0.001
D at 309 K to 1.745 £ 0.001 D at 410 K. Accurate estimation of a molecule’s temperature-dependent dipole moment requires
an independent determination of its polarizability; this determination has been made from index of refraction measurements.
Where possible, the present results are compared with earlier determinations of dipole moments. In all but one instance,

the agreement is good.

I. Introduction

This paper presents determinations of the dipole moments of
seven molecules from diclectric constant measurements. The
molecules are partially halogenated cthanes: pentafluoroethane
(R125), 1,1-diflvoroethane (R152a), 1,t,1,2-tetrafluoroethane
(R134a), 1,1,1-trifluoroethane (R143a), 1,1,2,2-tctrafluoroethane
(R134), 1,1,2-trifluoroethane (R143), 2-chloro-1,1,1,2-tetra-
fluoroethane (R124). Here, the names in parentheses are des-
ignations for fluorocarbons used by the refrigeration industry.!
Tn addition, argon, which has no dipole moment, was studied in
order o test the apparatus.

The motivation to measure these dipole moments has come from
the recent desire 1o know the thermophysical properties (the dipole
moment has been used in determining the equation of state?) of
alternative refrigerants that are not harmful to the ozone layer.
Six of the refrigerants have zero ozone depletion potential because
they have no chlorine. R124 contains chlorine; however, it has
a shorter atmespheric lifetime than the fully halogenated chlo-
rofluorccarbons currently used as refrigerants.’ R134a is the
leading alternative to R12 (dichlorodifluoromethane); R125 is
a candidate replacement for R502, an azeolropic mixture used
in open-case supermarket freezers.

Of the seven refrigerants studied, five (R125, R152a, R134a,
R143a, and R124) have temperature-independent dipole moments.
Two (R134 and R143) have temperature-dependent moments.
The temperature dependence results from the existence of non-
degenerate internal-rotation conformers* that have different dipole
moments.

Section 11 discusses the purity of the refrigerants used. Section
111 describes the apparatus and the procedure used in making the
measurements, and section IV provides the results of the mea-
surements. A cenclusion is given in section V.

II. Purity of Materials

The refrigerants used in this study were obtained from PCR
Corp.,? with the exceptions of R134a and R124, which were

(1) Downing, R. C. Fluorocarbon Refrigeranis Handbook; Prentice Hall:
Englewood, NJ, 1988.

(2) Hirshfelder, 1. O.; Curtiss, C. F.; Bird, R. B. Molecular Theory of
Gases and Liguids, J. Wiley: New York, 1954,

(3) McLinden, M. O.; Didion, D. A. ASHRAE J 1987, December.,

(4) Mizushima, S. Structure of Molecules and Internal Rotation; Aca-
demic Press: New York, 1954,

(5) In order to describe materials and experimental procedures edequately,
it is occasionally necesvary to identify commercial products by manufacturers’
rame or label. In no instance does such identification imply endorsement by
the National Institute of Standards and Technology, nor does it imply that
the particular product or equipment is necessarily the best avaitable for the
purpose.

TABLE I: Purity of Materials

material purity, % principal impurities
argon 99.998 nitrogen

R125 99.3 carbon dioxide
R134a 99.9 R125, R143a, R142
R143a 99.3 1,1-difluorcethylene
R152a 99.9 unknown

RI134 99.4 perfluorocyclobutane
R143 99.1 unknown

R124 99.9 unknown

obtained from E.I. DuPont Co.* The argon was purchased from
Air Products, Inc.’ The purity of the materials claimed by the
manufacturers is listed in Table 1. The refrigerants were ad-
ditionally purified by immersing their containers in liquid nitrogen
(thereby freezing them) and then removing the volatile impurities
with a mechanical pump.

III. Apparatus and Procedure

A. Theoretical Method. The dipole moments were determined
from dielectric constant measurements of the refrigerants in the
gaseous state at various temperatures and pressures. The Debye
equation® was used to relate the dielectric constant ¢ to the po-
larizability a and the dipole moment u of the refrigerants

2
‘Ee—1=£ R
T e+2 3'~("+3k'r )

where N is the number density, & is Boltzmann's constant, and
T is the temperature. The Debye equation is only applicable in
the ideal gas limit. At higher values of the molar density 4,
dielectric virial cocfficients must be considered”

C/jd=P+Pd+ P+ .. (2}
The parameter P is the molar polarization (the subscript has been

dropped to be consistent with the usual notation) and is related
to a and g by combining eqs 1 and 2

4 u?
= - + —_—
31N.,(a % T) (3)
where Ny is Avogadro's number. One may write eq 3 as
P=P +P/T 4)

where P, is the molar polarization related to the polarizability
and

(6) Debye, P. Phys. Z. 1912, 13,97,
(7) Sutter, H.; Cole, R. H. J. Chem. Phys. 1970, 52, 132.

This article not subject to U.S. Copyright. Published 1991 by the American Chemical Society
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P, = 4xNoul/% (3

In practice one measures the pressure p rather than the molar
density, vielding

.Eg ’ -p— —e-—z
ABT) e pupd i) e rd B+ @

where R is the gas constant. While in general the coefficicnts

in eqs 2 and 6 are not equivalent (although they can be connected

by using the virial equation of state), it can be shown that P’ =
7

In the casec where the dipole moment is temperature inde-
pendent, the moment may be accurately determined by measuring
the temperature dependence of P, which arises solely from the
1/ T dependence of the second term on the right-hand side of eq
3. If the dipole moment is temperature dependent an accurate
measurement of 4 is difficult without a separate determination
of «. Polarizability measurements were made for all the refrig-
erants by measuring index of refraction.! Measurements made
with visible light yield only the electronic polarizability a,

ni-1 4 N
nit2 = stNag = J'_V-o

Pr M

where eq 7 is the Clausius—Massotti equation and a. is the in-
finite-wavelength extrapolation of the index of refraction a. The
electronic molar polarization P, is defined in ¢q 7. The molar
polarization not related 10 the dipole moment P, is given by P,
= P, + P, where P_, is the atomic molar polarization and is
frequently between 0.1P, and 0.2P_* For the case of tempera-
ture-dependent dipole moments there is no convenient way to
measure P,,, 5o it must be estimated. Because P, is so small
relative to P, onc can make accurate determinations of u{T) even
with large uncertainties in P,

B. Capacitance Cell. The diclectric constant was measurcd
in a capacitance cell with vacuum capacitance C; such that the
measured capacitance C was given by C = . The three-terminal
capacilance cell used in our measurements was loaned to us by
Dr. Sandra Greer, who used it to make dielectric constant mea-
surements of Cl; near its critical point® and more recently of liquid
sulfur.!® The cell has been described in detail previously.®'® In
brief, it consists of two parallel rectangular plates of area 1 X 107
m? spaced approximately 1 mm apart. The plates are made of
Hastelloy 276C and are mounted in a container made of the same
material. Originally onc of the walls of the container was a
window. It was replaced with an Invar disk of the same dimensions
to provide a completely shielded environment. The disk was sealed
with a Neoprene O-ring (different from the one used in Greer's
experiments) which was cleaned with ethano! before cach use. The
volume of the container was approximately 7 cm®, and the vacuum
capacitance of the cell was approximately | pF. The cell was
disassembled and cleaned with acetone before its use in this project.

C. Capuacitance Measurement. The capacitance of the cell was
measured with a capacitance bridge (General Radio 1615A),°
using a lock-in amplifier with a sensitivity of 100 nV as the aull
detector. The excitation of the bridge was 30 V peak to peak and
had a frequency of 1 kHz. Self-check procedures performed on
the bridge involving zero error and the ratio of the standard
capacitors showed it to be performing properly. The output from
the null detector was averaged automatically by computer over
100 s for each measurement. A resolution of 3 ppm in the ca-
pacitance was easily achieved with this arrangement.

D. Measurement and Control of Temperature and Pressure.
The capacitance cell was placed in a temperature controlled oven.
The temperature inside the oven was measured by a digital-output
platinum resistance thermometer (Guildline 9540)° with a specified
accuracy of 10 mK. The temperature inside the oven was mea-

lgs(g) Bottcher, C. J. F. Theory of Electric Polarizatiom, Elsevier: New Yark,
(9) Greer, S. C. Phys. Rev. A 1988, 31, 3240.
(10) Greer, S. C. J. Chem. Phys. 1986, 84, 6934.
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TABLE II: Temperature-Independeat Dipole Moments: Molar
Polarization as a Function of Temperature

T.K P, molfem? T.K P, molfcm?
Argon

309.8 4,21 £Q.01 367.3 4.19 £ 0.02

3274 4.18 £ 0,02 388.2 427 £ 003

349.2 4.20 £ 0.01 411.5 4.20 = 0.09
R152a

308.5 11515 £ 0.12 367.8 98.76 & 0.07

326.9 109.19 £ 0.04 389.2 93.88 £ 0.16

3488 103.33 £ 0.14 4130 89.61 £ 0.10
R143a

308.2 122.20 = 0.18 368.2 104.44 £ 0.37

329.4 115.33 £ 0.15 389.4 99.76 £ 0.39

3502 108.87 + 0.27 412.8 94.74 £ 0.29
R125

308.8 62.50 £ 0.06 367.7 54,77 £ 0.07

327.5 59.72 £ 0.03 3391 5245 £ 010

348.8 57.00 £ 0.05 4129 50.41 £ 010
R134a

309.0 97.27 £ 0.02 368.7 83.47 % 0.03

3286 92.16 £ 0.02 388.2 80.41 £ 0.10

349.2 8§7.62 £ 0.02 410.8 76.46 £ 0.04
R124

307.9 60.61 £ 0.19 366.6 5409 £0.14

326.0 58.54 % 0.06 388.4 51.85 £ 0.12

348.) 55.92 % 0.09 4113 49.98 + 0.04

TABLE I11I: Temperature-Independent Dipole Moments

refrig =~ Pg. molfecm’ P, molfcm? u D

R125 11.0 143£03 1.563 + 0.005
R134a 10.9 137207 2.058 £ 0.010
R143a 10.2 139+ 08 2.340 £ 0.010
R152a 10.7 140 £ 06 2.262 £ 0.008
R124 16.2 18.1 £0.6 1.469 £ 0.012

sured to be constant 1o within 0.2 K. The pressure was measured
with & quartz pressure transducer (Paroscientific 43K-101 Di-
giquartz) combined with a pressure computer (Paroscientific scries
70033 this system had a specified accuracy of 0.7 mbar. The
refrigerant, which was stored at its saturation pressurc at room
temperature, was introduced into the cell by opening a valve to
the manifold. The refrigerant was removed with a mechanical
pump, which was isolated by a nitrogen trap to minimize back-
streaming.

E. Experimental Procedure. For each refrigerant, measure-
ments of the molar polarization were made at six temperatures
in the range 305-415 K. At each temperature, an initial vacuum
capacitance measurement was made. Subsequently, capacitance
measurements were made at nin¢ pressures, starting at vacuum
and incrementing at constant intervals until the fifth measurement,
and then decrementing the pressure so as to repeat the pressures
of the first four. The highest pressure was about 3/4 the saturation
pressure at room temperature. The dielectric constant was de-
termined by dividing the capacitance by the initial vacuum ca-
pacitance measurement. The diclectric-constant data for all
malerials are found in Table V.

For three of the refrigerants ¢* was determined as a function
of the molar density rather than as a function of p/RT, since ¢
expressed as the former is more linear than e expressed as the
latter. For R134a the second and third PVT virial coefficients
measured by Weber!! were used to make the conversion. The PYT
virial coefficients for R143a and R152a were estimated by using
those of R134a and the law of corresponding states.'?

The molar polarization was determined by fitting the functional
form of egs 2 and 6 to the diclectric-constant data (thc mea-
surements made at p = 0 were omitted). The expansion was

(11) Weber, L. A. fnt. J. Thermophys. 1989, 10, 617.
(12) Rowlinson, J. S.; Swinton, F. L. Liquids and Liquids Mixtures;
Butterworth Scientific: Boston, 1982; pp 261-265.
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Figure 1. Plot of ¢*RT/p vs p/RT for argon at 349.2 K, where «*
={¢ — 1)/(e + 2). The linc is the best-fit curve through the points, where
the functional form for the curve is given by eq 6 with a truncation at
the linear term. The solid (open) circles correspond to increasing (de-
creasing) pressure.

truncated at the linear term for most refrigerants: in these cases
the addition of a quadratic term increased the uncertainty of £
without significantly altering its value. A quadratic term was used
for R143a, however. The regression program REGRES of Bev-
ington®!* was used 10 obtain the best-fit value for P and P. When
the same data were fitted to eqs 2 and 6, P’ and P were found
10 agree to within 0.2%. For R125, R134, R143,and R124 eq
6 was used to determine P. The molar polarization as a function
of temperature for the refrigerants is shown in Tables H and J11.

The temperature-independent dipole moments were determined
by fitting eqs 4 and 5 to the molar polarization. The tempera-
ture-dependent moments were found by using separately deter-
mincd values of P, (P,, from index of refraction measurements,
P, from estimation) and inverting eq 3, providing values of u{7)
for the temperatures at which the measurements were made,

F. Index of Refraction Measurements. Index of refraction
measurements were made of all refrigerants except R134 and
R152a in the liquid phasc at approximately 297 K. Density
measurements at that temperature were provided to us by De-
fibaugh and Morrison.'* Equation 7 was then used to calculate
P, which is temperature independent. The index of refraction
measurements were mede with the apparatus and procedures
developed by Chae et al.'* Their techniques appear in ref 15
together with their results for R134 and R152a.}* The light source
was a He-Ne laser with wavelength A = 6328 A. Because n was
not measured with a second wavelength (allowing the infinite-
wavelength value to be determined by extrapolation), n. was
estimated to be 0.990n. This relation between n and n, has been
found empirically for many liquids,® and the estimation procedure
has been used before on a number of materials, including fluo-
rinated ethanes.'® The use of n. rather than # in eq 7 results
in a decrease in P, of approximately 5%. It should be realized
that since n_ has been estimated, £ is also an estimate. The index
of refraction data for all seven refrigerants are tabulated in Table
VI, including the measurements made by Chae et al.

IV. Results

A. Argon. Measurements of the molar polarization of argon
as a function of temperature were made in order to test the
performance of the apparatus. Argon has no dipole moment, so
its molar polarization is temperature independent. A typical plot
of ¢*RT/p vs p/RT is shown in Figure I. The data were taken
at 367.3 K. The open and solid circles correspond to data taken
while the pressure was incremented and decremented, respectively.
Hysteresis of about 0.05 em?/mol in «*RT/p is present in the data;
this corresponds to aboutl 12 ppm in the capacitance. The best
fit values are P = 4.19 & 0.02 cm®/mol and P, = -263 + 235

(13) Bevington, P. R. Data Reduciion and Error Analysis Jor Scientists
and Engineers; McGraw-Hill: New York, 1969; p 172,

(14) Defibaugh, D.; Morrison, G. Private communication.

(15) Chae, H. B.; Schmidy, J. W.; Moldover, M. R. J. Phys. Chem. 1990,
94, 8840.

