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Cedex, France

Received 26 January 2004; received in revised form 14 June 2004; accepted 16 July 2004

Abstract

Blends of the nematic liquid crystal E7 and poly(methylphenylsiloxane) (PMPS) with molecular weight 120,000 g/mol are investigated by

high performance liquid chromatography (HPLC) measurements. This study was prompted by observations made recently while analyzing

the phase behavior of poly(siloxane)/E7 and poly(acrylate)/E7 systems. A remarkable increase of the nematic to isotropic transition

temperature TNI was found when polymer was added to the liquid crystal. Surprisingly, the increase of TNI was enhanced with the polymer

concentration up to 80 wt%, where it reached its highest value. This behavior could be interpreted by invoking a preferential solvation of the

constituents of E7 towards the polymer. The present investigation provides an evidence of this phenomenon using HPLC data.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The mixture of liquid crystals (LC) commonly known as

E7 is made of four cyano substituted polyphenyls at a given

composition [1,2]. E7 is an eutectic mixture that is widely

used in polymer dispersed liquid crystal (PDLC) materials

working in normal mode conditions because it offers a wide

range of operating temperatures for applications in display

devices, privacy windows, optical shutters etc. [3–6].

Indeed, E7 exhibits a single nematic to isotropic (NI)

transition at nearly TNIZ61 8C and no other transitions

between C61 and K62 8C, where it shows a glass transition

Tg. In the majority of cases reported in the literature by us [7,

8] and other groups [9,10], these transition temperatures are

hardly modified in the presence of a polymer. There are,

however, some exceptions which remain to be elucidated
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involving a phase separation of the constituents of the multi-

component mixture E7 in the presence of certain polymers

[1,11–13]. A possible interpretation of this phase separation

is given by the preferential solvation of the constituents of

E7 towards the polymer under certain conditions. The

purpose of the present paper is to give evidence of this

phenomenon for the poly(methylphenylsiloxane) (PMPS)/

E7 system.

Several investigations were reported in the literature

leading to the observation of compositional fractionation

of E7. To the best of our knowledge, Nolan et al. [1]

were the first to make the observation of a preferential

solvation of the components of E7 in the UV-cured

40 wt% NOA65/60 wt% E7 system. The analysis of the

LC composition inside the droplets by gas chromato-

graphy showed important deviations compared to the

original composition of E7 due to the presence of

different interactions between each of the LC and the

polymer. Indeed, the percentage of 4-cyano-4 0-n-pentyl-

biphenyl (5CB) drops by several percent (6%) while that of
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Fig. 1. Experimental phase diagram of PMPS (MwZ60,000 g/mol)/E7

system (see Ref. [13]). Filled squares represent the transition temperatures

from the nematicCisotropic to the isotropicCisotropic regions, whereas

open squares stand for the transition temperatures from isotropicCisotropic

to isotropic phases. The dotted line displays the nematic—isotropic

transition temperature of pure E7.
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4-cyano-4 0-n-heptyl-biphenyl (7CB), 4-cyano-4 0-n-oxyoc-

tyl-biphenyl (8OCB), and 4-cyano-4 00-n-pentyl-p-terphenyl

(5CT) increases significantly. The immediate consequence

of these compositional changes was a shift in the NI

transition temperature which is found to increase from 61 to

65.6 8C. This effect can be explained by the growing

percentage of 8OCB and in particular 5CT in the droplets,

compared to the two other LC. Recall that pure 5CT shows a

high NI transition temperature TNIZ240 8C explaining the

increase of TNI of the LC droplets if preferential solvation

takes place (see Table 1). Even a small compositional

change of E7 involving 5CT leads therefore to a pronounced

effect on TNI which can be easily detected experimentally by

polarized optical microscopy (POM), differential scanning

calorimetry, and light scattering (LS) measurements.

Nwabunma and Kyu [11] investigated the phase diagram

of uncured NOA 65 and eutectic mixture of LCs E44 similar

to E7, and compared the results with those involving the

single component K21 (or 7CB) [14,15]. The analysis of the

morphology by POM and static LS revealed a bimodal size

distribution of LC droplets in the E44 case, whereas these

authors reported a single size distribution for the K21

system. It was assumed that such observations could be

explained by a selective solvation of the components of E44

towards the polymer. In this case, one might expect the

existence of a nematic phase above the NI transition

temperature of the uncured NOA65/E44 system as it was

found in PBA/E7 and PMPS/E7. The phase diagram

reported in Ref. [11] gives data describing the cloud point

curve but no analysis of the (NCI2)/(I1CI2) nematic—

isotropic transition was presented.

