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Abstract

Purpose: To find surfactants soluble in the two hydrofluoroalkane (HFA) propellants, HFA-134a and HFA-227ea; to compare
surfactant solubility in the two propellants with those in 2H,3H-decafluoropentane (DFP) in order to assess latter’s suitability as
a liquid model propellant and to investigate surfactant aggregation and aggregate orientation in HFAs.
Methods:To assess surfactant solubility, HFA was added to a known amount of surfactant until dissolution was visibly apparent.
An iodine solubilization method was used to determine surfactant aggregation behaviour in DFP. Fluorescence spectroscopic
investigations on the surfactant orientation in aggregates were carried out in HFAs using a microviscosity sensitive fluorescent
probe (1,3-dipyrenylpropane). The aim was to assess viscosity changes in the microenvironment of this lipophilic probe upon
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incorporation into surfactant aggregates.
Results: Soluble surfactants could be found among the polyoxyethylene-ethers and POE–PPO-block copolymer surf
Solubility in DFP appears to correlate with solubility in HFA-134a, but not HFA-227ea. Iodine solubilization indicates m
lization of Brij 30 in DFP at a cmc (type II association behaviour). L-44 in DFP, on the other hand, does not exhibit a
defined cmc, but shows continuous surfactant aggregation (type I association behaviour). The fluorescence spectroscop
showed evidence for probe incorporation into surfactant aggregates in HFAs.
Conclusions:DFP proved to be a good model for HFA-134a only. An L1-aggregate orientation was shown for surfactants
HFAs and is in marked contrast to the chlorofluorocarbon propellant where a L2-aggregate orientation exists.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Non-ozone depleting hydrofluoroalkanes (HFA) a
now replacing the ozone depleting chlorofluorocarb
(CFC) propellants in pressurized metered dose inhal
(pMDI). Among them, 1,1,1,2-tetrafluoroethan
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Table 1
Physico–chemical properties of HFAs and CFCs (adapted fromByron et al., 1994)

Compound Vapour pressure
(bar, at 21◦C)

Boiling
point (C◦)

Heat of vaporization at
boiling point (kcal/mol)

Dipole moment
D (debye)

Dielectric
constant (ε)

Polarizability 10−24

cm3/molecule (vapour)
Density
(kg/1 at 20◦C)

CFC-11 0.91a 23.8 5.99 0.46 2.3 9.5 1.49
CFC-12 5.77a −29.8 4.78 0.51 2.13 7.9 1.33
CFC-114 1.88a 3.6 5.62 0.5 2.26 8.5 1.47
HFA-134a 5.83b −25.8 5.28 2.06 9.51 5.4 1.23
HFA-227ea 4.06b −17.3 3.2 0.93 4.07 – 1.41
DFPc 0.30 53.6 – – 15.05 – 1.58

a Sirand et al. (1992).
b Blondino and Byron (1998).
c Rogueda (2003).