(16) Di Giacomo, A.; Smyth, C. P. J. Am. Chem. Soc. 1958, 77, 174.
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Figure 2. Deviation plot of P — P, v8 1/T for refrigerant R125 (pen-
tafluorocthanc), where P is the molar polarization and Py, is the best-fit
curve through the points (Poy = P, + P, /T, with P, = 14.2 cm?/mel,
and P, = 14877. cm; K/mol). The value of P, correspands 10 a dipole
moment of u = 1,563 D.
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cm®/mol?, where the uncertainties are 1 standard deviation
(treating the deviations as if they were due to random scatter).
The value of P is 1% higher than the value of 4.136 + 0.0002
cm?/mol measured by Orcutt and Cole.”” The value of P, is in
satisfactory agresment with that measured by ref 17 (2.1 £ 0.1
cm®/mol?). If we consider only the data with the pressure in-
cremented (decremented), we obtain best fit values for Pof 4.15
+ 0.02 (4.22 + 0.03) cm*/mol. These values deviate from the
best-fit value of P obtained by using all data by approximately
0.03 cm?/mol, an amount comparable to the standard deviation
of P. This shows that even though the deviations ¢*RT/p arc
clearly systematic, the uncertainty values from statistical analysis
are repesentative of the uncertaintics due to the hysteresis.

The hysteresis shown in Figure 1 was found in all measurements
made of ¢*R7/p vs p{R'I‘. The amount of the hysteresis ranged
from 0.05 10 0.15 cm*/mol. We were not able to determine the
cause of the hysteresis or its variation from one run to the next.
It was not caused by errors in pressure measurements or by
allowing insufficient time for equilibrium. Perhaps the spacing
between the capacitor plates changed slightly during a set of
measurements. The hysteresis shown in Figure 1 could be ac-
counted for by a change of 12 ppm (120 A). Since the plates were
not held apart by spacers this small change might have occurred
from slight deformations of the chamber wall to which they were
mounted.

We decided to usc all seven nonvacuum measurements of
€*RT/pvs p/RT per isotherm. The values of P vs T for argon
are shown in Table I1. The average value of P is 4.21 cm?/mol
and is constant to within the resolution of our measurements.

B. Temperature-Independens Dipole Moments, The values
of Pvs T for the refrigerants with temperature-independent dipole
moments are shown in Table II. Figure 2 displays a plot of P
= Py vs 1/T for R125, where P, is the best-fit line with slope
1487] & 93 cm’ K/mol and y intercept 14.3 £ 0.3 cm’/mol. Once
again the uncertainties are 1 standard deviation. The scalter is
consistent with the uncertainties in the measurement of P. The
best-fit values yield 4 = 1.563 & 0.005 D, and P, = 14,3 £ 0.3
cm?/mol, which are in good agreement with the values of u =
1.54 D, P, = 16.0 cm?/mol determined by di Giacomo and Smyth
using capacitance measurements.'®

Table 111 lists the values of the dipole moments determined for
all the refrigerants with temperaturc-independent moments, along
with the corresponding values of P,. Ali plots of Pvs 1/7T ex-
hibited similar scatter to that shown in Figure 2. The values of
P, 59 4xNpar /3 as determined by the index of refraction mea-
surements are also given in Table 1[1. Note that for alt four
fluorinated cthanes P, & 14.0 cm*/mol and P, = 0.80P,.

We found that the dipole moment of R134a was u = 2.058 +
0.010 D. This is consistent with a Stark Effect (spectroscopic)
measurement by Ogata and Miki'® that yielded u = 1.80 + 0.22

(£7) Orcutt, R. H.; Cole, R. H. Physica 1968, 31, 1779.
(18) Ogata, T.; Miki, Y. J. Mol. Strucr. 1986, 149, 49.
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TABLE IV: Temperature-Dependent Dipole Moments

A. Dipole Moment as a Function of Temperature

T.K P, mol/em? u, D
R134*
308.6 1337 £ 0.15 0.991 + 0.004
3293 3474 £ 0.12 1.059 £ 0.003
1494 3561 £ 0.12 1.113 = 0.003
368.5 36.31 £0.10 1.162 £ 0.002
389.5 36.85 £ 0.17 1.209 £ 0.004
4128 37.04 £ 0.17 1.250 £ 0.004
R143*

3088 69.65 + 0.08 1.680 £ 0.001
326.6 67.36 £ 0.09 1.692 %+ 0.001
3484 64.98 £ 0.06 1.708 + 0.001
366.9 63.10 £ 0.07 1.720 £+ 0.001
388.5 61.09 £ 0.07 1.733 £ 0.001
410.0 59.21 £ 0.05 1.745 + 0.001

B. Dipole Moments of Individual Conformers

conformer u, D
R134 (trans) 0 (by symmetry)
R134 (gauche) 245 + 0.05
"R143 (C,) 1.50 £ 0.15
R143 (Cs) 284 £ 0.08

*P, = 14.0 cm’/mol by estimation.

D. Qur value of the moment of R143a is g = 2.340 £ 0.010 D.
It is consistent with the results of Townes et al.,'* who found u
= 2.35 £ 0.02 D, and of Ghosh ¢t al.,®® who found p = 2.27 £
0.04 D. Bath groups used Stark effect techniques. We found the
moment of R152a tobe u = 2.262 £ 0.008 D, and P, = 140 %
0.6 cm®/mo, values that agree well with u = 2.24 D and P, =
14.6 cm?/mol determined by Gibbs and Smyth also using a ca-
pacitance measurement.? Reanalysis of published data? yields
u=2254 %001 Dand P, = 140 £ 0.7 cm’/mol. Measurements
of the dipole moment of R152a have also been made by Kwei and
Herschbach? using Stark effect techniques. They found u = 2.30
4 0.03 D, in agreement with our value. Finally, our value for
R124 is u = 1.469 * 0.012 D. To our knowledge, no other
measurements of this dipole moment have been made.

C. Temperature-Dependent Dipole Moments. Tablc 1V gives
the values of P vs T for the refrigerants with temperature-de-
pendent dipole moments, as well as the calculations of the dipole
moments at these temperatures. For both R134 and R143 an
estimated value of P, = 14.0 ¢cm?/mol was used in the deter-
minaticn of the dipole moment. This value is the average valuc
of P, determined for the four fluorinated ethanes with tempera-
ture-indcpendent moments. Using this estimate is equivalent to
using the measured values of the electronic polarizability (P, =
11.2 ¢m?/mol and P, = 10.8 cm/mo! for R134 and R143,
respectively), and estimating the atomic polarizabilities to be P,
= 2.8 em*/mol and P, = 3.2 cm*/mol for R134 and R143,
respectively. Our estimate was based on the consistency of all
values of P, for the temperaturc-independent moments. Asa
further justification we cite a variation on Landolt’s rule?® which
states that the polarizability of 8 molecule is the sum of those of
its individual bonds. According to the rule, the polarizability of
R134 and R143 should be the same as that of R134a and R143a,
respectively. Our estimates are consistent with this rule to within
experimental uncertainties.

The temperature dependence of the moments of R134 and R143
is due to their multiple conformations. R134 can exist in either
gauche (C;) or trans (C,,) conformations, as shown in Figure 3.
The symmetrical trans conformer has no dipole moment and is

”2(I9) Townes, C. H.; Schulman, R. G.; Dailey, B. P. Phys. Ren. 1949, 76,

(20} Ghosh, S. N.; Trambarulo, R.; Gordy, W. Phys. Rev, 1952, 87, 172.

(21) Gibbs, J. H.; Smyth, C. P. J. Am, Chem. Soc. 1951, 73, 5115,

(22) Kwei, G. H.; Herschbach, D. R. J. Chem. Phys. 1960, 32, 1270.
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H F H
F:$:F F:$:F F:$:F
F H H H H F

H H H

G Cs Cy

R143 {1,1,2 - Trifluorcethane)

Figure 3. The multiple conformations of R134 (1,1,2.2-tetraftucrethanc)
and R 143 (1,1,2-trifluorocthane). The staggered forms of R 134 can exist
in either gauche (= > 0) or trans (x = 0) conformations, and those of
R143 can exist as either €, (g > 0) or C, (u > 0) conformations.
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Figure 4. Square of the dipole moment of R134 as a function of tem-
perature. The solid circles are the experimental determinations, and the
solid curve represents the best-fit values using the functional form of eq
8 and assigning g, = 0, w = 2.0, The best-fit parameter values are g;
= 2.45 D and AE = 5.97 kJ/mol. The long-dashed (short-dashed) curve
is a similar best-fit curve, but additionally assigning u @ 2.9 D (AE =
4.89 kJ/mol). The placement of the intersection point of the curves
reflects the temperature range over which the data was taken, but oth-
erwise holds no significance.

more stable in the gas phase.’** As the temperature is increased,
the population of the doubly degenerate gauche conformer, which
has a nonzero moment, increases, resulting in an increasing dipole
moment when measured. Figure 3 also shows the C; and C,
conformers of Ri43. The degenerate C; conformer has the lower
energy of the two. Although the moments of both conformers
are nonzero, they are not equal. As the temperature (and G,
population} increases, the dipole moment of the maolecule changes.

The measured dipole moment is related to the moments of the
individual conformers by

2 2,-AE/KT
o il t onle (8)
1 + werdEAT

where u, and p, are the dipole moments of the nondegenerate and
degenerate conformers, respectively, and AE is the energy dif-
ference between the two conformers (AE = E; - E|). Here, w
= 2f3//;. where the factor 2 is due to the degeneracy. f; and f;
are the vibrational and rotational partition functions of the non-
degenerate and degenerate conformers, respectively.* For the case
of 1,2-dichloroethane it has been shown® that the value of w varies
from 1.90 at 300 K o0 1.83 at 400 K.

We have fit our measurements of z(7) for R134 and R143 to
the functional form of eq 8. Lacking data for the precise de-
termination of w we have used the approximation w = 2.0. A
discussion of the uncertainty due to this approximation will follow

(24) Klaboe, P; Nielson, J. R. J. Chem. Phys. 1960, 32, 899.
(25} Kalasinsky, ¥, F.; Anjaria, H. V.; Little, T. 8. J. Phys. Chem. 1982,
86, 1351.
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TABLE V: Dielectric Constant as & Function of Temperature and Pressere

