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The interaction between recognition elements (e.g., receptors) and the photochromic diacetylenic matrix is of great
importance in biosensor preparation. The characterization of the miscibility or phase separation of functionalized
components is an indispensable step for the design and preparation of biosensors. The interactions between 2,4-
tricosadiynoic acid (TCDA) and dioctadecyl glycerylether-b-glucosides (DGG) as well as 10,12-pentacosadiynoic
acid (PCDA) and DGG were studied by surface pressure-area isotherms and Brewster angle microscopy. It has
been found that for a mixed TCDAÈDGG monolayer on water subphase, there existed good miscibility of TCDA
and DGG. On the contrary, in a mixed PCDAÈDGG monolayer, the miscibility of PCDA and DGG is poor ;
PCDA molecules easily separated from the mixed PCDAÈDGG monolayer during compression and formed a
branch-like pattern. This result is consistent with the result obtained in nÈA isotherm and is discussed based on the
di†erent position of the diacetylene group in the molecules.

The study on self-assembled multicomponent membranes with
functional units has become an important research Ðeld.1h3
The characterization of the miscibility or phase separation of
the monolayer components is a necessary step in the design
and preparation of functionalized structures. The surface pres-
sure (n) and average molecular area (A) isotherms can provide
us with information on the interaction between molecules in
monolayers.4 In addition, Brewster angle microscopy (BAM)
can provide us with e†ective and direct information about the
2D phase transition and the miscibility of the components in
monolayers.

Polydiacetylenes can change their color from blue to red in
response to various environmental perturbations, such as tem-
perature,5,6 pH,7 mechanical stress8h11 and solvent.12 So
polymer monolayers formed by lipids with the diacetylenic
group have attracted particular attention due to their special
photochromic properties.13h15 Glycolipids are one of the
major constituents in biological membranes and they play an
important role in enhancing membrane stability and in trans-
ferring intercellular information.16 Carbohydrates on the

surface of cells serve as antenna for viruses, toxins, hormones
and the other molecules in the recognition process on the sur-
faces of cells.17 We have prepared polymer vesicles using 2,4-
tricosadiynoic acid (TCDA) and 10,12-pentacosadiynoic acid
(PCDA) as the matrix and dioctadecyl glycerylether-b-gluco-
sides (DGG) as the receptor to detect Escherichia coli (E.
coli).18 Experimental results showed that the DGGÈTCDA
system was e†ective, however, the DGGÈPCDA system was
ine†ective.

In the present study, to understand the phase transitions
during the formation of the Ðlm composed of glycolipids and
the diacetylenic matrix, the miscibility of mixed DGGÈPCDA
and DGGÈTCDA binary monolayer Ðlms at the airÈwater
interface was studied directly by means of Brewster angle
microscopy.

Results
Surface pressure-area isotherms on a water subphase with
di†erent pH

From Fig. 1, we see that the smallest average molecular areas
for both TCDA and PCDA monolayer Ðlms on the surface of
water are at pH 5È7 ; these are characterized as solid-like
Ðlms. However, collapse pressure and the limiting area per
molecule of PCDA and TCDA are di†erent. For PCDA the
limiting area per molecule is about 27.9 molecule~1, with aA� 2
collapse pressure at 15 mN m~1 ; the limiting area of pure
TCDA is about 20.9 molecule~1, with a collapse pressureA� 2
at 55 mN m~1. This demonstrates that the molecular area,
which is related to the molecular structure, of PCDA is larger
than that of TCDA. All of the following BAM experiments
were done in a bu†er with pH 5.8.NaOHÈNaH2PO4
BAM images of pure TCDA, PCDA, DGG and mixed
DGG–TCDA, DGG–PCDA monolayers

Direct evidence about the miscibility or 2D phase separation
of pure TCDA, PCDA and DGG and mixtures of TCDAÈ
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Fig. 1 The inÑuence of pH on (A) TCDA and (B) PCDA monolayers at the airÈwater interface at 17.5^ 0.5 ¡C.

DGG and PCDAÈDGG in Langmuir monolayers is obtained
by means of Brewster angle microscopy at the airÈwater inter-
face. Imaging of the surface morphology was performed
during continuously slow monolayer compression.
Representative BAM images are selected at di†erent surface
pressures.