(HFA-134a) and 1,1,1,2,3,3,3-heptafluoropropane
(HFA-227ea) are considered as the most suitable MDI
propellants (Whitham and Eagle, 1994; McDonald
and Martin, 2000). However, due to different physical
properties, e.g. higher polarity and vapour pressure,
HFAs are clearly no “drop-in” replacements for CFCs
(Table 1). Of particular concern is the higher polarity
of HFA propellants compared to CFC propellants
resulting in different solvency behaviour. For instance,
commonly used surfactants in CFC-formulations,
i.e. Span 85, oleic acid and lecithin, are only poorly
soluble in the HFA propellants (Byron et al., 1994).
Improving solubility by using a cosolvent such as
ethanol, however, may lead to partial drug dissolution
in suspension formulations with the risk of subsequent
crystal growth (Dalby and Byron, 1988; Blondino and
Byron, 1998; Williams and Liu, 1998b). Hence, new
surfactants soluble in HFAs are required. The higher
polarity of the HFAs compared to the CFCs might also
influence the surfactant aggregate orientation. In HFAs
surfactant orientation has not been defined, whereas
in CFCs a reverse micelle orientation (L2) has been
reported (Evans et al., 1988, 1989; Vervaet and Byron,
1999). Detailed investigations on surfactant behaviour
in HFA propellants have been impeded to date due to
the lack of a low volatility model propellant that is
liquid at room temperature and atmospheric pressure,
such as P-113 which was used as a model for the CFCs.
Dickinson et al. (2000)assessed perfluorohexane, 1H-
perfluorohexane and 2,2,2-trifluoroethanol as potential
m lity.
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were only approximately 11% and 26% of those
in HFA-134a and HFA-227ea, respectively. The
introduction of the hydrogen-atom, thus the ability of
hydrogen-bonding appears to have a crucial influence
on solvency properties. 2H,3H-decafluoropentane
(DFP), consisting of one carbon less and one addi-
tional hydrogen atom may therefore be preferable
as model propellant. Its physical properties have
been characterized and compared to HFA-134a and
HFA-227ea byRogueda (2003)(Table 1). In this study
surfactant solubility tests were made in HFA-134a,
HFA-227ea and DFP in order to find HFA-soluble
surfactants. The surfactant solubility data in the three
HFAs were compared in order to assess the suitability
of DFP as a liquid model propellant, which will be
used as a reference for pMDI formulation properties.
Furthermore, investigations on surfactant aggregation
behaviour utilising iodine solubilization and its orien-
tation in aggregates by employing a viscosity sensitive
fluorescence spectroscopic method were carried out in
HFAs.

2. Materials and methods

2.1. Materials

Brij 30, Brij 35, Brij 97, polyoxyethylene(10)
laurylether (POE10-C12), Tween 80, Tween 20,
polyoxyethylenes (POE) and iodine were purchased
f 6,
B sed
f d).
P ck
odel propellants by comparing solute solubi
nly 1H-perffuorohexane showed a linear relations
etween solubilities in HFA propellants and
odel. However, solubilities in 1H-perfluorohexa
rom Sigma–Aldrich (Steinheim, Germany). Brij 5
rij 76, Tween 60 and Span 20 were purcha

rom Fluka Chemie GmbH (Buchs, Switzerlan
oly(ethylene oxide)–poly(propylene oxide) blo
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copolymer (POE–PPO block copolymer) surfactants
(Pluronic F-127, F-68, L-64, L-44 NF, L-43, 25-R4,
17-R2, 17-R4, 10-R5) were a generous gift from
BASF Corporation (New Jersey, USA) and Synper-
onic PE L-101 and L-62 from Uniqema (Evers-
berg, Belgium). The hydrofluoroalkane propellants
1,1,1,2-tetrafluoroethane (Solkane® 134a pharma)
and 1,1,1,2,3,3,3-heptafluoropropane (Solkane® 227ea
pharma) were supplied by Solvay Fluor und De-
riyate GmbH (Hannover, Germany) (the first sup-
ply was a free sample). The liquid model propel-
lant 2H,3H-decafluoropentane (DFP) was obtained
from Apollo Scientific Ltd. (Derbyshire, UK). 3,3-
dipyrenylpropane was purchased from Molecular
Probes (Oregon, USA). All chemicals were used as
received.

2.2. Methods

2.2.1. Surfactant solubility
For the determination of surfactant solubility in liq-

uefied gases and the model propellant, a commonly
described method was used (Brown and George, 1997;
Blondino and Byron, 1998; Williams and Liu, 1998a).
HFAs were added by weight to a known amount of
surfactant until dissolution was visibly apparent. Sur-
factant was considered as dissolved when one clear
phase was apparent. Solubility was determined be-
tween 0.01% and 50% (w/w) surfactant in HFA at
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2.2.2. Surfactant aggregation
An iodine solubilization method was used to inves-