Meyer and Morrison

A. Argon
pfbar ¢ x 10 pfbar o pfbar & X1 plbar e x 10 pltar & X p/bar [ W 1]
T=3088K T=3673K
0.000 0.001 3.686 0.601 1.879 0.308 0.000 0.000 N1y -043 2.011 027
1.031 0.169 4183 04682 1.031 0169 1.005 0137 4114 0.561 0.887 0.122
2.209 0.362 2.390 0471 0.000 0.001 2.035 0277 2.704 0370 0.000 0.000
T=368K To388.2K
0.000 0.001 3.045 0.467 1.388 0.214 0.000 0.002 3155 0.410 1.806 0.251
1.109 0.169 4010 0614 0.707 0.109 1.212 0.159 4.049 0.526 0.948 0.125
2.138 0327 2.621 0.402 0.000 0.000 2.283 0.296 2.487 0.326 0.000 0.002
Telglk T o 41L.5
0.000 0.000 3142 0.454 2,038 0.29% 0.000 -0.001 313 0.380 1.635 0.202
0.988 0.143 1964 0.572 1.056 0.153 0.966 0114 3981 0.482 1.003 0128
1.921 0217 2.788 0403 0.000 -0.002 2.442 0.293 2.850 0.346 0.000 0.002
B.RI25
p/fbar e x 1 p/bar X100 pfbar eIy pfbar X 10 plar x 10 pftar e x 100
To=3088K Te=3¥11K
0000 0.001 3.102 7.934 2.028 5.106 0.000 0.000 3123 3.736 2.062 1.761
1.070 2.648 4,030 10.468 1.027 2.545 1.146 2.069 3.998 7.400 1.043 1.887
2.087 5.250 304 1.787 0.000 0.001 2,181 197 3.084 5.613 0.000 0.003
TallSK Telik
0.000 0.001 12 7.385 2.004 4.509 0.000 0.003 2.967 4.903 1.979 3.257
1.138 2,538 4313 9.997 1.056 2.349 1.215 1.981 4027 6.711 1.040 1.702
1.954 4.392 1.055 6.968 0.000 -0.001 1.960 1217 2.640 4.361 0.000 0.003
ToelisK To4129K
0.000 =0.001 3.581 1.298 2.039 4094 0,000 0.000 2,591 4,449 1.979 2935
1.239 2.464 4729 9.157 1.022 2.033 1.085 1.596 31258 4.85) 1.087 1.60%
2,330 4.688 2.697 5.450 0.000 £.000 2377 1.523 1,004 4473 0.000 0.004
C.R152a
pitar X 10° pibar X 1P pltar x| p/bar X 1Y pfbar & X% 100 plbar & X 1Q?
T=3085K Te 38K
0.000 0.001 2.001 317 1.511 6.981 0.000 0.000 3368 - 11.229 2015 6.634
0.538 2433 2.498 11.747 0.539 2.448 0.995 1.240 4034 13.547 0.995 ).247
1.362 7.208 2.025 9.442 0.000 0.004 1.988 6.538 1.030 10.07 0.000 0.005
T=3269K Tw=38%2K
0.000 0.000 1215 13.537 1.975 Bi64 0.000 -0.001 1.544 4.5 0.998 2922
1.061 4.325 4,142 §7.702 1.031 4,206 0.606 1.762 2.007 5911 0.599 1.749
1.991 §.225 3.030 12.725 0.000 0.006 1.155 1379 1.521 4.468 0.000 0.008
TeMiik T=4130K
0.000 0.001 2994 11.041 1.984 7.238 0.000 0.002 3.156 B.376 2.056 5427
0.984 3.538 4134 15.458 1.103 31.988 1.478 1.884 4023 10.74) 1.002 2.634
2.156 7.8868 3.041 11.223 0.000 0.015 2347 6.199 3.002 1.969 0.000 O:W
D. R134a
pfbar  * x10° pftar e x 10 pfbar  * X% 10’ pfbar X 10° pitar @10 pfbar & x10°
7=3090K T=3637K
0.000 0.00¢ 1.518 5.917 1.075 4152 0.000 0.000 1.675 4.647 1.013 2.788
0.603 1.308 2046  8.055 0.575 2,199 0.547 1.498 2.083 5.804 0.512 1.401
0.954 1.679 1.498 581 0.000 0.003 1.270 3.506 1.362 3.766 0.000 0.000
Tw3lR6K T= 882K
0.000 0.000 1.506 5.200 1.011 3.461 0.000 0.001 1.507 1.7% 1.020 2.561
0.498 1,693 1.843 6.195 0.496 1.686 0451 1.226 1.96% 4971 0.523 1.309
1.026 3514 1.395 4.807 0.000 0.001 1.133 2.840 1.529 1851 0.000 0.005
Tm= 392K T=4108 K i
0.000 0.000 1.661 5117 1.058 1356 0.000 0.000 1.531 3.461 1.0%0 2457
0477 1.448 2.070 6.404 0.358 1.696 0.754 1.694 1.954 443 0.506 1.137
1.077 3.291 1.527 4.691 0.000 0.003 1.0%3 2.46] 1.500 3.390 0.000 0.001
E.RI432
plbar & x 10° pfbar e x 10! pfbar 2 1O? pfbar X 10° pfbar ¢ x 100 pfbar & x 10}
T=3082K T=382K
0.000 0.001 4.551 231758 2.900 14.402 0.000 0.002 1.558 12.491 1.483 513
1.428 6.935 5.413 27939 1.491 1.261 1.053 1616 4.235 14.948 1.012 1.487
1.082 15.335 4,257 21.574 0.000 0.005 2180 7.566 p bk 9.683 0.000 0.002
T=394K T=3894K
0.000 0.001 1.355 14.653 1.974 8.492 0.000 0.000 3.461 10.892 1.802 5.622
1.123 4.783 4329 19.123 1.109 4.729 1.061 3.282 4.190 13.24% 0.871 2,705
2.155 9.285 2.964 12,892 0.000 0.004 2.257 1.046 2.647 8.J02 0.000 0.001
T=2330.2K To4128K
0.000 0.001 ERE] 12,153 1.814 6919 0.000 0.000 j.028 8484 2007 5.604
Lot 1816 4042 15714 1.06) 4.026 1.081 2.996 4.021 11.326 1.150 3199
1.957 7.460 3070 11.843 0.000 -0.007 2.549 7127 2.731 T1.650 0.000 0010
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F.RI}
pftar ¢ X 10 plbar & X 10 piear e x10° pfbar %10 plbar e x10 pibar & X110
T = 3086 K T = 368.5 K
0.000 0.001 3.151 4,456 1.982 2127 0000  —0.002 1.305 4.070 2039 2478
1.287 1.123 4448 6.521 0.997 1.341 101 1.207 4.091 5.094 0.566 1,165
2.247 3.096 3.01% 4256 0.000 0.002 2,520 3.073 1875 3.827 0.000 0.005
T=3293K T=389.5K
0000  -0.002 3122 4214 2.024 2.682 0.000 0.000 3.450 4.045 1.759 2.036
1.159 1.500 4,055 5.584 0.552 1.232 1,206 1.493 1.940 4.646 0.98$ 1.139
1.919 252 3.025 4.083 0.000 0.004 2052 2.367 2.956 3.458 0.000 0.006
Tw3494K Ta4128K
0.000 .00} 1.100 3.973 2.011 2.542 0.000 0.000 1038 3.352 1.99% 2.196
0.988 1223 1.589 4638 0.950 1.238 1.499 1.627 3.837 4.262 1.073 L1n
2.273 2.875 2954 3782 0.000 0.005 2.091 2.233 2912 3.217 0000  -0.001
G. R143
pfear & X 10 pfbar ¢ X 1O pfhar 210 p/fbar %10 pfbar e x 10 pfbar & x 107
T=3088K T = 3669 K
0.000 0.000 1.4922 4.218 0.8014 2.22) 0.0000 0.001 1.4406 3.033 1.0569 2.216
07552 2.0M 1.7413 4,961 0.4115 1.130 0.5442 1.132 1.8934 4013 0.570% 1.192
12122 3.400 1.3652 3.845 0.0000 0.002 1.0355 2.168 1.4187 2988 0.0000 0.003
T = 3266 K Te3885K
0.0000  0.000 1.5014 1846 1.0959 2.784 0.0000 0.001 1.5274 2935 1.0943 2.089
0.5739 1411 2.1016 5470 0.4645 1.167 0.5783 1.102 2.0340 31929 0.526} 1.000
11000 2785 14315 1.665 0.0000 0.001 1.2028 2.303 1.5324 2.944 0.0000 0.003
T= 384K T = 4100 K
0.0000  0.0000 1.4271 1212 1.0446 2.383 0.0000 0.000 1.4348 2612 0.3615 1.508
0.5031 1.138 2.1325 4957 0.4927 116 0.5410 0983 19336 3.420 0.5118 0.894
10062  2.292 L5150 3.48) 0.0000 0.003 10178 1.782 1.2403 2178 0.0000 0.001
H.R124
pibar X100 pibar & %10 pitar ¢ x10? pibar & % 1P pfbar (o x 10 pitar & x 10
T=3019K T = 366.6 K
0.000 0.000 3.026 7.853 1911 4,801 0.000 0.000 2.039 M 1.406 2.543
1.046 2.553 3159 8.22% 1.009 2473 0.843 1.508 2.605 4734 0.669 1.202 .
2.043 5139 2,945 7.640 0.000 0.008 1.532 2.768 1.988 1624 0.000 0.004
T= 32K T = 3884 K
0.000 0.001 2422 3516 1.326 2951 0.000 0.000 2.482 4,103 1.485 1432
0.856 1881 2.628 6.008 0.841 1.853 0915 1.481 112 5376 0.854 1.390
2.056 4.642 2070 4,680 0.000 0.008 1.526 2.491 2.389 3953 0.000 0.004
T= 3481 K T=411.3K
0.000 0.000 2.037 4.066 1.438 2.846 0.000 0.000 2033 3.009 1.351 1,993
0.766 1.496 2612 5.266 0.665 1.302 0617 0.904 2527 3.75% 0.656 0.964
1.425 2813 2094 4189 0.000 0.007 1.845 2.729 2.082 3.088 0.000 0.004
TABLE VI: Results of lndex of Refraction Measurements between the trans and gauche conformer to be 4.85 & 0.42 kJ/
- N % 10T 7 mol® and 4.94 £ 0.42 kJ/mol.® Shown as the short-dashed curve
refrig  T.K  (=0.990n) om’ /molecules molfom? in Figure 4 is a best-fit curve of the dala to eq 6 while assigning
Ri25 963 X 5028 ™ = 0, AE = 4.89 kJ/mol; the agreement here is also poor.
R132a 2962 120 7171 109 A possible explanation for the discrepancy between our values
Ri43a 2977 1183 6920 10.2 of u; and AE and those from the spectroscopic measurements
R152a* 298.2 1.229 8.196 10.7 might be our approximation of the value of w. To check this we
R134* 1982 1.222 7.584 11.2 made a least-squares fit with  a fitting parameter. The best-fit
R143 296.2 1.249 8.756 10.8 curve overlapped the solid curve of Figure 4, and the parameter
R124 2977 1.257 6.019 16.3 values werew = 9.1 @ 3.1, u, = 1.L7T9 £ 0.16 D, and AE =178

*Date from Chae et al."?

shortly. Figure 4 shows a plot of x*(T) for R134. The solid curve
is a nonlinear least-squares fit of the data to eq 8 while constraining
the moment of the trans conformer to be g, = 0. The best-fit
values for the moment of the gauche conformer and the energy
difference are g, = 2.45 £ 0.05 D and AE = 5.97 £ 0.15 kJ/mol.
This curve fits the data very well.

Mecasurements of g, and AE have been made using spectro-
scopic techniques. Mukhtarov and Kuliev? have measured the
dipole moment of the gauche conformer to be u = 2.9 D through
the Stark effect (no uncertainty provided); this value is not in
agreement with ours. We have plotted as the long-dashed curve
in Figure 4 a best-fit curve of the data to eq 8 while assigning
u = 0, yp = 2.9 D; the two do not agree well. Studies of infrared
and Raman spectra have determined the enthalpy difference

(26) Mukhtarov, 1. A.; Kuliev, V. R. Itv. Akad. Nauk. Azerb. SSSR Ser.
Fiz.~Tekh. Mat. Nauk. 1970, I-2, 132.

£ 0.5 kJ/mol. The value of w is unphysically high, so this fit
cannot be relied upon to determine p; and AE. A second fit was
made constraining g, (0 have the value measured by ref 26. The
quality of the fit was similar to the previous one; it yiclded w =
1.13 £ 0.07 and AE = 5.5 £ 0.2 kJ/mol. While AE is slightly
closer to that measured by refs 24 and 25, it is improbable that
the value of w could be so small. A third fit was made constraining
AE 10 have the value 4.90 kJ/mol (an avcrage of the values
measured by refs 24 and 25). The best-fit curve overlapped the
solid curve of Figure 4, and the parameters were w = 0.25 £ 0.23
and gy = 5.2 & 4.8 D. The value of w is unphysically low, and
the uncertainty in g, is so Jarge as to make the fit useless. From
these three fits we conclude that allowing w to be an adjustable
parameter does not help for determining u; and AE or explain
the discrepancy between our results and the spectroscopic results.

As a final check on the influence of w we made a least-squares
fit with @ = 1.8, a value close to that found for 1,1-dichlorocthane
at 400 K. The curve overlapped the solid curve of Figure 4 and
yielded u, = 2.52 £ 0.06 D, AE = 5.9 £ 0.2 kJ/mol. Thesc values
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Figure 5. Square of the dipole moment of R143 as a function of tem-
perature. The solid circles are the experimental determinations, and the
curve represents the best-fit values using the functional form of eq 8 and
assigning w = 2.0. The best-fit parameter values are ;= 2.84 D, i, =
1.50 D, and AE = -3.90 kJ/mol.

are 50 close to those obtained with w = 2.0 that we conclude that
our approximation of w cannot account for the discrepancy. We
conclude that our results are inconsistent with those of refs 24,
25, and 26.

In Figure § we plot u?(T) for R143 along with a best-fit curve
of the data to eq 6. The best-fit parameters are x, = 2.84 & 0.08
D (C, conformer), u; = 1.50 = 0.15 D (C, conformer), and AE
= -390 + 2.2 kJ/mol. The fit to the data is very good. Mu-
khtarov,? through the Stark effect, measures u; = 1,58 + 0.02

{27) Mukhtarov, 1. A, Dokl Akad. Nauk. SSSR 1963, 151, 1076.

D, in cxcellent agreement with our fit. When performing the
least-squares (it while constraining u; = 1.58 D, we obtain y, =
3.00% 006 D, AE = -5.74 4+ 0.19 k] /mol. Kalasinsky et al.2
have measured with Raman spectra AE = -4.43 £ 1.6 kJ/mol,
in agreement with our value.

Y. Conclusion

We have measured the dipole moments of R125, R152a, R134a,
R143a, R134, R143, and R124. Our measured moments of R125,
R152a, R134a, and R143 agree well with previous measurements
made on these molecules, and all have uncertainties of less than
1%. We have presented the [irst measurement of the dipole
moment of R124. [n addition, we have made the first mea-
surements of the temperature dependence of the dipole moments
of R134 and R143 using dielectric-constant measurements. While
our value of the moment of the C, conformer of R143 agrees well
with that obtained from spectroscopic measurements, our value
of the moment of the gauche conformer of R134 does not. For
both R134 and R143 cur value for the energy difference between
the two conformers is higher than that measured for the enthalpy
difference from spectroscopic measurements.
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New results on two-dimensional propagation of a single red/yellow wave of mercuric iodide in ge) media in batch, continuous-flow,
and gel-ring reactors are reported. The influence of electrolyte concentrations, temperature, thickness of the gel, and type
of the reactor on the kinetics of wave propagation has been studied. Light-induced spatial bifurcation of yellow wave into
alternate yellow and red bands is observed at low pH of the gel containing mercuric chloride. Experiments to study the
precipitation pattern and crystal growth on a thin film of agar—agar gel sandwiched between microslides were carried out.
Rhythmicity was observed during red-wave propagation at low [KI]. A new type of continuous-flow reactor has been designed
10 carry out experiments in the presence of an external electric field. Transitions from yellow to red and red to yellow forms
have been observed in the presence of an external electric field. A critical field intensity at 0.283 V cm™ exists at which

the yellow form changes into a red variety.

Introduction

There is considerable scientific interest in the crystal growth,
development of chemical waves, and rhythmic precipitation in gel
media. The subject has been of practical importance for many
years. In recent years, a reactivation of experimental and theo-
retical research in the field of periodic precipitation in gel media
can be noticed." Light absorption also plays an important role

(1) Muller, S. C.; Kaui, S.; Ross, J. J. Phys. Chem. 1982, 85, 4078.

(2) Kai, S5.: Muller, S, C.; Ross, 1. J. Phys. Chem. 1983, 87, 606.

(3) Muller, S. C.; Kai, 5. Ross, J. Science 1982, 216, 635.

(4) Das, |.; Pushkarna, A_; Lall, R. S. J. Cryst. Groweh 1987, 82, 361.

(5) Das, 1; Lall, R. S.; Pushkama, A. J. Phys. Chem. 1987, 91, 747,

(6) Das, 1.; Pushkarna, A. J. Non-Equilib. Thermodyn. 1988, 13, 209.

(7) Dzs, 1.; Das, S. S.; Pushkarna, A.; Chand, S. J. Colloid Interface Sci.
1989, 130(1), 176.

(8) Daa, i.; Chand, S.; Pushkarna, A. J. Phys. Chem. 1989, 93, 7438,

in the macroscopic structure development,*%%" and the phe-
nomenon can be influenced in the presence of an external electric
field."'"* It is possible to stop, reverse, or destroy chemical waves
by imposed clectric field.”?

In earlier communications'™!! we reported results on the one-
dimensional propagation of yellow/red mercuric iodide, influence

{9) Nitzan, A.; Ortoleva, P.; Ross, J. J. Chem. Phys. 1974, 60, 3104,
1,00 Das, I Pushkarma, A Agrawal, N. R. J. Phys. Chem. 1989, 93
" 6(1'1) Das, 1.; Pushikarna, A.; Bhattacharjee, A. J. Phys. Chem, 1990, 94,

{12) Schmidt, S.; Ortoleva, P. J. Chem. Phys. 1977, 67, 3771.

(13) Ortoleva, P. Theoretical Chemistry, Periodicities in Chemistry and
Biology: Eyring, H.. Ed.; Academic Press: New York, 1978; Vol. [V, p 235.

(14) Feeney, R.; Schmidt, S. L.; Strickbolm, P.: Chadam, J.; Ortoleva, P.
J. Chem, Phys. 1933, 78, 129).
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SOLKANE™ 227 pharma and 134a pharma

Daikin Industries, Ltd.

has acquired Solvay S.A.’s German-based pharma propellants
and refrigerant business effective May 5th, 2015. Daikin will
continue the production of HFA propellants 227 pharma and
134a pharma at the Frankfurt works under the Solkane™
trademark, to the same standards as before. Solkane™ is a
trademark of the Solvay Group.
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SOLKANE™ 227 PHARMA

SOLKANE™ 134A PHARMA

SOLKANE™ 227 pharma / SOLKANE™ 134a pharma

SOLKANE™ pharma -
Special Pharmaceutical
Grade

B Highest purity guaranteed by
manufacture in dedicated facilities
according to cGMP

High-level quality control

Specifically developed sophisticated
analytical methods

B Worldwide Regulatory Affairs
support in accordance with drug
active substances

Additive

HFA

Propellant

HFA Propellants for Use in Medical Sprays

SOLKANE™ 227 pharma and SOLKANE™
134a pharma, also known as:

B HFA 227, HFC 227 or
1,1,1,2,3,3,3-heptafluoropropane and

B HFA 13443, HFC 134a or
1,1,1,2,-tetrafluoroethane

respectively, are used in medical sprays
such as:

B MDIs (Metered Dose Inhalers, also
called asthma sprays or pharmaceuti-
cal aerosols inhaled by the patient),

B nasal sprays
B foam sprays and
B other oral/topical sprays

to propel the active ingredient which is
dispersed or solubilised in the hydrofluo-
roalkane (hereinafter referred to as HFA
propellant).

Fig. 1:

2 SOLKANE™ 227 pharma and SOLKANE™ 134a pharma

Neither HFA 227 nor HFA 134a contain
chlorine and they are thus non-ozone
depleting. Furthermore, they are non-
flammable and chemically inert. This
makes them (from a safety and toxicologi-
cal point of view) ideal candidates for use
in medical products. Moreover, because
HFA 227 and HFA 134a have thermody-
namic and physical properties closely re-
sembling the chlorofluorocarbons CFC 11,
CFC 12 and CFC 114 traditionally used in
medical sprays, they were proposed to
replace these ozone-depleting CFCs
currently being phased out under the
terms of the Montreal Protocol.

