
Introduction

High-pressure technology using gases and organic

materials plays an important role for example in mate-

rials of nucleation or oil drilling. Particularly interest-

ing are current developments and applications in soft

matter science with typical modifications and funda-

mental understandings of liquid crystals, colloids and

polymers including block copolymers, by means of

not only hydrostatic medium but also supercritical

gases [1–6]. High-pressure experiments require spe-

cific experimental techniques. Neutron scattering is

one of powerful tools for investigating soft matter

through high-pressure experiments involving high

material permeability. Effects of carbon dioxide

(CO2) pressure on the structure of block copolymers

using neutron scattering were recently reported [7, 8].

For the investigation of thermal properties under

high-pressure, we developed scanning transitiometry

for high-pressure experiments [9–11]. A scanning

transitiometer is a typical instrument to fully investi-

gate the thermodynamic behavior of materials under-

going phase transition. In a scanning transitiometer

the three thermodynamic variables p, V and T, can be

controlled independently in a calorimetric detector.

Typically one variable is scanned while maintaining a

second variable constant, and two quantities are si-

multaneously recorded, the heat flow signal resulting

from the thermal effect induced by the scanned vari-

able together with the concomitant change of the third

(dependable) variable; from these thermal and

mechanical effects and associated partial derivatives,

making use of Maxwell relations, several thermo-

physical properties are accessed.

Supercritical CO2 is considered as one of the

clean solvents by excellence instead of organic sol-

vents because of its relatively low environmental im-

pact and good recycling. Phase behavior and solubil-

ity of substances under supercritical CO2 are of spe-

cial interest for the use of such solvent as an efficient

medium for engineering processes. Solubility in CO2

of various substances, like azobenzene, polymeth-

acrylate (PMMA), and PEO has been recently re-

ported [12–18]. The solubility into amorphous poly-

mers increases with the increase of pressure but de-

creases with the increase of temperature [15, 16, 18]

because the molecular motion became more active

with increasing temperature. The solubility of the

side-chain liquid crystal polyacrylate jumped up at

the phase transition and decreased with increasing

temperature [19]. All above studies suggest that the

amount of gas absorbed is related to the molecular
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homopolymer have been investigated by scanning transitiometry. Under CO2 pressure, the isotropic transition temperature de-
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motion and the number of interaction sites. CO2 acts

not only as pressure medium but also as plasticizer.

The glass transition temperature of amorphous poly-

mers decreased under CO2 pressure [17, 18].

Krombach and Schneider reported the phase behavior

of 4-n-hexyloxy- and 4-n-decyloxy-4’-cyanobiphenyl

(6OCB and 10OCB) under high-pressure of either

pure gases or gas mixtures such as helium (He), nitro-

gen (N2), argon (Ar) and Ar/CO2 mixtures [20]. Un-

der Ar/CO2 mixture pressure, the isotropic transition

temperature (TIso) goes through a minimum around

50 MPa. The difference between TIso at 0.1 MPa and

the minimum TIso is of the order 20~30 K and in-

creases with increasing the CO2 fraction. The de-

crease of the isotropic transition temperature under

Ar/CO2 mixture pressure was found much larger than

under other neutral gases. Most likely the

quadrupole-dipole interaction between CO2 and the

liquid crystal structure plays the major role in the

plasticization effect.

Recently, we reported the synthesis of

amphiphilic liquid crystal block copolymers consist-

ing of the hydrophilic polyethyleneoxide (PEO) and

the polymethacrylate derivative having azobenzene

moieties which acted as mesogenic groups in side

chain liquid crystals (PMA(Az)), (PEO-b-PMA(Az))

[21]. The PEOm-b-PMA(Az)n copolymers, where ‘m’

and ‘n’ are degrees of polymerization of PEO and

PMA(Az) sequences respectively, form a highly or-

dered PEO hexagonal packed cylinder structure over

a wide range of volume fraction, and have four kinds

of phase transition [21–24]. These four-phase transi-

tions correspond respectively and successively to

melting of the PEO crystal, melting of azobenzene

moieties, liquid crystal transition from the smectic C

phase (SmC) to the smectic A phase (SmA) and the

isotropic transition when increasing tempera-

ture [22, 25]. The highly ordered PEO cylinder struc-

ture is expected to be used as templates for nano net-

works, like electronic circuit for example. This later

application would combine the inclusion of gold

nano-particules into the nano-cylinder structure, by

using supercritical CO2 [26]. In order to develop the

supercritical processing, it is important to document

the effects of the CO2 pressure on PEO-b-PMA(Az)

copolymers. We have previously reported the effect

of hydrostatic pressure transmitted by mercury as

pressurizing fluid on the isotropic transition of

PEO114-b-PMA(Az)20 [27]. Under mercury pressure,

the transition temperature increases with the increase

of pressure in agreement with the Clapeyron equa-

tion. The transition entropy decreases with the in-

crease of pressure because the molecular motion in

the isotropic state is restricted by hydrostatic pres-

sure [27]. In this paper, effects of CO2 pressure on the

isotropic transition were investigated by scanning

transitiometry and results were compared with the re-

sults obtained under mercury pressure.