tigate surfactant aggregation behaviour in HFAs (Ross
and Oliver, 1959; Ross and Baldwin, 1966). Blondino
and Byron (1998)previously used a modified method to
determine by visual observation the potential of surfac-
tants to solubilize iodine in HFAs. However, the use of
a liquid model propellant allows the use of spectromet-
ric analysis and therefore a more precise determination
of the surfactant aggregation behaviour. A 10−4 M io-
dine stock solution in DFP (solution A) was prepared as
well as a surfactant stock solution (solution B) by dis-
solving surfactant in solution A. By diluting solution B
with solution A, solutions of different surfactant con-
centration in a constant iodine concentration could be
obtained. As upon surfactant aggregation, a transition
from the iodine absorbance maximum at 520–355 nm
of the solubilized iodine is expected, the absorbance at
355 nm of the solutions was measured using a Cary 3E
Varian UV–vis spectrometer. Solution A was used as
standard for 0% absorbance.

2.2.3. Surfactant orientation
Fluorescence spectroscopic investigations into sur-

factant orientation in aggregates were carried out us-
ing a microviscosity sensitive fluorescent probe, i.e.
1,3-dipyrenylpropane. The fluorescence spectroscopic
investigations were carried out in the model propellant
(DFP) as well as in HFA-134a and HFA-227ea. For the
investigations in the model propellant, 1% (w/w) sur-
f riate
a hy-
d ieve
a o-
l lu-
t ent
( and
t be
s ere
m ence
s ath-
l nm.
E nm,
r fac-
t ried
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mbient temperature (∼23–25◦C). For the solubil
ty determination in the two propellants HFA-13
nd HFA-227ea, surfactant was filled into a plas
oated glass bottle (Wheaton, USA), a continu
pray valve (Valois, France) was then crimped (ma
ottle crimper, model 3000-B, Aero-Tech Laborat
quipment Company, Maryland, USA) onto the bo
nd propellant filled through the valve via a press
urette (Aero-Tech Laboratory Equipment Compa
aryland, USA). After each propellant addition,
ottle was sonicated (XB6 Grant Instruments Ltd.)
0 s. In order to keep the propellant in the liquid st
ressure within the burette was held between 4 a
ar with addition of nitrogen. Surfactant solubility

he liquid model propellant was carried out in sc
ap glass squat vials (Scientific Laboratory Supp
imited, Nottingham, UK) with DFP added by weig
sing a Pasteur pipette.
actant solutions in DFP were prepared. An approp
mount of fluorescent probe stock solution in tetra
rofuran was added to the surfactant solution to ach
concentration of 1�M. The volume of the stock s

ution did not exceed 0.5% of the volume of the so
ion in order to avoid effects on the microenvironm
Zana, 1999). The solutions were sonicated for 30 s
hen kept for 3 days protected from light to allow pro
olubilization. Fluorescence emission intensities w
easured using a Perkin-Elmer LS50-B fluoresc

pectrometer and a fluorescence cell with 1 cm p
ength. 1,3-Dipyrenylpropane was excited at 346
xcitation and emission slit widths were 5 and 2.5

espectively. Accordingly, investigations on the sur
ant orientation in the actual propellants were car
ut. For the preparation of 1% surfactant solutions

aining 3�M fluorescent probe, the required amo
f surfactant and probe stock solution were filled
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a plastic-coated glass bottle (Wheaton, USA), a con-
tinuous spray valve was then crimped (manual bottle
crimper, model 3000-B, Aero-Tech Laboratory Equip-
ment Company, Maryland, USA) onto the bottle and the
required volume of propellant filled through the valve
using a pressure burette (Aero-Tech Laboratory Equip-
ment Company, Maryland, USA). After sonication for
30 s the solutions were kept for 3 days protected from
light and then transferred into a fluorescence pressure
cell (Hellma quartz Suprasil Cell®, Germany) with a
pathlength of 0.3 cm. The smaller pathlength required
an increased probe concentration of 3�M in the propel-
lant solution in order to obtain sufficient fluorescence
emission. The propellant was transferred through the
continuous valve into an inline check valve (Upchurch
Scientific, USA) that was connected with a polymer
tubing (inlet) to the pressure cell. The propellant solu-
tion could be released through a micro metering valve
(Upchurch Scientific, USA) that was connected to the
outlet line of the cell.