Accordingly, HFA 227 and HFA 134a were
developed in a special pharmaceutical
grade as SOLKANE™ 227 pharma and
SOLKANE™ 134a pharma specifically for
use in medical products. They are of the
highest quality as required for sensitive
routes of administration —in the case of
MDIs, via inhalation to the lung.

The world of pressurized Metered Dose Inhalers

Daikin Refrigerants Europe



The main differences to ordinary
“technical grade” SOLKANE™ 227 and
SOLKANE™ 134a — predominantly used
as refrigerants and fire extinguishing

SOLKANE™ pharma -
HFA Propellants for Medical Sprays

Including M MDIs (Metered Dose Inhalers) also known as pharmaceutical aerosols

agents - are: or asthma sprays for the treatment of asthma, COPD (Chronic
(i) the higher purity obtained by addi- Obstructive Pulmonary Disease) and respiratory infections
tional manufacturing processes specif- B nasal sprays for the treatment of allergic rhinitis

ically developed and applied to meet
the stringent specifications set out for

pharmaceutical grade products, B oral and topical sprays
(e.g. nerve sensitisation, tooth vitality, pain relaxation)

B foam sprays

(i) manufacturing in dedicated facilities
according to the current good manu- to replace the fully halogenated ozone depleting chlorofluorocarbons

facturing practice guidelines, B CFC 11, CFC 12 and CFC 114
(iii) high-level quality control using analyt-
ical methods specifically developed to
screen more than 60 impurities in the
propellants at levels below one part B HFA 227, or blends thereof

per million, B and HFA 134a.
(iv) registration of the manufacturing

processes and quality control systems

according to the standards for drug

active substances, although both

HFA 227 and HFA 134a are classed as

exipients.

traditionally used in medical sprays, which are being phased out under the terms
of the Montreal Protocol, by the non-ozone depleting hydrofluoroalkanes

Aerosol container

Active ingredient suspension or
solution with propellant

Spray mist

Fig. 2: Metered Dose Inhaler (MDI)

Daikin Refrigerants Europe SOLKANE™ 227 pharma and SOLKANE™ 134a pharma 3
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History of the Pharmaceutical Propellants
HFA 227 and HFA 134a - IPACT |, IPACT Il

When it was confirmed in the 1980s that
fully halogenated CFCs harm the ozone
layer in the upper stratosphere, extensive
investigations were carried out to identify
suitable CFC replacement components for
various applications including MDls.

In 1989, a consortium by the name of
IPACT | (International Pharmaceutical
Aerosol Consortium for Toxicity Testing)
formed to investigate HFA 134a as a
potential CFC replacement candidate for
use in medical sprays. This was followed
by IPACT Il for HFA 227 in 1990. Both
IPACT I and IPACT Il comprise major

SOLKANE™ pharma -

pharmaceutical aerosol manufacturers
sponsoring the extensive toxicological
tests for HFA 227 and HFA 134a to
confirm their use for medical products
including MDls.

The main studies — carried out from 1990
to 1993/4 and laid down in IPACT I/11
dossiers submitted to all major countries
for support of medical product applica-
tions containing HFA 227 and HFA 134a
— were reviewed by the European Health
Authorities (CPMP — Committee for
Proprietary Medicinal Products) and
received positive opinions as cited:

History of the Pharmaceutical Propellants HFA 227 and

HFA 134a - IPACT |, IPACT I

1989/1990 Formation of two consortia:
IPACT | for the toxicological testing of HFA 134a
IPACT Il for the toxicological testing of HFA 227

1990 - 1993/4 Main toxicological studies carried out with former Hoechst AG,
later Solvay, now Daikin, as sole supplier of the pharmaceutical

grade HFA 227

July 1994 CPMP positive opinion for HFA 134a with published
specifications
September 1995 CPMP positive opinion for HFA 227 “at the specification

applied for” for Hoechst, now Daikin-quality; specifications

not disclosed

July 1998/April 2001 CPMP reviews of the SOLKANE™ 227 pharma

DMFs/Amendments

Dec. 1998/June 2001  Final assessments and CPMP “approval” of all changes
received with the final conclusion:

"HFA 227 produced at Frankfurt manufacturing site,
SOLKANE™ 227 pharma, is a suitable alternative to
CFCs currently used in the formulation of medicinal
products, including metered dose inhalers for the
treatment of asthma.” !

IPACT | International Pharmaceutical Aerosol Consortium for Toxicity Testing of HFA 134a
IPACT Il International Pharmaceutical Aerosol Consortium for Toxicity Testing of HFA 227
CPMP  Committee for Proprietary Medicinal Products

SOLKANE™ 227 pharma and SOLKANE™ 134a pharma
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“The Committee considers that HFA 134a
of the specified quality (in annex) could
be a suitable alternative to the CFCs cur-
rently used in the formulation of medici-
nal products, incl. metered dose inhalers
for the treatment of asthma.” "\, In this
report, the specifications for HFA 134a
were disclosed in the annex.

The positive opinion for HFA 227 was
similar, but did not publish the specifica-
tions. Instead, it referred to “the speci-
fication as applied for” as follows: “The
Committee considers that HFA 227 at the
specification applied for is a suitable alter-
native to the CFCs currently used in the
formulation of medicinal products, incl.
metered dose inhalers for the treatment
of asthma.” 161,

Thus, both HFA 277 and HFA 134a can be
used in medical products when they com-
ply with the quality assessed by Health
Authorities. In the case of HFA 227 it
must comply with Daikin’s quality stan-
dards because all the IPACT Il toxicologi-
cal studies were carried out with Daikin’s
(formerly Hoechst AG, Solvay) support as
the sole supplier of HFA 227. Solvay
(formerly Hoechst AG, now Daikin) sub-
mitted its Drug Master File (DMF) for

the manufacture and quality control of
HFA 227 as part of the IPACT Il dossier.

Daikin Refrigerants Europe

In the case of HFA 134a, the quality must
comply with the quality standards as
disclosed in Europe by the CPMP as
referred to above, or for the U.S. market
as proposed by the U.S. Food and Drug
Administration’s Center for Drug
Evaluation and Research (FDA CDER)
October 1998 Draft Guidance for Industry
on MDIs and DPIs (Dry Powder Inhaler)&!,

Since then, Solvay (now Daikin) has
optimised its manufacturing processes
and quality with many DMF updates, and
finally initiated an independently coordi-
nated CPMP review of all amendments.
These were finally “approved” in
December 1998 and June 2001 with the
following conclusion:

Conclusion

The toxicological properties of HFA 227
were previously assessed to an adequate
extent (CPMP/391/97).

Comparing the purity of SOLKANE™ 227
pharma with that of the Hoechst test
batches used to perform the toxicity
tests reported by IPACT ll, it can be con-
cluded that SOLKANE™ 227 pharma
complies with the pharmaceutical grade
specifications for this compound and
that it contains less concentrations of the
comparable impurities than the Hoechst
tox test batches. [...]

Overall Conclusion

HFA 227 produced at Frankfurt manu-
facturing site, SOLKANE™ 227 pharma,
is a suitable alternative to the CFCs
currently used in the formulation of
medicinal products, including metered
dose inhalers for the treatment of
asthma.”®

SOLKANE™ 227 PHARMA

SOLKANE™ 134A PHARMA

The approved DMFs were subsequently
submitted to all countries for customer
support.

As such a review is unique in the case of
HFA 227, Daikin is setting the standard
for HFA 227 in the medical world.

In the case of SOLKANE™ 134a pharma,
Solvay (now Daikin) submitted its Drug
Master Files in Canada in 2001, in the
USA in 2002, and to the rest of the world,
including all European countries in 2003.
Hereby Daikin fully complies with all
specifications published by the CPMPU.4.5!
as mentioned above and the FDAB!

SOLKANE™ 227 pharma and SOLKANE™ 134a pharma 5



Fig. 3: Cleaning cylinders prior to use for
SOLKANE™ 134a pharma according
to Standard Operating Procedures
(SOPs) in the area designated for
SOLKANE™ pharma products only

Quality Control and Specifications

In the case of HFA 134a, two quality
standards have already been published:
one by the CPMP as mentioned before!”,
and one proposed by the FDA in a draft
guideline®!; accordingly, the quality shall
comply with these standards.

In Europe a Norflurane Monograph

No. 2257 is available containing Daikins
GC-MS (gas chromatography - mass
spectrometry) and Non-Volatile Matter
Methods. The quality of Daikins
Solkane 134a pharma is equal to or even
higher than proposed in the published
monograph and fully complies with the
published CPMP and FDA specifications
for use in inhalation products. The
latter specifications were developed on

6 SOLKANE™ 227 pharma and SOLKANE™ 134a pharma

the results of the toxicity testing studies
by IPACT I, mandatory for safety of the
patients inhaling MDI propellant formu-
lations. As a result, HFA 134a pharma
specifications in the USA and Europe are
still supplier related.

As seen from the table which lists all im-
purities mentioned in these standards,
sophisticated analytical methods are re-
quired to identify and detect all impurities
without interference from the others.
Solvay (now Daikin) has developed a
GC-MS method especially for this pur-
pose which allows the control of each of
the listed impurities at limits of detection
(LODs) below 1 ppm (v/v).

Daikin Refrigerants Europe



SOLKANE™ 227 PHARMA

SOLKANE™ 134A PHARMA

SOLKANE™ pharma - Impurities of HFA 134a
Proposed by CPMP/FDA in Comparison

to Daikin Quality Norflurane
Limit (ppm) Batches
Volatile Related Substance FDA CPMP typical
(October 98 (July 94 values
draft press release) (ppm (m/m))
guidance)
CFC 114a =25 < 1000(1) n.d.
HCC 40 <5 <50 n.d.
HCFC 1122 <5 = <04
HCFC 124 < 100 < 1000(1) n.d.
HCFC 133a <5 =<5 n.d.
HCFC 22 =50 < 1000(1) n.d.
HCFC 31 <5 <5 n.d.
HFC 125 <5 < 1000(1) n.d.
HFC 134 =< 1000 < 1000(1) 15
HFC 143a =10 < 1000(1) n.d.
HFC 152a <300 < 1000(1) n.d.
CFC 114 <5 < 1000(1) n.d.
HFC 1234yf <5 - n.d.
HFC 1225ye <5 - n.d.
HFC 1243zf <5 — 1
CFC 217ba <5 - 1
HFC 134a (assay) =999 =99.8 >99.99
CFC 115 <5 < 1000(1) n.d.
CFC 12 =< 100 < 1000(1) n.d.
HCFC 1122a <5 = n.d.
HFC 245cb <5 < 1000(1) n.d.
HFC 23 <5 - n.d.
HFC 32 <5 - n.d.
HFC 152 <5 <5 n.d.
HFC 1123 <5 - n.d.
FC 1318my-cis <5 - n.d.
FC 1318my-trans <5 - n.d.
HFC 1132 <5 — n.d.
HFC 1336mzz <5 = n.d.
HCFC 123 <5 < 1000(1) n.d.
HCFC 123a <5 < 1000(1) n.d.
HCFC 124a <5 < 1000(1) n.d.
HCFC 132b <5 <5 n.d.
HCFC 161 <30 - n.d.
HCFC 1121 <5 - n.d.
CFC 11 <5 < 1000(1) n.d.
CFC 12B1 <5 = n.d.
CFC 13 <5 - n.d.
CFC 113 <5 - n.d.
CFC 1112a <5 - n.d.
Total unsaturates <5 <5 1
Sum of others <50 <50 n.d.
Individual unidentified impurities <5 - n.d.
Total unidentified impurities <10 - n.d.
Any other identified saturated impurity <5 - n.d. Fig. 4: Comparison of the FDA draft proposal for
Total impurities < 1000 - 17 impurity limits in pharmaceutical HFA 134a and

CPMP specifications with the SOLKANE™ 13443

) i ination: .
Not more than 1000 ppm alone or in combination; n.d.: not detected pharma quality from six production batches

Daikin Refrigerants Europe SOLKANE™ 227 pharma and SOLKANE™ 134a pharma 7



Fig. 5: Electronic bar code scanning of
SOLKANE™ 134a pharma cylinders
for identification and traceability

8

The Daikin specifications for SOLKANE™ 227 pharma and
SOLKANE™ 134a pharma are listed as follows:

Daikin SOLKANE™ 227 pharma SOLKANE™ 134a pharma
Specifications

Contents = 99.99 % vol. = 99.9 % vol.
Identification Complies with MS library Complies with MS library
Water < 10 pyg/g <10 pg/g

Non-volatile Matter <20 ppm (m/m) <50 ppm (m/m)

Volatile Related Described in the Daikin Described in the Daikin
Substances DMF for apaflurane DMF for norflurane
(Impurity Profile) (HFA 227) (HFA 134a)

Acidity < 0.1 pug/g (as HF) < 0.1 pyg/g (as HCI)

Fig. 6:  Analytical laboratory of the Daikin Refrigerants Europe GmbH Frankfurt works for the
routine quality control of SOLKANE™ 227 pharma and SOLKANE™ 134a pharma

SOLKANE™ 227 pharma and SOLKANE™ 134a pharma Daikin Refrigerants Europe



SOLKANE™ 227 PHARMA

SOLKANE™ 134A PHARMA

Manufacture of SOLKANE™ 227 pharma
and SOLKANE™ 134a pharma by Daikin

The production of SOLKANE™ 227
pharma and SOLKANE™ 134a pharma
adhere to the stringent good manufactur-
ing practice guidelines and continuously
updated quality standards. For example,
the small steel cylinders are thoroughly
inspected and flushed according to SOPs
prior to filling, and an electronic bar code
system is used which allows every con-
signment to be traced throughout the
world.

Daikin’s analytical laboratories are
state-of-the-art and new analytical
methods have been developed and vali-
dated for both SOLKANE™ 227 pharma
and SOLKANE™ 134a pharma to meet . 4 . s
the latest standards. Routine quality con- - e (e : x
trols are carried out at levels of less than i ‘.'%Q“
1 ppm for more than 60 impurities in line - o

with CPMP/FDA Guidelines. Fig. 7: Visual inspection of dedicated SOLKANE™ 134a pharma cylinders as part of Daikin's

Daikin has filed Drug Master Files for quality control

both products in all countries for cross-
reference to support drug applications
containing SOLKANE™ 227 pharma or
SOLKANE™ 134a pharma.

The Frankfurt manufacturing site owned
by Daikin can look back on more than

25 years of experience in the manufacture
and supply of the propellants HFA 227
and HFA 134a for pharmaceutical aero-
sols and is considered as a center of com-
petence in this field — providing support
for its customers in all technical, analytical
and regulatory areas.