Experimental

Samples

PEOm-b-PMA(Az)n copolymers shown in Fig. 1 and

PMA(Az)n homopolymer were synthesized by the

atom transfer radical polymerization as described

elsewhere [21]. The molecular dispersion index

(Mn/Mw) was determined by the gel permission

chromatography. In order to compare the effect of

PEO length, PEO114-b-PMA(Az)40 (Mn/Mw=1.13),

PEO272-b-PMA(Az)46 (Mn/Mw=1.20),

PEO454-b-PMA(Az)47 (Mn/Mw=1.15) and PMA(Az)30

homopolymer (Mn/Mw=1.19) were studied.

Methods

Transitiometric measurements were performed

with a scanning transitiometer (BGR-TECH Poland)

in which temperature scans were conducted under

constant pressure [9–11]. The temperature range was

from 330 to 420 K with 0.2 K min–1 scanning rate.

Temperature was calibrated through temperature of

melting Tm using three standard materials;

p-bromochloro benzene (Tm=337.73 K), p-dibromo

benzene (Tm=360.45 K) and benzoic acid

(Tm=395.55 K). Enthalpy was calibrated using two

standard materials; p-dibromo benzene (�Hm=

87.03 J g–1) and benzoic acid (�Hm=147.9 J g–1).

The investigated pressure range was from 0.1 to

150 MPa for PEO114-b-PMA(Az)40 and PMA(Az)30

homo polymer and from 0.1 to 50 MPa for

PEO272-b-PMA(Az)46 and PEO454-b-PMA(Az)47. Car-

bon dioxide (with 99.5% purity) provided from

SAGA France was used without further purification.

About 350 mg of PEOm-b-PMA(Az)n copolymers and

PMA(Az) homopolymer was placed into a glass am-

poule (a tube open on upper part) and annealed at

146°C for 6 h under vacuum. Before filling the CO2

into the measuring system, the entire pressure line

was vacuumed.
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Fig. 1 Chemical structure of PEO114-b-PMA(Az)40



Results and discussion

Calorimetric signals of PEO114-b-PMA(Az)40 under

CO2 pressures are shown in Fig. 2. The single endo-

thermic peak corresponding to the isotropic transition

was observed at 395 K at 0.1 MPa. The endothermic

peak shifted to lower temperatures with increasing

pressure up to 30 MPa and to higher temperatures

above 40 MPa (see also Fig. 3). This result indicates

that both plasticization effect and hydrostatic effect

caused by CO2 pressure were depending on pressure in

competition to each other. The plasticization effect in-

duces first the large temperature depression, ca. 50 K.

In that case CO2 interacts with carbonyl groups and

azobenzene moieties in PMA(Az) domain by

quadrupole-dipole interactions; since these interac-

tions are chemical ones, a large plasticization effect

occurs. Remarkably, in the investigated temperature

range, CO2 was in liquid sate at 5 MPa and in super-

critical state above 7.3 MPa. However, no clear differ-

ence between the liquid and supercritical state was ob-

served. It seems that the PEO domain for which CO2 is

good solvent acted as CO2 pathway and that the

PEO114-b-PMA(Az)40 copolymer reaches the equilib-

rium state rapidly even in the liquid state where CO2

diffusivity is lower than in the supercritical state.

Figure 3 shows as functions of pressure the onset

temperature (Tiso), the transition enthalpy (�Hiso) and

the transition entropy (�Siso) of the isotropic transition.

The �Siso is almost constant up to 15 MPa, and jumps

in the pressure range between 15 and 40 MPa to finally

�Siso levels up to a constant value which is 1.5 times

larger than the value observed at 0.1 MPa. This jump

coincides with the change in behavior of CO2 from

plasticization to hydrostatic vector. The dependency of

�Siso upon CO2 pressure is quite different from the one

observed under mercury pressure. Under mercury

pressure, �Siso linearly decreased with the increase of

pressure which induces a loss of molecular motion in

the isotropic state [27]. It reveals that not only the iso-

tropic transition but also desorption of CO2 occurs at

the same time because desorption is an endothermic

process. The PMA(Az) domain copolymer has two ad-

sorption sites which are the carbonyl groups in PMMA

main chain and azobenzene moieties in the side chain

liquid crystal part. It has been reported that the dis-

solved amount of CO2 into amorphous polymers, like

PMMA, polystyrene (PS) and poly(vinylidene fluo-

ride) (PVDF), increases with the increase of pressure

and decreases with the increase of temperature due to

the enhancement of molecular mobility at higher tem-

perature [8, 16]. Therefore the amount of absorption in

amorphous PMMA main chain decreases at the isotro-

pic transition because the molecular motion is easier at

the isotropic transition and increases when pressure in-

creases. On the other hand, adsorption of the CO2 in

the azobenzene moieties has a possibility to increase

the CO2 adsorption at the isotropic transition because

disappearing of �-stacks increases adsorption site.