3. Results

3.1. Surfactant solubility

Visual assessment of surfactant solubility in HFAs
was chosen due to the experimental difficulty of quan-
titative surfactant analysis in pressurized systems. This
method, however, only allows the determinations of
a

ur-
f ly-

oxyethylene (20)-sorbitan fatty acid-ester (Tweens),
sorbitan fatty acid-ester (Spans), POE–PPO–POE tri-
block copolymer (Poloxamer) and PPO–POE–PPO tri-
block copolymer (reverse-Poloxamer) surfactants. In
Tables 2 and 3, the apparent surfactant solubility in the
two propellants HFA-134a and HFA-227ea as well as in
the liquid model propellant 2H,3H-decafluoropentane
(DFP) are presented. Furthermore, the solubility of var-
ious molecular weight POEs was determined and re-
sults are presented inTable 4.

Poloxamer and reverse Poloxamer (R-Poloxamer)
solubility in the three HFAs is listed inTable 3. The
first letter describes their physical form. “L” for liq-
uid, “P” for paste and “F” for solid. The follow-
ing digit (two digits in a three-digit number) mul-
tiplied by 300, indicates the approximate molecular
weight (Mn) of the hydrophobe. The last digit mul-
tiplied by 10 indicates the approximate ethylene ox-
ide content in weight percent. For reverse Polox-
amers, the digits preceding the “R” multiplied by
100 indicates the approximateMn of the PPO-block.
The number following the “R” multiplied by 10 in-
dicates the approximate weight percent POE in the
molecule.

In order to assess the suitability of DFP as a liq-
uid model propellant, solubility data in HFA-134a and
HFA-227ea, respectively, are plotted against those in
DFP (Figs. 1 and 2). Solubility values of 21 surfactants
are plotted, some data points are superimposed). Since
solubility was only determined up to 50% (w/w), a 50%
( ich
w ex-
i nd

T
A

P
B
B
B
B
B
T 6.7)
T 14.9)
T .0)
S .01
pproximate solubility values.
Solubility studies were made on the following s

actant groups: polyoxyethylene-ethers (Brijs), po

able 2
pparent surfactant solubility (%, w/w) in HFAs

OE10-C12 (polyoxyethylene (10) laurylether)
irij 97 polyoxethylene (10) oleylether (HLB: 12.4)
rij56 polyoxyethyiene (10) cetylether (HLB: 12.9)
rij76 polyoxyethylene (10) stearylether (HLB: 12.4)
rij35 polyoxyethylene (23) laurylether (HLB: 16.9)
rij30 polyoxyethylene (4) laurylether (HLB. 9.7)
ween 20 polyoxyethylene (20) sorbitan-monolaurate (HLB: 1
ween 60 polyoxyethylene (20) sorbitan-monostearate (HLB:
ween 80 polyoxyethylene (20) sorbitan-monooleate (HLB: 15
pan 20 sorbitan-monolaurate (HLB: 8.6)
w/w) solubility value was plotted for surfactants wh
ere >50% (w/w) soluble. A significant correlation

sts only between surfactant solubility in HFA-I34a a

HFA-134a HFA-227ea DFP

≈4 ≈31 ≈30
≈1 ≈50 ≈2
≈0.7–1 ≈0.2 ≈0.3
≈0.7 ≈0.3 ≈0.2
≈0.08 ≈0.03 ≈0.05
≈0.2 >50 ≈3
≈0.2 >50 ≈0.2
≈0.1 ≈0.1 ≈0.2
≈0.1 ≈0.1 ≈0.2

<0.01 <0.01 <0
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Fig. 1. Log surfactant solubility (%, w/w) in HFA-134a vs. DFP.

DFP with a slope of 0.978 and a correlation coefficient
of 0.9499.