Daikin Refrigerants Europe SOLKANE™ 227 pharma and SOLKANE™ 134a pharma 9



Fig. 8: Well-trained Daikin personnel at the
production site in Frankfurt: m
Daikin’s key to success

SOLKANE™ pharma - Daikin’s Center of Competence

Extensive experience in pharmaceutical propellants, supplying
the pharmaceutical industry with HFAs since 1989

New validated production facilities established in 1996/2001 in Frankfurt
(Germany) meeting the highest quality standards according to cGMP
(Current Good Manufacturing Practice)

Highly qualified staff — continuous personnel training
Traceability of each consignment via computer-controlled filling operations

Manufacture of SOLKANE™ 227 pharma and SOLKANE™ 134a pharma in highest
purity using patented processes

Product handling according to SOPs in SOLKANE™ pharma-designated areas only
All equipment dedicated to SOLKANE™ pharma

Availability of analytical GG-MS methods to screen more than
60 impurities at LODs < 1 ppm (in-house development)

Active customer support for technical, analytical, and regulatory issues

Maintenance of DMFs worldwide with active submission of variation procedures
with CPMP/FDA for the establishment of specifications/analytical methods

Active support of the EDQM/USP (European Directorate for the Quality of
Medicines and Healthcare / US Pharmacopeial Convention) working groups and
the HFA 227/134a consortia for the establishment of harmonized test methods
and specifications

Fig. 9: Electronic bar code scanning of SOLKANE™ 227 pharma one tonne cylinders for identifi-
cation and traceability

1 O SOLKANE™ 227 pharma and SOLKANE™ 134a pharma
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Nomenclature

SOLKANE™ 227 pharma

PHYSICAL PROPERTIES

Physical Properties

SOLKANE™ 134a pharma

Structural Formula

Molecular Formula

C3HFy

CoHyFg

Chemical Name

1,1,1,2,3,3,3-Heptafluoropropane

1,1,1,2-Tetrafluoroethane

Chemical Family

Fluorinated Hydrocarbon

Fluorinated Hydrocarbon

ASHRAE* Nomenclature/
Laboratory Codes

*American Society of Heating, Refrigerating

and Air Conditioning Engineers

HFA 227, HFA 227ea
HFC 227, HFC 227ea
R 227, R 227ea

HFA 134a (HydroFluoroAlkane)
HFC 134a (HydroFluoroCarbon)
R 134a

International Nonproprietary
Name (INN)

Apaflurane

Norflurane

Brand Name:

Description

SOLKANE™ 227 pharma
HFA 227 pharma

SOLKANE™ 227 pharma

SOLKANE™ 134a pharma
HFA 134a pharma

SOLKANE™ 134a pharma

Physical Form at 25°C Gaseous Gaseous
Colour Colourless Colourless
Odor Faint ethereal odor Faint ethereal odor

Flammability

Non-flammable

Non-flammable

Toxicity No appreciable toxic effect No appreciable toxic effect
Ozone Depletion Potential (ODP) Zero Zero

Global Warming Potential (GWP)!°! 3,220 1,430

related to CO, = 1.0 (100 years ITH*)

*|ITH = integrated time horizon

Atmospheric Lifetime ! 34.2 years 14 years

Storage

Daikin Refrigerants Europe

Liquefied gas under
pressure in steel cylinder

Liquefied gas under
pressure in steel cylinder
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Physical Data [SI Units]

SOLKANE™ 227 pharma

SOLKANE™ 134a pharma

Chemical Name

1,1,1,2,3,3,3-
Heptafluoropropane

1,1,1,2-
Tetrafluoroethane

Chemical Formula CF3-CFH-CF3 CF3-CHyF

Molar Mass g/mol 170.03 102.03

Boiling Point at 1.1013 bar!" °C -16.5 -26.3

Freezing Point['! °C -131 -101

Critical Data: HFA 2271'2; HFA 134a

Critical Temperature °C 101.90 101.15

Critical Pressure bar 29.52 40.64

Critical Density kg/l 0.592 0.507

Critical Volume I/kg 1.69 1.97
Temperature 0°C 20°C 40°C 0°C 20°C 40°C
Pressure of the Vapour bar 1.96 3.90 7.03 2.93 5.72 10.16
Density of the Liquid kg/dm?3 1.482 1.408 1.322 1.296 1.226 1.148
Density of the Saturated Vapour kg/dm? 0.0159  0.0310 0.0564 0.0145 0.0280 0.0504
Specific Heat Capacity of the Liquid kJ/(kg-K) 1.096 1.148 1.222 1.337 1.402 1.505
Thermal Conductivity of the Liquid mW/(m-K) 65.05 59.45 53.85 94.2 85.7 771
Dynamic Viscosity of the Liquid mPa-s 0.346 0.267 0.210 0.273 0.211 0.162
Surface Tension of the Liquid mN/m 9.31 6.96 4.80 11.49 8.69 6.06
Dielectric Constant Liquid Phase HFA 22714); HFA 134a 03] 4.6 4.1 3.6 11.3 9.8 8.3

Thermal Stability

SOLKANE™ 227 pharma

SOLKANE™ 134a pharma

Temperature Below Which no
Evident Degradation Occurs

Refractive Index

475°C1)

SOLKANE™ 227 pharma

368°Clel

SOLKANE™ 134a pharma

nygeoc!’” calculated value

1.2207

1.1746

nygoc!® measured value

12 SOLKANE™ 227 pharma and SOLKANE™ 134a pharma

1.2207

n.d.
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Physical Data [US/UK Units]

PHYSICAL PROPERTIES

SOLKANE™ 227 pharma SOLKANE™ 134a pharma

Chemical Name 1,1,1,2,3,3,3- 1,1.1,2-
Heptafluoropropane Tetrafluoroethane

Chemical Formula CF3-CFH-CF3 CF3-CHyF
Molar Mass g/mol 170.03 102.03
Boiling Point at 1 atm['”! °F 3.9 -15.3
Freezing Point!"! °F -203.8 -149.8
Critical Data: HFA 2271'; HFA 13430
Critical Temperature °F 215.4 2141
Critical Pressure psia 424.7 589.4
Critical Density Ib/ft3 38.77 31.65
Critical Volume ft3/lb 0.026 0.032
Temperature 32 °F 68 °F 104 °F 32 °F 68 °F 104 °F
Pressure of the Vapour psia 28.43 56.56 101.96 42.50 82.96 147.36
Density of the Liquid lb/ft3 92.518  87.898 82.530 80.907 76.537 71.667
Density of the Saturated Vapour lb/ft? 0.993 1.935 3.521 0.905 1.748 3.146
Specific Heat Capacity of the Liquid Btu/lb°F 0.262 0.274 0.292 0.319 0.335 0.359
Thermal Conductivity of the Liquid Btu/hr-ft°F 0.0346 0.0316  0.0287 0.0532 0.0482 0.0432
Dynamic Viscosity of the Liquid [bf/ft? 2% IEE® .3E e AE qLE™
Surface Tension of the Liquid [bf/ft 6.4E°¢  A.8E% 3.3E%™ 7.9E%4  59E% 42
Dielectric Constant Liquid Phase HFA 2271}; HFA 134a03! 4.6 4.1 3.6 11.3 9.8 8.3
Thermal Stability

SOLKANE™ 227 pharma SOLKANE™ 134a pharma
Temperature Below Which no 887 °F1'3! 694 °F el
Evident Degradation Occurs
Refractive Index

SOLKANE™ 227 pharma SOLKANE™ 134a pharma
nygoc” calculated value 1.2207 1.1746
nygoc!™®! measured value 1.2207 n.d.

Daikin Refrigerants Europe
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Vapour Table Wet Vapour Range SOLKANE™ 227 pharma!'*! [SI Units]

t
[°cl
-60
-55
-50
-45
-40
-35
-30
-25
-20
-15
-10
=5
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70

lbarl  [kg/dm?]  [kg/m?] [dmekg] [dm/kg]

- 1068.06
. 786.40
588.58
447.16
344.47
268.78

p " rho
0.10  1.652
0.13 = 1.641
0.18 = 1.628
0.25 = 1616
032  1.603
0.42 = 1.589
0.54 = 1575
0.69  1.561
0.87 @ 1.546
1.08  1.531
133 . 1515
1.62  1.499
1.96 = 1.482
2.35  1.465
2.80 = 1.446
332  1.428
3.90 & 1.408
456  1.388
529 | 1.367
6.11  1.345
7.03 = 1.322
8.04 @ 1298
916 = 1.272

10.40 = 1.246
175 = 1.217
13.24 = 1.87

14.87 1154

Density in g/l

rho”

0.94
1.27
1.70
2.24
2.90
3.72
4.71
5.90
7.32
9.00
10.96
13.25
15.90
18.96
22.47
26.48
31.05
36.24
42.15
48.84
56.43
65.05
74.85
86.03
98.85
113.64
130.87

v

0.605
0.610
0.614
0.619
0.624
0.629
0.635
0.641
0.647
0.653
0.660
0.667
0.675
0.683
0.691

0.700
0.710
0.720
0.732
0.744
0.756
0.771

0.786
0.803
0.822
0.843
0.867

v

212.21

169.39
136.57
1M.14
91.22
75.46
62.88
52.74

44.51

37.77
- 222.93
27.59
23.73 ¢
20.48
17.72
15.37
13.36
11.62

32.21

10.12

8.80
764

h’
[kJ/kgl

137.91
142.68
147.53
152.45
157.44
162.52
167.66
172.87
178.16
183.52
188.95
194.44
200.00
205.64
211.33
217.10

228.84
234.82
240.87
247.01
253.24
259.58
266.02
272.60
279.34
286.26

h

[kifkg]

285.75

288.86

292.01
295.18

20838

301.59
304.81
308.05
311.29

314.54

317.79
321.03
324.27
327.50
330.71
333.91

337.08

340.22
343.32
346.37
349.37

35230

355.15
357.90
360.52
362.99
365.25

r
[kJ/kg]

147.84
146.18
144.49
142.74
140.93
139.07
137.15
135.17
133.13
131.02
128.84
126.59
124.27
121.86
119.38
116.81
114.14
111.38
108.50
105.50
102.36

99.06

95.57

91.87

87.92

83.65

78.99

&

0.7447
0.7669

0.7888

0.8106

0.8322

0.8537
0.8751

0.8963

0.9173
0.9382

0.9590

0.9796

1.0000
1.0204
1.0406
1.0606
1.0806

1.1004
1.1201

1.1397
1.1593
1.1788
1.1982
1.2177
1.2373
1.2570
1.2769

[kJ/(kg-K)]%[kJ/(kg-K)]

o

1.4383
1.4370
1.4363
1.4362
1.4367
1.4377
1.4391

1.4410
1.4432
1.4458
1.4486
1.4517

1.4550
1.4585
1.4622
1.4660
1.4700
1.4740
1.4780
1.4821

1.4861

1.4901

1.4940
1.4977
1.5012
1.5044
1.5071

Density [g/l]
1.7

HFA 227

=== HFA 227/134a (50:50 % by wt) ~  rooToommro oo i I e
— HFA 134a
CFC 11/12/114 (18:22:60 % by wt) ~ ©-7mmmmmromm oo m oo TR
— CFC 11/12 (40:60 % by wt)
=50 40 =30 20 =10 0 40 50 60

Temperature [°C]

Fig. 10: Density of liquid of SOLKANE™ 227 pharma and SOLKANE™ 134a pharma!™ including a 50:50 blend depending on temperature in com-
parison to CFC blends (CFC 11/12 as 40:60 and CFC 11/12/114 as 18:22:60) 20

14 SOLKANE™ 227 pharma and SOLKANE™ 134a pharma
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PHYSICAL PROPERTIES

Vapour Table Wet Vapour Range SOLKANE™ 134a pharma!*! [SI Units]

t p rho’ rho” " 2 h” h™ r s’ s’
[°C] [bar] %[kg/dm3]§ [kg/m?3] [dm3/kg]§ [dm3/kg]§ [kJ/kg] [kJ/kg] [kJ/kgl %[kJ/(kg~K)]§[kJ/(kg-K)]

-60 016 1475 = 093 = 0678  1078.97 = 12316 = 361.37 = 23821 = 0.6859 = 1.8012
-55 022 1461 = 125 = 0.684 = 802.33 12949 = 364.53 = 23504 07135 = 1.7904
-50 = 029 = 1447 = 165 = 0.691 = 606.16 = 13575 = 36770 = 23195 = 0.7409 = 1.7808
-45 039 = 1433 = 215 = 0.698 = 46467 = 14198 370.86 = 228.89 = 07681 = 1.7722
-40 051 = 1.418 @ 277 = 0705 @ 361.01 = 148.21 = 374.02 = 225.81 = 0.7950 : 1.7645
-35 | 066 : 1404 @ 352 0712 = 28394 @ 154.47 @ 37717 = 22270 | 0.8217 = 1.7576
-30 = 084 = 138 = 443 = 0720 = 22587 =@ 160.77 = 380.31 = 219.54  0.8480 = 1.7515
25  1.06 = 1374 = 551 = 0728 = 18155 . 16713 . 383.42 = 216.29 . 0.8741 = 1.7460
-20 ¢ 133 | 1359 @ 679 = 0736 = 14733 @ 173.56 : 386.51 @ 212.95 @ 0.8999 @ 1.7412
-15 164 = 1343 = 829 = 0744 = 120.61  180.06 = 389.56 = 209.51  0.9254 = 1.7369
-10 201 1327 = 1005 = 0.753 = 99.54 186.63 = 392.58 = 205.95 @ 0.9505 = 1.7331
-5 . 243 1311 = 12.08 = 0763 = 8276 = 193.27 = 39556 = 202.29 @ 0.9754 = 17297
0 293 1295 1443 0772 = 69.28 200.00 39849 = 198.49  1.0000 = 1.7267
5 350 | 1278 . 1714 | 0782 = 5835 | 206.79 @ 401.37 = 19458 = 1.0243 = 1.7241
10 415  1.261 2023 = 0793 = 49.43  213.65 40419 = 190.54 = 1.0484 = 1.7217
15 488 = 1.243 2376  0.804 = 42.08 220.58 40694  186.35 = 1.0723  1.7196
20 572 1225 = 2778 = 0.816 . 3599 . 22759 = 409.61 = 182.02 . 1.0960 = 1.7176
25 665 = 1206 3235 = 0.829 3091 23467 = 41220 17753 = 11195 = 1.7158
30 = 770 @ 1187 . 3753 | 0.842 | 26.65 . 241.83 | 41469 @ 172.86 @ 1.1429 = 1.7141
35 . 887 . 1167 = 4340 = 0.857 . 23.04 @ 249.08 @ 417.07 . 168.00 . 1.1663 . 1.7124
40 1017 1146 = 50.06  0.872 = 19.98  256.43  419.33 = 162.90 @ 1.1897 = 1.7107
45 1160 = 1125 = 5762 = 0.889 = 17.36 = 263.90 . 421.44 . 15754 . 1.2132 = 1.7090
50 1318 = 1102 = 66.21 = 0908 = 1510 = 271.52 = 423.38 = 151.86 = 1.2367 = 1.7071
55 . 1492  1.078 = 76.03 = 0928 = 13.15 = 279.32 42512 = 14580  1.2605 = 1.7049
60  16.82 = 1053 = 8728 = 0.950 = 11.46 @ 28733 = 426.63 = 139.30 = 1.2845 = 1.7024
65 1890  1.026  100.27 = 0.975 9.97 295.60 @ 427.84 = 13224 = 13089 = 1.6994
70 2117 0996 11542  1.004 = 866 304.18 42870 12452 = 1.3337 = 1.6957

Vapour Pressure in bar

Vapour pressure [bar]

L e A A g I T S N
L R e i oo s e %

i i i i i i E E /o
14 roreeeee } —HRA 2 pm=mm=oee Jrmmnonme- i pommemoe- pemsmeoe- Ay
: | == HFA 227/134a (50:50 % by wt) ! E E E 5 L/
12 o | — HFA 134a SRR / .
i | — CFC 11/12/114 (18:22:60 % by wt) E E E E /! E

10 7= i e [ VA i
i i = CFC 11/12 (40:60 % by wt) i i i i s g i

Temperature [°C]

Fig. 11: Vapour pressure of SOLKANE™ 227 pharma and SOLKANE™ 134a pharma!" including a 50:50 blend depending on temperature in com-
parison to CFC blends (CFC 11/12 as 40:60 and CFC 11/12/114 as 18:22:60) 2
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Vapour Table Wet Vapour Range SOLKANE™ 227 pharma!'®! [US/UK Units]

T P
[°F1  [psial
-76 145
-67 1.89
-58 2.61
-49 3.63
-40 4.64
-31 6.09
-22 7.83
-13 10.01
-4 12.62
5 15.66
14 19.29
23 23.50
32 28.43
41 34.08
50 40.61
59 48.15
68 56.56
77 66.14
86 76.73
95 88.62
104 101.96
113 116.61
122 132.85
131 150.84
140 170.42
149 192.03
158 215.67

Density in |b/ft?