Bouchaour et al. [12] performed a study of the phase

behavior and morphology of a poly(n-butylacrylate) (PBA)/

E7 system covering a wide range of temperature and

composition. They observed the existence of a nematicC
isotropic phase at temperatures higher than the NI transition

temperature TNI of pure E7 upon adding polymer to bulk LC

as shown in Fig. 1 of Ref. [12]. The increase of TNI versus

polymer concentration subsists practically through a LC

concentration as low as 40 wt%, where a NI transition

temperature 10 8C higher than TNI of pure E7 was found. In
Table 1

Description of the low molecular weight LC compounds included in the

nematic mixture E7

Liquid crystal Liquid crystal (short

name)

TNI [8C]

Nematic LC mixture E7 61

4-Cyano-40-n-pentyl-

biphenyl

5CB 35.3

4-Cyano-40-n-heptyl-

biphenyl

7CB 42.8

4-Cyano-40-n-oxyoctyl-

biphenyl

8OCB 80

4-Cyano-400-n-pentyl-p-

terphenyl

5CT 240
particular, analysis of the experimental results within the

theoretical models of Flory–Huggins for isotropic mixing

combined with the Maier–Saupe theory for nematic

ordering did not yield consistent results. The observed

phenomenon was explained by the occurrence of a

preferential solvation of some of the constituents of E7 in

the polymer but only recently evidence could be obtained

experimentally by performing high performance liquid

chromatography (HPLC) measurements [16].

Gogibus et al. [13,17,18] reported an investigation of the

morphology and phase behavior of various linear poly

(siloxane) and low molecular weight LC systems. In

particular, they considered systems involving the polymers

poly(dimethylsiloxane) (PDMS) [17,18] and PMPS [13],

and the LCs 5CB and E7. Trends similar to those of the

PBA/E7 system were also observed on the PMPS/E7 system

as presented in Fig. 1 which shows the phase diagram of this

system, where the polymer exhibits a molecular mass of

60,000 g/mol. This phase diagram shows clearly three

different regions including a nematicCisotropic and an

isotropicCisotropic biphasic region, and a wide region

exhibiting a single isotropic phase. The isotropic polymer

and the LC are not miscible at low temperatures. The filled

squares in Fig. 1 represent the transition temperatures from

the nematicCisotropic to the isotropicCisotropic region.

Using optical microscopy, it was possible to observe the

transition temperatures from the isotropicCisotropic region

to the single isotropic phase shown by open squares. Above

this temperature only one isotropic phase does exist.

Fig. 1 shows that the transition temperatures from the

nematicCisotropic to the isotropicCisotropic region devi-

ate from the NI transition temperature of the pure LC. A first

slow and than nearly exponential increase was observed by

increasing the concentration of PMPS. This effect is much

more pronounced than in the case of the PBA/E7 system. An

increase of nearly 20 8C was found in the presence of
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80 wt% PMPS which was attributed to the preferential

solvation of E7 but no evidence of this phenomenon was

given so far for poly(siloxane) systems. However, corre-

sponding phase diagrams of PMPS/5CB systems do not

show such a behaviour, although the PMPS was character-

ized by the same molecular weight [13]. Indeed, the NI

transition temperature was found to remain constant at

35 8C throughout the whole phase diagram. These findings

indicate the absence of other phenomena than the nature of

the LC used.

In the present work, we report a chromatographic

analysis of the composition of the LC inside droplets of a

PMPS/E7 system to validate the hypothesis of preferential

solvation of E7 invoked in Ref. [13] from the phase

behavior of this polymer/LC system.
2. Experimental section

2.1. Materials

The low molecular weight LC E7 as well as the single

compounds 4-cyano-4 0-n-pentyl-biphenyl (5CB), 4-cyano-

4 0-n-heptyl-biphenyl (7CB), 4-cyano-4 0-n-oxyoctyl-biphe-

nyl (8OCB), and 4-cyano-4 00-n-pentyl-p-terphenyl (5CT)

were purchased from Merck KGaA, Darmstadt (Germany).