3.2. Surfactant aggregation

Since highest HFA solubility was found among the
Brij and Poloxamer surfactants, Brij 30 and Pluronic L-
44 NF were chosen for the investigation on surfactant
aggregation behaviour in DFP. Both surfactants showed
similar solubility in HFAs. The addition of iodine to
both surfactant solutions resulted in a colour change of
iodine from violet to yellow with an absorbance maxi-
mum at 355 nm. InFig. 3, the log surfactant concentra-
tion (%, w/w) in DFP is plotted against the absorbance
at 355 nm, hence it shows the extent of aggregation with
the increase of surfactant concentration. In both surfac-
tant solutions an absorbance increase with increasing
the surfactant concentration is shown. At a surfactant

P.

Fig. 3. Log surfactant concentration (%, w/w) vs. iodine absorbance
(%) at 355 nm.

Table 3
Apparent Poloxamer/R-Poloxamer solubility (%, w/w) in HFAs

Poloxamer HFA-134a HFA-227ea DFP

Pluronic F-127 <0.0l <0.01 <0.01
Pluronic F-68 <0.01 <0.01 <0.01
Synperonic PE L-101 ≈0.1–0.2 >50 ≈0.1
Synperonic PE L-62 ≈2 >50 ≈1
Pluronic L-64 ≈1 >50 ≈1
Pluronic L-44NF ≈2 >50 ≈4
Pluronic L-43 ≈3 >50 ≈4
R-Pluronic 25-R4 ≈2 ≈42 ≈4
R-Pluronic I7-R4 >50 >50 >50
R-Pluronic 17-R2 >50 >50 >50
R-Pluronic 10-R5 >50 >50 >50

concentration of 0.0062% (w/w), a sharp transition to
a steep absorbance increase can be observed in the Brij
30 solution. For Pluronic L-44, however, a rather grad-
ual absorbance increase is shown with increasing the
surfactant concentration.

3.3. Surfactant orientation

The aim of the fluorescence spectroscopic inves-
tigations into surfactant orientation was to assess

Table 4
POE/PPO solubility (%, w/w) in HFAs

HPA-134a HFA-227ea DFP

POE 300 ≈4 >50 ≈4.5
POE 600 ≈4 >50 >50
POE 1000 ≈2 ≈2 ≈0.7
POE 2000 <0.01 <0.01 <0.01
PPO 2000 ≈2 >50 ≈0.7
Fig. 2. Log surfactant solubility (%, w/w) in HFA-227ea vs. DF
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viscosity changes in the microenvironment of 1,3-
dipyrenylpropane upon its incorporation into surfactant
aggregates. Since this probe is a lipophilic molecule, in-
corporation into surfactant aggregates with subsequent
changes of the viscosity in the microenvironment of
this probe is only expected for a L1-orientation, where
the hydrophobic moiety orientates towards the centre
of the aggregate and the hydrophilic moiety toward the
bulk solvent. The viscosity sensitive property of 1,3-
dipyrenylpropane lies in the ability of intramolecular
excimer formation (Zachariasse, 1978; Winnik et al.,
1991). Excimers are formed, if the two pyrene groups in
1,3-dipyrenylpropane act cooperatively to emit a pho-
ton (Turro, 1991). Excimer fluorescence can be seen in
the emission spectrum as a broad structureless band,
which is red shifted with respect to the “normal” fluo-
rescence of the molecule (Winnik et al., 1990; Binks,
1999) The extent of excimer formation depends on the
ability of conformational changes and thus on molec-
ular motion. Low viscosity with high molecular mo-
tion for instance results in high excimer emission in-
tensity (IE: 485 nm) and low monomer emission in-
tensity (IM: 376–395 nm). Hence,IM/IE ratios can be
exploited to measure changes in the microviscosity of
1,3-dipyrenylpropane. A viscosity increase shows as
an increase in theIM/IE ratio. The corresponding wave-
length forIM was the first band at 376 nm. HFA-soluble
Brij 97 which consists of a lipophilic oleyl-chain, thus
capable of forming a lipophilic aggregate core, was
chose for the assessment of surfactant aggregate orien-
t