Fig. 12:

1 6 SOLKANE™ 227 pharma and SOLKANE™ 134a pharma

Density [Ib/ft3]
105 r--mmmmon e T CTTTTTTTTTTTTT T cTTTTTTVYTTTTTT !

: === HFA 227/134a (50:50 % by wt)
W —HRATB4a T
CFC 11/12/114 (18:22:60 % by wt)
i = CFC 11/12 (40:60 % by wt) ; ; ; ; ; ; ;
60 “oomo o mmommmmmmmmmemsieaiiioll I . (S A (S e .

—-49 =31

HFA 227

rho’
[lb/ft3]

103.13
102.44
101.63
100.88
100.07
99.20
98.32
97.45
96.51
95.58
94.58
93.58
92.52
91.46
90.27
89.15
87.90
86.65
85.34
83.97
82.53
81.03
79.41
77.79
75.97
74.10
72.04

-13

rho”
[Ib/ft]

0.06
0.08
0.11

0.14
0.18
0.23
0.29
0.37
0.46
0.56
0.68
0.83
0.99
1.18
1.40
1.65
1.94
2.26
2.63
3.05
3.52
4.06
4.67
5.37
6.17
7.09
8.17

5

v
[ft3/Ib]

0.0097
0.0098
0.0098
0.0099
0.0100
0.0101

0.0102
0.0103
0.0104
0.0105
0.0106
0.0107
0.0108
0.0109
0.0111

0.0112

0.0114
0.0115
0.0117

0.0119
0.0121

0.0123
0.0126
0.0129
0.0132
0.0135
0.0139

23

v

[ft3/1b]

41

17.041

12.613
9.423
7.151
5.524
4.306
3.401
2.715
2.188
1.780
1.462
1.209
1.007
0.845
0.713
0.605
0.516
0.442
0.380
0.328
0.284
0.246
0.214
0.186
0.162
0.141
0.122

59

h, -
59.28 = 122.85
6134 12419
63.42 12554
65.54  126.90
67.69  128.28
69.87  129.66
72.08 = 131.04
7432 13244
76.59  133.83
78.90 = 135.23
81.23  136.62
83.59  138.02
8598 = 139.41
88.41  140.80
90.86 = 142.18
93.34  143.55
95.84 = 144.92
98.38 = 146.27
100.95 = 147.60
103.55  148.91
106.19 = 150.20
108.87  151.46
111.60  152.69
11437 153.87
117.20 = 154.99
120.09  156.06
123.07  157.03

77

95

r

63.57
62.85
62.12
61.36
60.59
59.79
58.96
58.11

57.24
56.33
55.39
54.42
53.43
52.39
51.32
50.22
49.07
47.88
46.65
45.36
44.01
42.59
41.09
39.50
37.80
35.96
33.96

&

[Btu/b] [Btu/lb]  [Btu/lb] [Btu/R-lb] [Btu/R-lb]

. 0.3435
- 0.3432
©0.3431
. 0.3430
.~ 0.3431
- 0.3434

0.1778
0.1831

0.1884
0.1936
0.1988
0.2039
0.2090
0.2141
0.2191
0.2241
0.2291
0.2340
0.2388
0.2437
0.2485
0.2533
0.2581
0.2628
0.2675
0.2722
0.2769
0.2816
0.2862
0.2908
0.2955
0.3002
0.3050

&

0.3437

- 0.3442
0.3447
- 0.3453
. 0.3460

0.3467
0.3475

©0.3484
- 0.3492
.~ 0.3501
© 0.3511
~ 0.3521
© 0.3530
©0.3540
©0.3549
©0.3559
© 0.3568

0.3577

.~ 0.3586
- 0.3593
.~ 0.3600

131 149

Temperature [°F]

Density of liquid SOLKANE™ 227 pharma and SOLKANE™ 134a pharma!" including a 50:50 blend depending on temperature in compari-

son to CFC blends (CFC 11/12 as 40:60 and CFC 11/12/114 as 18:22:60)%
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PHYSICAL PROPERTIES

Vapour Table Wet Vapour Range SOLKANE™ 134a pharma!"! [US/UK Units]

t p rho’ rho” v’ v’ h’ h” r s s’
[°Fl  [psial = [b/At] = [lb/ft]]  [f/Ib] = [ft/lb] = [Btu/lb] = [Btu/lb] = [Btu/lb] [Btu/R-Ib] [Btu/R-Ib]

-76 232 9208 @ 006 = 00109 17224 = 5296 = 155.39 . 102.43 = 0.1639 = 0.4305
-67 319 9121 008  0.0110 = 12.814 . 5568 = 156.75  101.07 = 0.1705 = 0.4279
-58 421 9034 010 . 0.0111 = 9708 @ 5837 = 15811 = 9974 = 0.1771 = 0.4256
-49 566 @ 8946 - 013 . 00112 @ 7450 @ 61.05 = 159.47 = 9842 = 0.1836 = 0.4236
-40 740 8853 017  0.0113 578 6373 @ 160.83 = 9710 = 0.1900 = 0.4217
-31 957 @ 8765 = 022 = 00114 @ 4551 | 66.42 @ 16218 | 9576 . 0.1964 = 0.4201
-22 1218 @ 8672 . 028 = 0.0115 @ 3.616 . 69.13  163.53 = 9440 = 0.2027 = 0.4186
-3 1537 8578 = 0.34 = 00117 . 2907 @ 71.87  164.87 = 93.00 @ 0.2089 = 0.4173
-4 . 1929 8484 @ 042 00118 @ 2359 | 7463 @ 166.20 @ 9157 = 0.2151 | 0.4161
5 2379 8384 052 . 00119 @ 1932 7743 = 16751 = 90.09 = 0.2212 = 0.4151
14 . 2915 8284 = 063 = 00121 1594 @ 80.25 168.81 = 88.56 = 0.2272  0.4142
23 3524 818 = 075 = 00122 132 . 8311 = 170.09 . 86.98 . 0.2331 = 0.4134
32 4250 8085 = 090 = 00124 1110 = 86.00  171.35 = 8535 = 0.2390  0.4127
47 . 5076 @ 7979 . 1.07  0.0125 . 0935 | 8892 = 17259 | 83.67 @ 0.2448 = 0.4121
50 | 6019 @ 7872 = 126 = 0.0127 @ 0.792 = 91.87 = 173.80 @ 8193 . 0.2506 . 0.4115
59 7078 @ 7760 = 148  0.0129 @ 0674 9485 = 17498 @ 80.13  0.2563 = 0.4110
68 829 7648 = 173 00131 = 0577 | 9786  176.13 | 78.27 . 0.2619 = 0.4105
77 9645 7529 = 2,02 = 00133 . 0495 @ 10091 = 17725 =@ 7634 = 0.2676 = 0.4101
8 11168 @ 7410 = 234 = 0.0135  0.427 103.99 17832 = 7433 = 0.2732 = 0.4097
95 = 12865 7286 = 271 00137 = 0.369 . 10710 = 179.34 . 72.24 = 0.2787 = 0.4093
104 14751 = 7154 = 313 . 0.0140 = 0.320 = 110.26 = 180.31 = 70.05 = 0.2843 = 0.4089
113 16825 @ 70.23 = 360  0.0142 @ 0.278 = 113.48 = 181.22 = 6774 . 0.2900 : 0.4085
122 . 19116 = 6880 = 413 = 0.0145 @ 0.242 = 11675 = 182.05 . 6530 = 0.2956 = 0.4080
131 21640 6730 . 475  0.0149 = 0.211 = 12011 182.80 @ 62.69 = 0.3013  0.4075
140 = 24396 | 6574 = 545  0.0152 @ 0.184 = 12355 = 183.45 @ 59.90 : 0.3070 . 0.4069
149 = 27413 © 6405 . 6.26 . 0.0156 . 0.60 . 12711 = 183.97 @ 56.86 @ 0.3128 = 0.4062
158 = 30705 6218 721 0.0161  0.139 = 130.80 = 184.34  53.54  0.3188 = 0.4053

Vapour Pressure in psia

Vapour pressure [psia]

315 promm A Ty T A R A A R i

e A
225 Lo | e HFA 227/134a (50:50 % bywt)  Loiolo AR N 4
I iy L
T — | CFC11/12/114 (18:22:60 % bywt) - oood b b LA
— CFC 11/12 (40:60 % by wt)

135

Temperature [°F]

Fig. 13: Vapour pressure of SOLKANE™ 227 pharma and SOLKANE™ 134a pharma!"® including a 50:50 blend depending on temperature in compar-
son to CFC blends (CFC 11/12 as 40:60 and CFC 11/12/114 as 18:22:60)12%
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Viscosity in mPa-s

Viscosity [mPa - 5]
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Fig. 14: Dynamic viscosity of liquid SOLKANE™ 227 pharma and SOLKANE™ 134a pharma depending on temperature "

Surface Tension in mN/m?
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Fig. 15: Surface tension of SOLKANE™ 227 pharma and SOLKANE™ 134a pharma depending on temperature!’®!
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SOLUBILITY PARAMETERS

CHARACTERISTICS

Solubility Parameters / Characteristics

Solubility Values

Solubility in SOLKANE™ 227 pharma SOLKANE™ 134a pharma
Water 2! at 20°C, 68°F ppm 58 193
Octanol 2" at 20°C, 68°F ppm 5.070 2.140

Solubility in HFA 227 and HFA 134a of

Oxygen 22 at atmospheric conditions: g/kg approx. 0.08 approx. 0.10
at 25°C (77°F), in liquid phase
Nitrogen[?3! at atmospheric conditions: g/kg 0.55 0.15
at 25°C (77 °F), in liquid phase
Water 2" Measured values at 25°C
in liquid phase a/kg 0.61 2.20
Experimental results
in liquid phase at 25°C!24! g/kg n.d. 1.21
Ethanol 2" Miscible Miscible
Silicone Oil?*!  high viscosity oil (V1000) ppm (wt.) 149 317
Silicone Oil?»*  low viscosity oil (V300) ppm (wt.) 585 505

Solubility Characteristics

Dipole Moment measured value liquid phase debye 0.930 2.0581%
Dipole Moment calculated value gas phase!™! debye 1.46 n.d.
Octanol-Water-Coefficient 2" log Powy 2.05 1.06
Kauri-Butanol-Index 13021 9.2
Solubility Parameter calculated value!™ 5.4 6.8

Daikin Refrigerants Europe SOLKANE™ 227 pharma and SOLKANE™ 134a pharma 1 9



Solubility of Water

There is a notable difference in water sol-
ubility between HFA 227 and HFA 134a.
As shown in Fig. 17, the moisture uptake
of HFA 134a is six times higher compared
to HFA 227 (measured values) due to

its higher polarity. Therefore HFA 227 is
preferred for formulations which might
change due to water uptake during the

Dipole Moments [2°]

HFA 134a 2.06
H>0 1.85
Ethanol 1.68
HFA 227 1.46; (0,93) "
CFC 114 0.66
CFC 12 0.51
CFC 11 0.45

Water Solubility in HFA 134a

Experimental results (ref. [17])

MDI shelf life, e.g. for drugs such as sodi-
um cromoglycate, cromoglycic acid, ned-
ocromil sodium, nedocromil, ipratropium
bromide, salbutamol sulfate, terbutaline
hemisulfate or formoterol. In general, the
HFAs are more polar than CFCs and thus
more hygroscopic.

ppm (wt.)

L — R S :
3,000 ----- I oeas ------ S SR R S N TR 4
2,500 ----- LI I S L. ------ A LIS A
. L _____ _, & Experimental results (ref. [23)) 0

10 20 30 40 50 60
Temperature [°C]

Fig. 16: lllustration of the experimental results for water solubility in HFA 134a in liquid phase 237

ZO SOLKANE™ 227 pharma and SOLKANE™ 134a pharma
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SOLUBILITY PARAMETERS

CHARACTERISTICS

Moisture Uptake

Sources of Moisture Uptake in MDIs:
Solubility of water [ppm]

Due to partial pressure differences inside 100
and outside of the MDI, moisture uptake 2,200** |
takes place by diffusion. pJ0]0]| T ——— - ¥
Possible Effects of Moisture Uptake: 500
B Improves solubility of polar
substances in the propellants 1,000 I
B Reduces the solubility of lipophile, 610**
hydrophobic substances 500 T B e
B Increases probability that sensitive 0 L _____ LO* ________ 120 ________ & _______________________ J
substances become oxidised during CFC CFC CFC HFA HFA
shelf live 114 12 " 227 134a
. . *Hoechst study at 30°C (1978)
B Increases the corrosion risk of **measured values at 25 °C under same conditions
aluminium cans over the shelf life
B Agglomeration of suspended Fig. 17: Solubility of water in HFAs compared to CFCs

drug substances

B Influences the discharge behaviour of
the active substances
Solubility of Oxygen and Nitrogen

SOLKANE™ 227 pharma SOLKANE™ 134a pharma
Adsorption Number Q Adsorption Number Q

Oxygen**

Experimental results converted to ag/kg approx. 0.08 approx. 0.10
atmospheric conditions* in the liquid phase ??

Experimental results converted to the g/kg approx. 0.361% approx. 0.70122
conditions: partial pressure of O, = 1.0 bar, a/kg 0.2110] 0.34201
temperature 25°C in the liquid phase

Nitrogen**

Experimental results converted by linear g/kg n.d. 0.51131
fitting to the atmospheric conditions* g/kg 0.55r 0.1500
(see illustration below)

Experimental results at the conditions: g/kg n.d. 0.63123!
partial pressure of N, = 1.0 bar, g/kg 0.69120] 0.19%2

temperature 25°C

* Atmospheric conditions: 25°C, 1 bar, partial pressure of O, = 0.2 bar, partial pressure of N, = 0.8 bar
** All values are indicative values due to dependence on the filling factor (different distribution and equilibrium in gaseous and liquid phase)
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Solubility of Nitrogen in HFA 134a

Q [g/kl

7 Ir ----------- |l
— Linear fit

6 ___________

& Experimental results (ref. [12)

_____________________________________

Partial pressure (pp) of N [bar]

Fig. 18: lllustration of experimental results for solubility of N5 in SOLKANE™ 134a pharma at
25°C as a function of the partial pressure of nitrogen!?*!

Solubility of Oxygen

During the manufacture of MDlIs (me-
tered dose inhalers), organic molecules
(for example active substances e.g. so-
dium cromoglycate), tensides (e.g. oleic
acid) and solubilisers (e.g. ethanol) are
suspended or solubilised in HFA 227 and/
or HFA 134a. Because organic molecules
can be oxidised by oxygen, it is important
for the manufacture of MDlIs to know the
solubility of oxygen in the propellant be-
ing used (such as SOLKANE™ 227 phar-
ma and SOLKANE™ 134a pharma).