From experimental results it appears that the plastic-

ization effect is predominating until the adsorption

CO2 in the azobenzene moieties occurs at the isotropic

transition and that the hydrostatic effect becomes ef-

fective after the CO2 desorption from azobenzene moi-

eties. Below 20 MPa, where the plasticization effect is

dominant, the adsorption of CO2 on the azobenzene

moieties competes with the desorption of CO2 from the

PMMA main chain. Therefore the �Siso below 20 MPa

is smaller than above 40 MPa, where the desorption of

CO2 occurs from both the PMMA main chain and azo-

benzene moieties.

Figures 4 and 5 show Tiso, �Hiso and �Siso for

PEO272-b-PMA(Az)46 and PEO454-b-PMA(Az)47 re-

spectively obtained from transitiometric measure-

ments. Like PEO114-b-PMA(Az)40 both copolymers
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Fig. 2 Calorimetric signals of PEO114-b-PMA(Az)40 under CO2

pressures

Fig. 3 Plot of transition temperature (filled circles), enthalpy

(filled triangles) and entropy of the isotropic transition

(filled squares) of PEO114-b-PMA(Az)40 to the pressure

under CO2 pressure



show a single endothermic peak at the isotropic tran-

sition. The dependency of Tiso, �Hiso and �Siso on

pressure is similar to the one observed for

PEO114-b-PMA(Az)40. These results clearly indicate

that the degree of polymerization of the PEO domain

has no influence on the isotropic transition. Under at-

mospheric pressure, the isotropic transition also does

not depend on the degree of polymerization of the

PEO domain because the PEO domain is in melted

state and cannot limit the molecular motion of

PMA(Az) domain [28]. Since CO2 which has a good

solvent capability for PEO keeps the PEO domain in

melted state under pressure, the PEO chain length has

no influence on the isotropic transition.

Figure 6 shows the transitiometric signals for

PMA(Az)30 homopolymer. The single endothermic

peak corresponding to the isotropic transition is ob-

served at 390 K under 0.1 MPa. The peak is shifted to

lower temperatures with increasing pressure up to

30 MPa whereas it is shifted to higher temperatures

above 40 MPa. The behavior under CO2 pressure is

similar to what is observed with the PEO-b-PMA(Az)

copolymers. However, the endothermic peak under

10 MPa is broader than in the case of

PEO-b-PMA(Az) copolymer. Above 60 MPa, a broad

doublet peak is observed. It appears that PMA(Az)30

homopolymer needs longer times for reaching the

equilibrium state than PEO-b-PMA(Az) copolymers

under CO2 pressure because the PMA(Az) domain

has less affinity to CO2 than PEO. Remarkably, be-

tween 30 and 50 MPa the single endothermic peak

was observed. (It appears that the density of CO2

would be high enough to approach the equilibrium

state within this pressure range.) Figure 7 shows Tiso,

�Hiso and �Siso of PMA(Az)30 homopolymer. The

temperature decrease below 30 MPa is practically
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Fig. 5 Plot of transition temperature (filled circles), enthalpy

(filled triangles) and entropy of the isotropic transition

(filled squares) of PEO454-b-PMA(Az)47 to the pressure

under CO2 pressure
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Fig. 6 Calorimetric signals of PMA(Az)30 under CO2 pres-

sures

Fig. 7 Plot of transition temperature (filled circles), enthalpy

(filled triangles) and entropy of the isotropic transition

(filled squares) of PMA(Az)30 to the pressure under

CO2 pressure

Fig. 4 Plot of transition temperature (filled circles), enthalpy

(filled triangles) and entropy of the isotropic transition

(filled squares) of PEO272-b-PMA(Az)46 to the pressure

under CO2 pressure



similar to what is observed with PEO-b-PMA(Az) co-

polymers. These results support the idea that CO2 in-

teracts with PMA(Az) domain directly and that the

PEO domain acted as CO2 pathway to approach the

equilibrium state rapidly.

Conclusions

The effects of the CO2 pressures on the isotropic tran-

sition of PEO-b-PMA(Az) copolymers and PMA(Az)

homopolymer were investigated by scanning trans-

itiometery. Under CO2 pressure, the isotropic transi-

tion temperature decreases with the increase of pres-

sure up to 30 MPa when the plasticization effect is

predominant. Above 40 MPa, the isotropic transition

temperature increases with the increase of pressure

when the hydrostatic effect becomes dominant. The

transition entropy remains constant up to 15 MPa and

above 40 MPa jumps to a value 1.5 times larger than

under 0.1 MPa. This shows that the desorption of CO2

from PMMA main chain is in competition with the

absorption of CO2 into the azobenzene moieties be-

low 15 MPa, and that desorption of the CO2 from both

PMMA main chain and azobenzene moieties take

place at the isotropic transition above 40 MPa. The

degree of polymerization of PEO domain has no in-

fluence, on the isotropic transition because the PEO is

the melted state. Comparing with the result of

PMA(Az) homopolymer, the melting PEO acted as

CO2 pathway to approach the equilibrium state more

rapidly than the PMA(Az) homopolymer.
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