1,3-
d f Brij
9 all
l res-
c are
s rij
9 ane
s mis-
s

4

4

ed
t nd

Fig. 4. Comparison of 1,3-dipyrenylpropane spectra in the presence
( ) and absence (—) of Brij 97 in (A) DFP; (B) HFA-134a; and
(C) HFA-227ea.

among the Brij and POE–PPO block copolymer
surfactants. Tween surfactants generally show lit-
tle HFA solubility and Span 20 is insoluble in
all three HFAs. Among the liquid-pasty Brijs, i.e.
ation in HFAs.
In Fig. 4 fluorescence spectra are shown for

ipyrenylpropane in the absence and presence o
7 in DFP, HFA-134a and HFA-227ea. The sm

ines show the fluorescence spectrum of the fluo
ent probe in the HFA, whereas the bold black lines
pectra of the probe in HFA with the addition of 1% B
7. Surfactant addition results in 1,3-dipyrenylprop
pectra exhibiting increased monomer to excimer e
ion intensity ratios in all three HFAs.

. Discussion

.1. Surfactant solubility

The investigations into surfactant solubility show
hat HFA-soluble surfactants could mainly be fou
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polyoxyethylene(10)-laurylether (POE10-C12), Brij
30, Brij 97, and the liquid POE–PPO block copolymer
surfactants, solubility is significantly higher in HFA-
227ea than in HFA-134a and DFP, whereas solid Brijs,
i.e. Brij 56, Brij 76 and Brij 35 as well as the solid
POE–PPO block copolymers exhibit low solubility in
all three HFAs.

Since the physical state of POE-based non-ionic
surfactants is mainly determined by the length of the
POE-chain, it appears that the hydrophilic POE moiety
significantly influences HFA-solubility. POE is liquid
at room temperature up to a molecular weight (Mn)
of approximately 600 (approximately 10 POE units),
further polymerisation results in a waxy-solid state.
POE 1000–20,000 has a crystallinity of around 90%
(Salamone, 1996). In HFAs, POE solubility decreases
with increasing theMn (Table 4) and becomes insol-
uble with Mn > 1000. Similarly, Brij and POE–PPO
block copolymer surfactant solubility decreases with
increasing the POE chain length to more than ap-
proximately 10 POE units, as seen for example when
comparing the solubility of the POE-laurylethers Brij
30, POE10-C12 and Brij 35, consisting of 4, 10 and
23 POE units, respectively. HFA solubility increases
with increasing the POE moiety from 4 to 10 units,
but a further increase to 23 units results in decreased
HFA solubility in all three HFAs. POE changes its
configuration from a “zigzag” configuration to a
meander configuration with increasing the degree of
polymerisation to >10–12 units in aqueous solution
a E-
b tarts
a ;
B n
m he
n ting
i he
s ay
b ith
i ong
e in
H gen
s ation
a
a ges
o rity
a OE
m

Furthermore, the introduction of a hydrophilic
polyol structure such as sorbitan in Span 20 results in
HFA insolubility. HFA insolubility of Span 85 has pre-
viously been reported (Byron et al., 1994; Blondino and
Byron, 1998). Moreover, glucoside and thioglucoside
surfactants were found to be insoluble or only slightly
soluble in HFAs (Brown and George, 1997; Williams
and Liu, 1998a, b).

All liquid POE–PPO block copolymers exhibit high
solubility in HFA-227ea, whereas in HFA-134a and
DFP only reverse Pluronics show solubility >50%
(w/w). One explanation could be the confined middle
position of the POE block in the triblock that might
inhibit conformational changes. Pluronic 25-R4, how-
ever, shows significantly lower solubility compared to
the other reverse Pluronics. This may be explained by
the fact that Pluronic 25-R4 possesses the longest POE
chain with aMn of 1440.