Liquid phase at 20 °C [ppm]
300 :

200 ;

HFA 134a

HFA 227

Gases like oxygen and nitrogen always
form equilibria with pressurised lique-
fied gases in the gas phase and the liquid
phase. These equilibria depend on tem-
perature, filling factor and total pressure.
Therefore, the figures show precisely
determined values but only for one tem-
perature, one filling factor and a specific
amount of gas. The most important result
is that there is a big difference between
the oxygen and nitrogen content in the
gas phase compared to the liquid phase.

Gas phase at 20 °C [ppm]
20,000 ; :

. [l Oxygen

10,500 F. Nitrogen

10,000 F--=-n-mmmmmomooee -

5,000 :

HFA 134a

HFA 227

Fig. 19/20: Typical content of oxygen and nitrogen in SOLKANE™ 227 pharma

and SOLKANE™ 134a pharma

22 SOLKANE™ 227 pharma and SOLKANE™ 134a pharma

Daikin Refrigerants Europe



SOLUBILITY PARAMETERS

CHARACTERISTICS

Influence of Ethanol on HFA 227 and HFA 134a

Ethanol is widely used as an exipient in characteristics of a formulation. However, Adding ethanol to a formulation also
pharmaceutical formulations for MDls the addition of ethanol also increases the reduces the density of the mixture. The
because of its miscibility with the HFA moisture uptake capacity of the MDI for- pressure versus mixture curves (Fig. 21)
propellant and the positive influence on mulation which might have an impact on were derived from measured data

the solubility of organic molecules due the shelf life. Furthermore, in the case of (Hoechst 90/91).

to the higher polarity. The addition of HFA 134a the addition of ethanol slightly

ethanol increases the polar/hydrophobic reduces the pressure of the propellant.

Pressure [bar]

.......................................................................................................

L | HFA 227/Ethanol at 50 °C (122 °F) | — HFA 134a/Ethanl at 50 °C (122 °F)’

b 7=~ HFA 227/Ethanol at 20 °C (68 °F) .. HFA 134a/Ethanol at 20 °C (68 °F).

T R

CEeee bcrees s S :

6 :r'."."."_"_" """""""""""" VT VT

4 §. ................................. g S U J;

P SRR EEEEEEE et R e eI eI LB LR L R S e R EL R LI L L 2

Ny A R S ’
HFA 134a 100 90 80 70[% by w]
Ethanol 0 10 20 30[% by w]

Fig. 21: lllustration of experimental results: pressure versus mixture curve of HFA 227 and HFA 134a with ethanol 99.8 % [wt.]
Density [kg/l]

15 i ——HFA227/Ethanol at 50 °C (122 °F) |— HFA 134a/Ethanol at 50 °C (122 °F)|

' i+« HFA 227/Ethanol at 20 °C (68 °F) |-~ HFA 134a/Ethanol at 20 °C (68 °F) |

I e e ssme e s :

T T E

12 -TTTmeen saTITITITITT e RCREETEEEEREES dre oo ;

: il K : :

: y T T TTTe=eat e :

11 : "'"""""""""""""‘""""""""'""""""""':'""""""-"-"-"_'-*'-"-"_"_"_:

10 b e B ——— 5

e LR L

HEA 227 L R L A e 3
HFA 134a 100 90 80 70[% by w]
Ethanol 0 10 20 30[% by w]

Fig. 22: Density of HFA 227 and HFA 134a in mixtures with ethanol 99.8 % at 20°C and 50°C
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CHEMICAL BEHAVIOUR

Chemical Behaviour

Material Compatibility

The material compatibility is tested to
determine the specifications for materi-
als suitable for the manufacture of phar-
maceutical aerosols (e.g. composition of
seals, metering chambers, gaskets, seats

Aspects analysed include changes in
weight, volume, length, width, shore
hardness, appearance (e.g. bubble forma-
tion), permeability of water and amount
of extractables.

or stems).

Classification of Materials for Use in MDls

HFA 227 HFA 227 and HFA 134a HFA 134a
Sealing CR, NBR, NR, PTFE®, IRR HNBR,
Material EPDM®), POM, PET

PVC®, PCTFE®),
PA®©), PBT®), PP©

General NBR, IRR, POM PTFE, PCTFE, HNBR

Use PBT, PA, CR, NR

Partly HNBR® FPM®, PE® NBR®@, EPDM @

Use

(1) Strong swelling behaviour (5) Recommended in the absence of mineral
and presence of bubbles oil or alkyl benzene

(2) Permeability of water (6) If technical specification designs allow,

(3) Bubble formation on material surface e.g. PTFE used in connection with metal

(4) Strong swelling joints

Fig. 23: Extractables from plastics:
1.) Polyethylene (PE),
2.) Polyamide 6.6 (PA),
3.) Polyacetal (POM),
4.) Poly(butylene terephthalate) (PBT), and
5.) Polypropylene (PP) after immersion in
HFA 227/5 wt % EtOH and HFA 134a/5 wt % EtOH
for 500 h at 80°C;
Polytetrafluoroethylene (PTFE) produced zero extractables

Fig. 24: Extractables from elastomers
7.) Acrylonitrile-butadiene rubber (NBR),
8.) Ethylene-propylene-diene rubber (EPDM) and
9.) Chloroprene rubber (CR)
after immersion in HFA 227/5 wt % EtOH and
HFA 134a/5 wt % EtOH for 500 h at 80°C

24 SOLKANE™ 227 pharma and SOLKANE™ 134a pharma
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Evaluation Criteria for Material Compatibility

There is a large range of elastomers and
plastics on the market with different trade
names which are made of similar raw ma-
terials and which are only distinguished by

certain additives. These additives may
affect the thermal and mechanical stability,
the swelling properties, as well as the resis-

When assessing complete systems, it is
necessary to include the compability
characteristics of the drug formulation.

tance to aging of elastomers and plastics.

SOLKANE™ 227 pharma SOLKANE™ 134a pharma

1. Metals/Valves/Fittings/Vessels/Cans

HFA 227 and HFA 134a are compatible with mild steel, stainless
steel, CuBe;, membranes, brass and aluminium, black sheet iron,
copper and galvanised sheet metal when the presence of water
can be excluded. Water content might lead to an increase in
corrosion, with the exception of 1.4551 V2A-steel.

Daikin Refrigerants Europe

'According to ASTM D 1418-01

Material 1ISO 1629 Chemical Trade name Compatibility Compatibility
Abbr.
. Elastomers'
Chlorobutadiene rubber CR Neoprene® +
Hydrated HNBR  Perbunan® + +
acrylonitrilene- Bayprene®
butadiene rubber Tomac®
Natural rubber NR Dynaprene® +
Butyl rubber IIR Europrene® + +
Fluorinated rubber FPM DAI-EL, Viton®, - =
Fluorel®,
Tecnoflon®
Acrylonitrile- NBR Perbunan® N, + +
butadiene rubber Krynal®, Hycar®,
Chemigum®
Ethylene- EPDM Nordel® + +
propylenediene rubber
. Plastics
Polytetrafluoroethylene PTFE Polyflon, + +
Hostaflon® TFM,
Algoflon®
High density HDPE Alathon®, Eltex® o o
polyethylene
Polyacetal POM Hostaform®C9021 +
Polyphenylene sulfide PPS Fortron®, Rylon® @ +
Liquid crystal polymers  LCP Vectra® R +
Polyester fibre PET Trevira®, & +
Hostaplast®,
Hostaphan®
Polyvinylchloride PVC Hostalit®, Solvin® +
Polychlorotrifluoro PCTFE  Neoflon + +
ethylene
Polyamide PA Isonamid® +
Polybutylene- PBT Celanex® X5002, + +
terephtalate Valox®, Arnite®
Polypropylene PP Adell®, A-Fax®, + +
Eltex P®, Hostalen®
Polystyrene PS Styron® &3 o

+ compatible / o borderline / - incompatible / *no information, tests required
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TOXICOLOGICAL PROFILES

Toxicological Profiles

Toxicological Profile of HFA 227

HFA 227 is a colourless gas with an on the integrity of the respiratory tract
ethereal odor at ambient temperature. It function.

has a very low acute toxicity. No deaths
occurred when rats and mice were ex-
posed by inhalation once to 300,000 and
500,000 ppm respectively. Signs of narco-
sis were observed from 100,000 ppm.

HFA 227 can induce cardiac sensitisa-
tion in dogs at concentrations from
100,000 ppm (10% v/v) and higher after
an exogenous epinephrine challenge.

In long term studies in which rats and
dogs were exposed via inhalation

to HFA 227 at concentrations up to
240,000 ppm (1 hour per day for

6 months), no treatment related
effects of toxicological significance
were observed.

HFA 227 released into the eyes of rabbits
did not induce any sign of irritation. Long
term exposure of the airways of different
test species (rats, dogs) at experimentally
high concentrations of HFA 227 caused
no irritation nor any untoward effect

Toxicity Test HFA 227

Recommended workplace guide value!™ 1,000 ml/m?3

Acute inhalation toxicity LCgq* 800,000 ppm 28!

Cardiac sensitisation LOAEL** 100,000 ppm 28!

Effects on: pulse, blood pressure, ECG, No adverse effects after exposure
lung function®®! in human volunteers levels up to 8,000 ppm

Reverse mutation assay Non-mutagenic

Carcinogenicity Non-carcinogenic

Teratogenicity Non-teratogenic

Irritation of eyes, rabbit "% Non irritant

Degradation Bio-transformed at very low rates

to hexafluoroacetone trihydrate 3"

*  LCgp, lethal concentration for 50 % of the population of rats, 4h exposure

**  LOAEL: Lowest Observable Adverse Effect Level
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In several fertility studies in male and
female rats in which animals were
exposed for 1 to 6 hours per day

to HFA 227 concentrations up to
150,000 ppm, no effects of toxicological
significance were observed when mea-
sured on the fertility and pregnancy
index. Concentrations of up to

150,000 ppm HFA 227 had no embryo-
toxic nor fetotoxic effects in rats or
rabbits. Similar concentrations had no
significant effect on the development
and behaviour of the offspring of ex-
posed rats.

Different in vitro and in vivo mutagenicity
tests were performed with HFA 227. No
genotoxic potential was observed. The

in vitro chromosomal aberration test per-
formed on human lymphocytes showed
effects that were considered to be related
to oxygen deprivation in the test system.

When rats and mice were exposed by in-
halation to concentrations of 0, 60,000,
120,000 and 240,000 ppm for 2 years at
a regimen of 1 hour per day, no increased
incidence of benign or malign neo-
plasms were observed when compared to
controls.

Some alveolar histiocytosis was observed
in the lungs of rats exposed to high doses
of HFA 227. In view of its normal inci-

Daikin Refrigerants Europe

dence in this strain of animals and its only
very slightly increased severity compared
to controls, this effect was considered of
no biological significance.

In human volunteers exposed to concen-
trations up to 8,000 ppm for one hour,
no treatment related effects on cardiac
performance, pulse rate, blood pressure
and lung function were observed when
compared to air control and CFC-12
reference conditions.

Pharmacokinetic parameters indicated
that blood levels of HFA 227 increased
in an exposure related pattern. In males,
blood levels were higher than in females.

HFA 227 showed a biphasic elimination
from the body after exposure. (mean
T1/2: approx. 6.5 minutes and 44.5 min-
utes). These values appeared to be inde-
pendent of the exposure concentration.

Acute toxicity to aquatic organisms is very
low (LC (lethal concentration to 0% of
test organisms) fish = or > 30 mg/I; ECy
(effective concentration to 0% of test
organisms) bacterial activity 2 173 mg/I).
Although no significant biodegradation
has been observed, the high volatility and
low bio-accumulation potency makes any
impact of heptafluoropropane on the
aquatic environment highly unlikely.
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Toxicological Profile of HFA 134a

HFA 134a is a non-flammable, colourless
gas with a faint ethereal odor.

HFA 134a has a very low order of

acute toxicity. Concentrations over
700,000 ppm in inhaled air are required
to produce lethal effects. The symptoms
of acute intoxication are characterised

by central nervous system effects due to
narcotic properties seen only at extremely
high exposure concentrations.

it causes slight irritation possibly due to
evaporation. It does not sensitise the skin.

HFA 134a can induce cardiac sensitisation
in dogs at levels of 80,000 ppm (8% v/v)
and higher following exogenous epineph-
rine challenge.

The chronic toxicity of HFA 134a was
studied in rats at inhalation exposure lev-
els up to 50,000 ppm. No significant toxi-
cological effects were observed in these

When HFA 134a is in contact with cu- studies.
taneous or ocular mucosal membranes

Toxicity Test HFA 134a
Recommended workplace guide value® 1,000 ml/m3

Acute inhalation toxicity LCgg*

500,000 ppm !

Cardiac sensitisation LOAEL**

80,000 ppm 32

Effects on: pulse, blood pressure, ECG,
lung function?!in human volunteers

No adverse effects after exposure
levels up to 8,000 ppm

Reverse mutation assay

Non-mutagenic

Carcinogenicity

Non-carcinogenic

Teratogenicity

Non-teratogenic

Irritation of eyes, rabbit[™!

Slightly irritant

Degradation

Degradation in troposphere to
trifluoroacetic, formic and
hydrofluoric acid and carbon
dioxide!?”

LCs, lethal concentration for 50 % of the population of rats, 4h exposure

* %
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HFA 134a showed no adverse effects on
fertility in mice. It was not teratogenic

in rats or rabbits. Only non-specific ef-
fects on fetal maturation, in the form of
delayed fetal ossification in rats were ob-
served at 50,000 ppm and above.

HFA 134a was not genotoxic in vitro or in
vivo as shown in a large variety of studies,
including all important end points.

In a limited study in rats involving daily
oral administration of 300 mg/kg body
weight HFA 134a dissolved in corn oil
over a period of 1 year, and a 16 month
post-treatment observation phase, no tu-
morigenic effects were seen.

In a two year inhalation study with expo-
sures up to 50,000 ppm, HFA 134a only
produced some benign changes in the
testes of rats exposed to the highest con-
centrations. These changes are considered
of limited relevance to humans.

Daikin Refrigerants Europe

In human volunteers exposed to concen-
trations up to 8,000 ppm for one hour,
no treatment related effects on cardiac
performance, pulse rate, blood pressure
and lung function were observed when
compared to air control and CFC-12 refer-
ence conditions.

Pharmacokinetic parameters indicated
that blood levels of HFA 134a increased
in an exposure related pattern. In males,
blood levels were higher than in females.
HFA 134a showed biphasic elimination
from the body after the end of exposure.
(T1/2: approx. 10 minutes and 43 min-
utes). These values appeared to be inde-
pendent of the exposure concentration.

Acute toxicity to aquatic organisms is very
low. Although no significant biodegrada-
tion has been observed, the high volatility
and low bio-accumulation potency makes
any impact on the aquatic environment
highly unlikely.

TOXICOLOGICAL PROFILES
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INSTRUCTIONS

Instructions

Safety Instructions

SOLKANE™ 227 pharma and SOLKANE™
134a pharma are liquefied compressed
gases.

According to pressure vessel regulations,
compressed gases are substances whose
vapour pressure at 50°C is above 3 bar.
In line with the regulations governing
pressure vessels, these may only be trans-
ferred to approved and labelled gas-tight
gas cylinders or containers.