E7 is an eutectic mixture containing 51 wt% of 5CB,

25 wt% of 7CB, 16 wt% of 8OCB, and 8 wt% of 5CT (see

Table 1). In spite of its multicomponent nature, E7 exhibits

a single nematic-isotropic transition temperature TNIZ
61 8C and a glass transition temperature at TgZK62 8C.

The PMPS was prepared by anionic living polymeriz-

ation using n-butyllithium as initiating species and

trimethylchlorosilane as end-capper. The obtained product

was purified and characterized by gel permeation chroma-

tography using a PMPS calibration curve. The molecular

weight was MwZ120,000 g/mol and the degree of poly-

dispersity (Mw/Mn)Z1.3.

2.2. Sample preparation

Sample preparation was made by solvent induced phase

separation. The polymer and LC were dissolved in a

common organic solvent (tetrahydrofuran, THF) at 30 wt%

and room temperature. The resulting mixture was stirred

mechanically overnight and a small quantity was cast on a

clean glass slide. The samples were completely dried at

room temperature for several days. After total evaporation

of the THF, large size distributions of the LC droplets were

found, spanning the range from micrometers to millimeters

depending on the blend composition. Extraction of the LC

from the droplets for HPLC measurements was made using

a 25 ml syringe under an optical microscope. In fact samples

used for this operation exhibited at room temperature large

phase separated domains that could be seen even with the

naked eye.
2.3. HPLC characterization

HPLC analysis was carried out using a Waters 510 model

equipped with an UV-detector model 481. A standard

Versapack C18m column from Alltech was employed with a

flow of 1 ml/min. A mixture consisting of 25% water and

75% methanol (both HPLC grade solvents) was used in the

isocratic operation mode. Chromatograms were obtained at

a wavelength of 315 nm because the absorption band of the

aromatic groups of the LCs is located near this wavelength.

The extracted LC as mentioned above was diluted in THF to

recover the corresponding concentration.
3. Results and discussion

Prior to the analysis of the content of the LC droplets of

PMPS/LC samples, extensive work was performed to

calibrate the results obtained from HPLC measurements.

In this calibration, standards were prepared in the laboratory

by mixing pure 5CB, 7CB, 8OCB and 5CT in a wide range

of composition to determine the relationship between the

obtained peak areas or heights and the corresponding

concentration of each LC. Samples were also prepared in

various concentrations from the different single components

allowing to identify clearly all four LC, depending on their

retention times. The following order of appearance was

found as a function of retention time: 5CB, 7CB, 8OCB, and

5CT. This order can be explained by the decreasing affinity

of these LC with the column material under the given

experimental conditions.

Linear dependencies between the peak areas and the LC

concentration were found in all four cases studied here

which makes data analysis a rather easy task. Fig. 2(a)–(d)

show the calibration curves used to evaluate the concen-

tration of the four components of the LC from correspond-

ing peak areas of the chromatograms. In practice, peak areas

were analyzed by weight using each time high quality white

paper from the same company. Data evaluation was also

performed by taking into account peak heights but the

evaluation of peak areas was chosen here since the latter

yields more reproductible results. The experiments were

rather sensitive to slight variations of the temperature which

might lead to enlargement of the peaks, becoming broader

and less intense. Peak area calculations were therefore

preferred and allowed furthermore to perform deconvolu-

tion of adjacent peaks as it was necessary to separate 7CB

and 8OCB.

The chromatogram (a) in Fig. 3 corresponds to pure E7

which is shown here to confirm the composition of the bulk

LC used in these experiments and to make a direct

comparison with the samples corresponding to the presence

of polymer at a finite concentration. Starting from the

composition of the four LC of E7, the self-prepared E7

yielded exactly the same peak areas and heights as the E7



Fig. 2. Calibration curves in terms of the HPLC peak area weights for a large range of LC concentrations. (a) 5CB; (b) 7CB; (c) 8OCB; (d) 5CT. Straight lines

were obtained by linear regression analysis.
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purchased from Merck thus confirming the composition

mentioned in the experimental part and in Table 2.