In conclusion, the investigations into surfactant sol-
ubility behaviour in HFAs suggests a strong influence
of the hydrophilic moiety on surfactant solubility. How-
ever, a correlation between the hydrophile–hydrophobe
balance does not exist (Table 2). Generally, non-
ionic surfactants show higher solubility in HFA-227ea
than compared to HFA-134a and DFP, which sug-
gests stronger interactions between the surfactant and
HFA-227ea, e.g. H-bonding interactions and disper-
sion forces. As a result, surfactant solubility in DFP
does only correlate with those in HFA-134a, hence,
DFP appears to be a good model for HFA- 134a and
n inly
b oly-
m d as
p nts
c x-
i till
n

4

ab-
s con-
c nic
L sur-
f s
t ous
s 1 is
c um-
nd to >20–40 units in bulk. However, with PO
ased surfactants the change in configuration s
t a degree of polymerisation of 15–20 (Rosch, 1967
ailey and Koleske, 1967). The meander configuratio
aximizes hydrogen bonding while minimizing t
umber of exposed hydrophobic groups resul

n increased polarity and H-bonding capability. T
ignificant reduction of POE solubility in HFAs m
e explained by a similar change in configuration w

ncreasing the degree of polymerisation. The str
lectron withdrawing effect of the fluorine atoms
FAs, leaving a partial positive charge on the hydro
ubstituents, allows a considerable charge separ
nd hence the possibility of H-bonding (Byron et
l., 1994). However, possible configurational chan
f POE in HFAs which may lead to increased pola
s in water may affect the interaction between the P
olecule and HFAs.
ot for HFA-227ea. Soluble surfactants could ma
e found among the Brij and POE–PPO block cop
er surfactants and may therefore be considere
otential alternative to the HFA-insoluble surfacta
ommonly used in pMDI formulations. However, to
city profiles with respect to pulmonary delivery s
eed to be investigated.

.2. Surfactant aggregation

The iodine solubilization experiment shows an
orbance increase at 355 nm with increasing the
entration of both surfactants, i.e. Brij 30 and Pluro
-44, thus surfactant aggregation is evident in both

actant solutions (Fig. 3). Muller (1978)distinguishe
wo types of self-association behaviour in non-aque
olvents, i.e. type I and type II association. Type
haracterized by: (1) small average aggregation n
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bers; (2) not exhibiting a well defined critical micelle
concentration (cmc); (3) a progressively increase of
aggregation numbers without reaching a limiting con-
stant value; and (4) a stepwise sequential multiple equi-
librium model, i.e. reorganisation of small preaggre-
gates to spherical aggregates at higher concentrations
(Christen and Eike, 1974; Eike et al., 1975; Eike, 1977).
On the other hand, type II association is characterized
by: (1) a moderately defined cmc; (2) relatively large
aggregation numbers which reach a constant value at
higher surfactant concentrations; and (3) aggregation
can be described as a monomer-n-mer model for micel-
lization as in water. The sharp transition to a steep ab-
sorbance increase at a Brij 30 concentration of 0.0062%
(w/w) in DFP, reminiscent to the cmc in water, shows
good agreement with type II association, L-44 in DFP,
however, appears to associate according to type I asso-
ciation characterized by continuous surfactant aggrega-
tion in contrast to a sudden micellization at a cmc. Sur-
factant aggregation behaviour in the HFA propellants
itself has still to be established. However, because of
the structural similarity between DFP, HFA-134a and
HFA-227ea, a similar surfactant aggregation behaviour
in the actual propellants is likely.

4.3. Surfactant orientation

Addition of Brij 97 to all three HFAs (DFP,
HFA-134a, HFA-227ea) in the presence of 1,3-
dipyrenylpropane results in an increased monomer to
e d
I mi-
c on,
w uo-
r tant
a ilic
m
o hilic
m gre-
g ulk
s opic
i fac-
t ro-
p
h pel-
l not
o the
s
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