Recommended Safety Procedure

HFA 227 and HFA 134a are non-flam-
mable gases. But, wherever they are
handled, there must be no open flames
or heat sources (e.g. hot metallic surfaces)
or reactive products. The propellants can
decompose and the decomposition prod-
ucts are corrosive, irritate the mucous
membranes and are poisonous when
inhaled.

The decomposition compound, hydro-
gen fluoride, is highly toxic. However, it is
easily recognised by its odor. Even small
amounts, below the danger limit for hu-
mans, are noticeable in the ambient air.
Also, the decomposition product vapours
should be prevented from contacting hot
spots and electric arcs (welding). Contain-
ers that have been exposed to fire should
not be approached until sufficiently
cooled (e.g. by large quantities of water).

HFA 227 and HFA 134a should only be
used with the equipment and materials
which are compatible with the products.
Contact with alkaline and alkaline-earth
metals may provoke violent reactions or
explosions.

Storage and work areas must be well
ventilated. In particular, ventilation must
be effective at ground level because the

30 SOLKANE™ 227 pharma and SOLKANE™ 134a pharma

propellant vapour is heavier than air and
displaces available oxygen.

Recommended Working
Conditions

When inhaled at high concentrations

(for inhalation limits see page 28), there
is a danger of narcosis, cardiac arrhyth-
mia or asphyxia through lack of oxygen.
Therefore, all products should be handled
in a ventilated, cool area. An important
precondition is strict adherence to the
threshold limit value (TLV).

Respiratory Protection:

B Minimal need if the local exhaust ven-
tilation is adequate

B Self-contained breathing apparatus
should be used when insufficient
oxygen is present (large uncontrolled
emissions) and in all circumstances
when the mask and cartridge do not
give adequate protection

B Use only respiratory protection that
conforms to international and/or na-
tional standards

HFA 227 and HFA 134a as vapours have
little or no effect on the skin or eyes. To
avoid the cold irritation and frostbite from
exposure to the liquid propellants, certain
precautions have to be followed during
handling. Skin frequently exposed to the
propellant can become dry and chapped
and there is a risk of developing chronic
dermatitis.

Severe eye irritation, watering, redness
and swelling of the eyelids, burns (frost-
bite) can occur as a result of contact with
liquefied propellant.
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Flammability

HFA 227 and HFA 134a are non-flamma-
ble gases and do not form explosive mix-
tures with air at any mixing ratio under
ambient temperature and atmospheric
pressure. However, all propellants con-
taining hydrogen may form explosive mix-
tures with air under certain conditions.

HFA 134a vapour may form explo-

sive mixtures with air under increased
pressure. At atmospheric pressure, an
HFA 134a pharma vapour/air mixture

is not explosive at temperatures below
280°CB31, The pressure limit for the for-
mation of explosive mixtures in air is de-
pendent on the temperature.

During leak detection or pressure testing,
compressed gas must never be used with
propellants which contain hydrogen.

SOLKANE™ 227 pharma and
SOLKANE™ 134a pharma

B Hazardous Decomposition
Products:
Hydrogen fluoride,
fluorophosgene (HFA 227),
carbon monoxide (HFA 134a)

B Packaging Material:
Ordinary steel, aluminium

B Flammability Limits in Air
at Normal Conditions:
None

Daikin Refrigerants Europe

Skin Protection:
B Handle only with impervious apron/
boots if there is a risk of splashing

B Gloves, overalls and boots should
be double layered (protection
against cold)

Hand Protection:

B Protective gloves (recommended
material for HFA 227 and HFA 134a
is polyvinylalcohol)

Eye Protection:

B Wear protective goggles for
all industrial operations

B If risk of splashing: chemical-proof
goggles/face shield are required
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Handling and Storage Instructions

SOLKANE™ 227 pharma (HFA 227) and
SOLKANE™ 134a pharma (HFA 134a) are
liguefied compressed gases.

According to pressure vessel regulations,
compressed gases are substances whose
vapour pressure at 50°C is above 3 bar.
In line with the regulations governing
pressure vessels these may only be trans-
ferred to approved and labelled gas-tight
gas cylinders or containers. HFA 227 and
HFA 134a are non-flammable gases. But,
wherever they are handled, there must be
no open flames or heat sources (e.g. hot
metallic surfaces) or reactive products.

An important precondition is strict adher-
ence to the threshold limit value (TLV).

Handling

Be sure to close all cylinder valves when
not in use. The valves of empty cylinders
should also be closed.

Ensure that gas cylinders are transported
so that they do not tip, fall or roll. Gas
cylinders should be secured to the cyl-
inder trucks or carts. Regulators should
be removed and valve protection caps
should be secured in place before moving
cylinders.

Also, cylinder valves should be closed be-
fore moving cylinders.

Appropriate lifting devices, such as
cradles or nets, must be used when using
a crane, hoist or derrick to transport gas
cylinders. Do not use magnets or slings
to lift gas cylinders. Do not use the valve
protection cap to lift a gas cylinder.

It is necessary to take precautions to pre-
vent gas cylinders being dropped or strik-
ing each other or other objects. Dropping
or striking may damage the cylinder valve,
which could turn the cylinder into a dan-
gerous torpedo with the potential to
destroy property and/or injure personnel.

32 SOLKANE™ 227 pharma and SOLKANE™ 134a pharma

Storage

Gas cylinders should be properly secured
at all times to prevent tipping, falling or
rolling. They can be secured with straps
or chains connected to a wall bracket or
other fixed surface, or by using a cylinder
stand. Store cylinders in a cool, dry,
well-ventilated, fire-resistant area in
accordance with local regulations.

A cylinder storage area should be located
in an area where the cylinders will not be
knocked over or damaged by falling ob-
jects. When a cylinder is not being used,
the valve should be closed and the valve
protector secured in place.

Inspection

Gas cylinders should be visually inspected
to ensure that they are in a safe condi-
tion. If necessary, a cylinder can be tested
ultrasonically for hidden defects. Leaking
regulators, cylinder valves or other equip-
ment should be taken out of service. A
cylinder’s contents should be identified at
all times. Cylinder status should also be
identified; for example, whether the cylin-
der is full, empty or in service.

Emptying

The safest and best way to empty larger
amounts of HFAs from a container, e.g.
one tonne cylinder, is to use an oil-free
pump.

MSDS

Consult the appropriate MSDS for de-
tailed information on the chemical con-
tained in the gas cylinder. Specific chemi-
cal handling and storage precautions will
be outlined in the MSDS. The MSDS will
also have specifications for appropriate
personal protective equipment for worker
protection. 3"
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Packaging

Supply of SOLKANE™ 227 pharma
and SOLKANE™ 134a pharma

Global deliveries of SOLKANE™ 227 phar-
ma grades and SOLKANE™ 134a pharma
grades take place using dedicated I1SO
tank containers in quantities of 15,000

to 19,000 kg. Both SOLKANE™ pharma
qualities are also available in 101, 60 |

or 900 | steel cylinders. All our cylinders
have an additional safety device, which
prevents the cylinders from accidental
backflow of the material.

CONTAINER CLOSURE SYSTEM

Container Closure System

Applied Tests

All Daikin Refrigerants Europe GmbH
pressure containers (steel cylinders, 1ISO
containers) are tested by the local author-
ity before they are released for use. Steel
cylinders have to be re-certified every ten
years.

Fig. 25: 1SO Tank Container for supply of Solkane propellants

Daikin Refrigerants Europe
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CONTAINER CLOSURE SYSTEM

Returnable Cylinders

Unit
SOLKANE™ 227 pharma kg/lb 12/26 70/154 1,050/2,314
SOLKANE™ 134a pharma kg/lb 10/22 60/132 900/1,984
Capacity approx. | 10 61 910
Height incl. protection cap approx. cm 100 106 -
Height excl. protection cap approx. cm 81 92.5 -
Length approx. cm - - 223
Diameter across beads approx. cm 14 32 86
Tare weight approx. kg 13 30 500 - 550
Test pressure bar (abs) 300 43 44

ISO Tank Containers

ISO Tank Container

SOLKANE™ 227 pharma:
approx. 17,000 kg/37,478 |b

SOLKANE™ 134a pharma:
approx. 16,500 kg/36,333 |b

Classification and Transport Information

SOLKANE™ 227 pharma

SOLKANE™ 134a pharma

Chemical Name

1,1,1,2,3,3,3,-
Heptafluoropropane

1,1,1,2-
Tetrafluoroethane

Chemical Formula CF3-CFH-CF3 CF3-CH5F
CAS-No. 431-89-0 811-97-2
EG-No. (EINSEC) 207-079-2 212-377-0
UN No. 3296 3159

Hazardous good Label

Compressed gas, non-flammable,
Class 2, Figure 2

Compressed gas, non-flammable
Class 2, Figure 2

GHS-Label

34 SOLKANE™ 227 pharma and SOLKANE™ 134a pharma

Gas cylinder, GHS04

Gas cylinder, GHS04

Daikin Refrigerants Europe



International Standards for Valves, Connectors and Adapters

Cylinders for SOLKANE™ 227 pharma or
SOLKANE™ 134a pharma are equipped

with a Y-valve including a dip tube for

product withdrawal as vapour or liquid

depending on the side adapter used

(Connector No. 6, according to DIN 477).

The valves, connectors and fittings used

with HFA 227 or HFA 134a should be

manufactured in brass or stainless steel.

Seals and gaskets are tested as described

on pages 20/27.

The adapters listed below are suitable for both
SOLKANE™ 227 pharma and SOLKANE™ 134a pharma

Possible Side Adapters
depending on the Standards:

Cylinder Valves

B meeting the DIN (Deutsches Institut
far Normen) Standard DIN 477 Part 1;

connector No. 6, thread size

W 21.8 x 1/14", side adapter A, valve

screw in hole 28.8 or 19.8

B meeting the CGA (Compressed Gas

Association) Standard;
connector CGA No. 660, thread
size 1.030", 14 threads per inch,
right handed external thread

B meeting the BS (British Standard)
BS 341 No. 6 (BS6);
thread size G 5/8", right handed
external thread

900 | Cylinder Cylinder Valves

B meeting the DIN Standard DIN 4676;

thread size W 1',", 31.8°7
Adapter for ISO Container:

B Leakage-free dry Arta® coupling

system, sterile connection elements
are used, male and female, material
1.4435 electropolished, available in

the following nominal diameters:
DN 25, DN 40, DN 50, DN 80,
DN 100, DN 150

Daikin Refrigerants Europe

Fig. 26: Y-Valve adapter (red) liquid phase

Fig. 28: Arta® coupling for bulk off-loading

Fig. 27: Y-Valve adapter (blue) vapour phase
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PRODUCT STEWARDSHIP

Product Stewardship

Chemical manufacturers have a duty to reused as raw materials in chemical
minimise any health, safety and environ- production or other applications.
mental risks related to their products. At Propellants containing active pharma-
the same time, they must meet the needs  ceytical ingredients undergo secondary
of their customers and the public for recycling.

safely usable and environmentally com-
patible products. In the framework of the
Responsible Care initiative, the concept of
Product Stewardship has become an im-
portant building block in the attainment
of sustainable development. 34!

The decomposition products are reused in
other processes. Solid wastes for landfill
disposal and toxic waste gases are avoid-
ed. At the heart of the process, an
H,/0, flame with a temperature of
2,000°C thermally decomposes CFCs,
Environmental Protection HCFCs and HFCs. The degree of sepa-
ration under the given conditions was
found to be greater than 99.99 %.
Using O, instead of air to feed the

flame avoids forming additional nitrous
oxides. 1**!

The commitments of Daikin Refrigerants
Europe GmbH to protect people and the
environment are demonstrated in many

practical ways by SOLKANE™ 227 phar-
ma and SOLKANE™ 134a pharma.

Environmental consulting includes
responding to questions from customers
and the public directed to Daikin
Refrigerants Europe GmbH as the
producer of SOLKANE™ 227 pharma and
SOLKANE™ 134a pharma.

Recovery/Reclamation

Recovery is performed when a system
requires maintenance. There are several
recovery devices on the market. These
devices contain a compressor and a
condenser, and may be used for liquid
and vapour recovery.

The pharmaceutical propellants are
included in a reclamation programme,
however, reclaimed propellants can never
be reused in pharmaceutical products or
manufacture.

Recycling

The producer guarantees to take back
and reutilize used single component pro-
pellants, commercial blends and mixtures
of different propellants. The procedure

is called secondary recycling and enables
valuable raw materials for the chemical in-
dustry (hydrofluoric acid and hydrochloric
acid) to be reprocessed from either CFC,
HCFC or HFC propellants by thermal
decomposition. These substances are

Fig. 31: Reprocessing of HF and HCl from CFCs, HCFCs and HFCs by thermal decomposition
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DAIKIN — YOUR SPECIALISTS

FOR FLUOROCHEMICALS

Daikin — Your Specialists for Fluorochemicals

Daikin

For more than 80 years, Daikin has been
involved in the research and production of
fluorochemicals, and is one of the world'’s
foremost manufacturers of fluorochemical
products today. Daikin’s unique expertise
is essential to a variety of industrial fields:
With world-class technology, Daikin offers
a wide range of high quality products
featuring advanced properties such as heat
resistance, chemical resistance, water and
oil repellency, and lubricity, with applica-
tions in automobiles, consumer cookware,
wire and cable, textile and fabric treat-
ment, paper and packaging, optics and
displays, coatings and more. Daikin has a
global presence with more than 210 sites
and almost 60,000 employees worldwide.

Fig. 32  Plant Frankfurt, Germany

Daikin Refrigerants Europe

Professional Fluorochemistry

We're in it for the long haul. Being the
only company in the world dedicated to
manufacturing both air conditioning
systems and refrigerants, Daikin's deep-
rooted commitment to fluorine chemistry
is essential to sustain our global

#1 market position in air conditioning.
We remain fully invested in the research
and development required to meet the
ever changing needs of your markets.
Our professional team of experienced
chemists, sales and customer service staff
is committed to taking on any challenge
and to solving problems in close co-
operation with our customers.
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DAIKIN — YOUR SPECIALISTS

FOR FLUOROCHEMICALS

Product Range

Hydrofluorocarbons Surface Modification
B SOLKANE™ 227 pharma Technologies
SOLKANE™ 134a pharma B UNIDYNE
B SOLKANE™ 134 a B OPTOOL
SOLKANE™ 404A B ZEFFLE
SOLKANE™ 407C M ZEFFLE infrared reflective coating
SOLKANE™ 410A B FTONE
SOLKANE™ 507 B DAIFREE
R32 B DEMNUM
R407A B DAIFLOIL
R407H Etching agents for
R417A semiconductors
R4178B B Hydrofluoric acid
Fluoroplastics Materials for
M POLYFLON PTFE Lithium lon Batteries
B NEOFLON PFA M Electrolytes
NEOFLON FEP Organic Intermediates
NEOFLON ETFE B Fluorinated alcohols
NEOFLON PCTFE B Fluorinated methacrylate monomers
NEOFLON EFEP M Fluorination technology
NEOFLON CPT B Synthesis of aliphatic
B POLYFLON MPA fluorine intermediates

POLYFLON PTFE Low Polymer

Fluoroelastomers
B DAI-EL
DAI-EL F-TPV

Additives
M PPA
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Formula Key

t = Temperature

p = Pressure

v’ = Specific volume, liquid
v = Specific volume, vapour

rho’ = Density, liquid

rho” = Density, vapour

h’ = Enthalpy, liquid

h" = Enthalpy, vapour

r = Enthalpy of the evaporation
s = Entropy, liquid

s’ = Entropy, vapour
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