Fig. 3(b) shows the compositional changes of the LC as a

result of the preferential affinity of 5CB and 7CB towards

the polymer. The chromatogram presented in this figure was

obtained from a 50 wt% E7/50 wt% PMPS sample showing

clearly the increase of the peak areas and heights of 8OCB

and 5CT and a slight decrease of the two other LC,

compared to E7.

One has to keep in mind that the areas of the four LCs

correspond to quite different quantities of the LC, i.e. the

5CT peak area is much more important than that of 5CB but

the concentration of 5CT in E7 is more than 6 times lower

than that of 5CB. The same general situation apply for the

comparison of 5CB with 8OCB. This means that already a
Fig. 3. HPLC chromatograms from the pure E7 mixture, curve (a), and from

a blend of 50 wt% E7/50 wt% PMPS, curve (b).
small diminution of the peak area of 5CB corresponds to a

considerable amount of this LC soluble in the polymer since

5CB represents the major constituent of E7.

On the other hand, peak area changes are very sensitive

to even small variations of 8OCB and 5CT concentrations in

the droplets, whereas the peak areas of 7CB are generally

too small to allow accurate analysis.

Table 2 gives the composition of LC in the bulk and

inside droplets for films corresponding to 20 and 60 wt%

PMPS. The last column on the right hand side of this table

summarizes the tendencies by giving the direction and

percentage of changes of the four cyano substituted

polyphenyls at this polymer concentration. 5CB is practi-

cally the only component whose concentration decreases in

the droplets meaning that it prefers to remain dissolved in

the polymer due to its higher affinity compared to the other

components. The percentage is somewhat low but since

5CB is the major constituent of E7, this corresponds to a

significant amount of LC remaining in the vicinity of the

polymer. On the other hand, although the concentration of

5CT in the droplets undergoes an increase of 34%, since the

original concentration is low, the additional amount of 5CT

resulting from its low affinity with the polymer is relatively

small.



Table 2

Composition of bulk E7 and of polymer/E7 samples with 20 and 60 wt% PMPS as well as the changes of the latter composition compared to pure E7, expressed

in percentages of the corresponding LC

LC constituents Composition of LC

in E7 [wt%]

LC content in blend

with 20 wt% PMPS

[wt%]

LC content in blend

with 60 wt% PMPS

[wt%]

Variation of the LC content compared to pure E7 [%]

(sample with 60 wt% PMPS)

5CB 51 50.1 48.5 K4.9

7CB 25 24.9 23.6 K5.6

8OCB 16 16.2 17.2 C7.5

5CT 8 8.8 10.7 C33.8
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Variations of the concentration of each component of

E7 in terms of the polymer concentration are displayed

in Fig. 4(a)–(d) to show how the affinity of this LC

evolves with the polymer concentration. Symbols rep-

resent averaged values of at least 5 data for each point

and the solid lines are guides for the eyes. Linear

relationships between LC concentration in the droplets

and PMPS composition were found in all four cases

reported here. As expected, the concentration of 5CB

decreases with increasing PMPS content, whereas that of

7CB decreases only slightly which means that 7CB does

not exhibit a preferential solvation with the polymer. The

concentrations of 8OCB and 5CT in the droplets increase

by adding PMPS to pure E7 as shown in Fig. 4(c) and
Fig. 4. Variation of the concentration of the constituents of E7 as a function of the P

(c) 8OCB, (d) 5CT. Each data point corresponds to an average of at least 5 indiv
(d). Experimental evidence is thus given for the

phenomenon of preferential solubility.
4. Conclusions

A HPLC investigation of the PMPS/E7 system enabled

us to determine the LC composition of droplets in terms of

the polymer concentration. This composition shifts clearly

from that of bulk LC and the shift is enhanced as the

polymer concentration increases through 80% by weight.

The content of 5CB and 7CB in the droplets decreases by

roughly 5% in both cases, which is rather significant

knowing that these LCs are the major components of E7.
MPS concentration obtained from HPLC chromatograms (a) 5CB, (b) 7CB,

idually determined values.
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The other compositions increase from 7.5% (8OCB) to 34%

(5CT). These results are consistent with the observations

made recently on similar and other systems investigating the

phase behavior of PDLC systems involving the mixture of

low molecular weight LC E7. The present study validates

the hypothesis of preferential solvation of constituents of

this LC towards the polymer invoked to justify the increase

of the NI transition temperature observed in the phase

diagram.
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