BAM images of pure DGG monolayers. Fig. 2 shows that
aggregation of the DGG molecules at the airÈwater interface
occurs during compression. There exists some irregular shape
domains as shown in Fig. 2(a) (n \ 0 mN m~1), meaning that
there is a strong tendency toward self-aggregation and domain
formation. With the increase in surface pressure, the size and
quantity of the domains also increase [shown in Fig. 2(b),
2(c)]. At high surface pressure, n \ 40 mN m~1, these
domains coalesce and form a quite uniform monolayer, as
shown in Fig. 2(d).

Fig. 2 BAM images of pure DGG monolayers at the airÈwater inter-
face at (a) 0, (b) 10, (c) 20 and (d) 40 mN m~1 during compression.

BAM images of pure TCDA and mixed DGG–TCDA
monolayers. In pure TCDA at the beginning of compression,
n \ 0 mN m~1, many round shaped domains were observed
at the airÈwater interface, as shown in Fig. 3(a). On increase of
surface pressure, the round shaped domains formed a net-
shaped texture [shown in Fig. 3(b)]. At higher surface pres-
sures, the substructure of the condensed phase TCDA
domains gradually disappeared before their fusion into a
homogeneous monolayer, as shown in Fig. 3(c) and 3(d).

However, the shape of the domains formed by the mixture
of TCDA and DGG appeared chain-like [shown in Fig. 4(a)]
quite di†erent from that of domains formed by pure TCDA.
On further compression, the net-shaped structure was
observed [shown in Fig. 4(b) and 4(c)]. At high surface pres-
sure, n \ 50 mN m~1, the uniform morphology of a mono-
layer was observed [shown in Fig. 4(d)]. From a comparison
of Fig. 3(d) and 4(d) we can observe that the morphology of

Fig. 3 BAM images of pure TCDA monolayers at the airÈwater
interface at (a) 0, (b) 8, (c) 36 and (d) 52 mN m~1 during compression.
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Fig. 4 BAM images of DGGÈTCDA monolayers at the(sDGG \ 0.2)
airÈwater interface at (a) 0, (b) 8, (c) 36 and (d) 52 mN m~1 during
compression.

Fig. 5 BAM images of pure PCDA monolayers at the airÈwater
interface at (a) 0, (b) 5, (c) 10, (d) 12 and (e) 14 mN m~1 during com-
pression.

Fig. 6 BAM images of DGGÈPCDA monolayers at the(sDGG \ 0.2)
airÈwater interface at (a) 0, (b) 5, (c) 20, (d) 30 and (e) 32 mN m~1
during compression.

mixed TCDAÈDGG monolayers is more uniform than that of
pure TCDA monolayers on a water subphase. This demon-
strates that there exists a strong interaction between DGG
and TCDA, and the ability of TCDA to form a monolayer
Ðlm is improved by the addition of DGG.

BAM images of pure PCDA and mixed DGG–PCDA
monolayers. In pure PCDA, at n \ 0 mN m~1, many irregular
shaped islands with di†erent sizes can be observed [shown in
Fig. 5(a)]. On increase of surface pressure these islands grad-
ually formed irregular nets, as shown in Fig. 5(b). When n \ 10
mN m~1 a homogeneous Ðlm was formed [shown in Fig.
5(c)]. On further compression obviously branch-shaped
domains appeared [shown in Fig. 5(d)], whose number
increased with pressure [Fig. 5(e)]. This might be the main
reason that the PCDA monolayer has a very low collapse
pressure (n \ 15 mN m~1).

For mixed PCDAÈDGG monolayers, the phase transitions
are similar to those of the pure PCDA system at low surface
pressure (\10 mN m~1) as shown in Fig. 6(a) and 6(b). At
n \ 20 mN m~1, many protuberances could be observed on
the surface of PCDAÈDGG monolayers, as shown in Fig. 6(c).
This proves that the miscibility of PCDA and DGG is poor.
On further compression many branch-shaped domains,
similar to those of the pure PCDA system, appeared [shown
in Fig. 6(d), 6(e)].

Discussion
As we reported elsewhere,19 for the TCDAÈDGG system, the
negative deviations of molecular areas from the additivity rule
suggest strong attractive forces and good miscibility between
TCDA and DGG. In contrast, for the PCDAÈDGG system
the positive deviations of molecular areas from the additivity
rule indicate repulsive forces and poor miscibility between
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PCDA and DGG. Our BAM observations further prove this
conclusion.

The morphology of the TCDA monolayer was improved
after the addition of DGG. However, the morphology of the
PCDAÈDGG monolayer was rougher than that of the pure
PCDA monolayer [compare Fig. 5(d) and 6(c)]. This demon-
strates that the miscibility of TCDA and DGG is better than
that of PCDA and DGG. The addition of DGG increases the
stability of both TCDA and PCDA monolayers, in particular
for PCDA (the increase of the collapse pressure from 15 to 33
mN m~1).

The attraction between amphiphiles arises mainly from
hydrophobic forces and the repulsion arises mainly from the
hydrophilic head-groups.20 The main di†erence between
PCDA and TCDA lies in the position of the diacetylenic
group. In TCDA the rigid hydrophilic diacetylenic group is
next to the carboxyl group. TCDA molecules are thus struc-
turally composed of rigid hydrophilic head-groups and hydro-
phobic tails. Therefore, TCDA molecules can form very stable
monolayer Ðlms. However, in PCDA the rigid hydrophilic
diacetylenic group is in the middle of the lipid. This might
weaken the interaction between hydrophobic tails, leading to
a low-collapse pressure of the PCDA monolayer and poor sta-
bility of the PCDA-containing monolayer on a water sub-
phase.

Conclusions
The experimental BAM results suggest that there is a good
miscibility of TCDA and DGG. However, in a DGGÈPCDA
monolayer PCDA molecules separate from the mixed mono-
layer and a branch-like pattern is formed, showing that the
miscibility of PCDA and DGG is poor. This di†erent behav-
ior results from the change in the position of the diacetylenic
group in the lipids.

DGG molecules can enhance the stability of the monolayers
of PCDA or TCDA on a water subphase, particularly for
PCDA monolayers.

The BAM results are consistent with the results obtained
from the pressure-area isotherms.

Experimental
PCDA and TCDA were purchased from Lancaster Co. (UK)
and Dojindo Laboratories (Japan), respectively. They were
not puriÐed before use. Chloroform was puriÐed before use
and water used in the study was doubly distilled. DGG was
synthesized in our laboratory according to the method
described by Six et al.21,22

Pure and mixed DGGÈPCDA, DGGÈTCDA monolayers
were dissolved in chloroform to a concentration of 1 mM. All
surface pressure-area isotherms were measured with a Model
HBM face membrane balance (Kaimen Kagaku Co. Ltd.,
Japan) at 17.5 ^ 0.5 ¡C. The trough has an area of 800 cm2
and the pressure sensor has a resolution of 0.1 mN m~1. For
each isotherm experiment, 200 lL of a 1 mM sample was
spread on a water subphase and 10 min allowed for solvent
evaporation before compression. The pH value of the sub-

phase was adjusted with bu†er for pH[ 5NaOHÈNaH2PO4and bu†er for pH \ 5. The barrierHClÈC6H5(COOH)COOK
was compressed at a speed of 20 cm2 min~1.

The morphology of the monolayers at the airÈwater inter-
face was studied by means of a BAM set up by our group. The
p-polarized beam of a He-Ne laser (j \ 632.8 nm) was
directed at the Brewster angle (53.1¡) at the airÈwater inter-
face, giving a minimum surface reÑectivity. The beams reÑec-
ted from the monolayers were imaged by a CCD camera and
recorded on videotapes for further analysis. One hundred
microliters of a 1 mM sample was spread on the water sub-
phase (pH 5.8, 17.5 ^ 0.5 ¡C) and 10 min allowed for solvent
evaporation before compression. BAM images were obtained
during continuous slow monolayer compression and the mor-
phological features were monitored with a lateral resolution of
about 2 lm.
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