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Slovenia. 

Abstract The thermodynamic and structural properties of octylcyanobiphenyl 
(8CB) confined to the highly restrictive and randomly interconnected pores of Vy- 
cor glass were studied via AC calorimetry, DSC, and small angle neutron scatter- 
ing. The weakly first order nematic to isotropic phase transition is absent and 
replaced by a continuous evolution of local orientational ordering with decreasing 
temperature. The results are consistent with predictions from a model that treats the 
host media as a collection of noninteracting pore segments. The continuous 
smectic-A to nematic phase transition is also absent with no evidence of any smec- 
tic ordering. In addition, crystallization is replaced by a glass-like melting transition 
with indications of another melting transition at much lower temperatures. 

INTRODUCTION 

The study of confinement effects on liquid crystalline ordering continues to attract con- 

siderable interest from both fbndamental and applied points of view. Not only are con- 

fined liquid crystals at the heart of all display devices, but the effects of finite size and 

surface interactions on the numerous available phase transitions provide an enormously 

rich field of study. Research with different materials (helium, binary liquid mixtures, and 

liquid crystals among others) confined to porous structures which are randomly intercon- 

nected has recently become an area of great activity. Despite the topologically compli- 
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cated nature of the confining media, the complete randomness have lead to two 

theoretical approaches in understanding phase transitions and dynamics restricted to such 

substrates. These are generally based on either a "random-field" Ising (RFI) or a "single- 

pore" (SP) model. In the first, the system is modeled as an Ising collection of spins repre- 

senting the liquid crystal that is acted upon by a Hamiltonian of randomly oriented exter- 

nal fields representing the effect of the confining substrate Such an approach treats the 

surface, the source of the random interactions, as an externally applied field that does not 

limit the interactions among the spins (molecules). In reality, surfaces take up volume in 

the sample and thus limit the interactions between molecules comprising the ordered 

phase. In systems where the density of the confining substrate is sufficiently low (i.e. 

highly interconnected voids with solid "strings") the RFI model may apply. As the density 

increases, true pores form and the interaction and correlations between pore regions 

weakens. In the SP approach c6, the pores are treated as independent and the system be- 

comes a collection of noninteracting pore segments where the ordering is locally deter- 

mined. The randomness of the porous media is manifest in the distribution of size, shape, 

and surface interaction in the individual pores; the overall order is averaged over such a 

distribution. 

Recent work on liquid crystals confined to randomly interconnected porous sub- 

strates includes light scattering and calorimetry for 8CB confined to the silica gel matrix 

of aerogel '. There, the density of the silica is low and the structure is that of strings of 

silica imbedded in the liquid crystal. The nematic to isotropic transition, becoming nearly 

continuous and shifted to lower temperatures, was modeled by an RFI approach. X-ray 

studies on the same system found that the smectic ordering smoothly increases with de- 

creasing temperature. The experimentally determined correlation length at the smectic-A 

to nematic transition, 5 - 40 A, is much smaller that the mean void size, - 200 A. Crystal- 

lization was suppressed to -4 "C and consisting of single crystallites with no long range 

order within the aerogel '. However, the slow dynamics of nematic fluctuations within 

such porous media remains unexplained by an RFI approach '. Liquid crystals confined to 

a more dense media, i.e. more restrictive like Vycor glass, found no evidence of a nematic 

transition and instead observed a continuous increase of local orientational order with de- 

creasing temperature lo. The *H-NMR spectra and heat capacity behavior with tempera- 
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ture were successhlly explained by a SP model using a modified Landau-de Gennes 

approach to account for the local ordering/disordering within each pore, eventually aver- 

aged over a distribution of pores forming Vycor glass. 

In this work, we report studies for octylcyanobiphenyl (8CB) liquid crystal con- 

fined to the 70 A diameter pores of Vycor glass. By using AC and DS calorimetry, and 

small angle neutron scattering (SANS) ,  the thermodynamic and structural properties at 

the weakly first order nematic to isotropic (NI), the continuous smectic-A to nematic 

(AN), and the first order crystal to smectic-A (KA) phase transitions are explored. An ex- 

tremely broad, suppressed and shifted to lower temperature heat capacity bump is ob- 

served with both AC and DS calorimetry. In addition, with DSC, a sharp peak near 20 "C 

is observed on heating, having a large hysteresis on cooling, with a small latent heat. At 

even lower temperatures, a second, very broad, feature is observed with DSC, also hav- 

ing a large hysteresis and small latent heat, which may indicate the presence of another 

glass-like melting transition. In all calorimetric experiments, no evidence of a NI or AN 

transition is found. Curiously, a S A N S  peak characteristic of the Vycor glass is found to 

suddenly increase in intensity near 20 "C. Coupled with the DSC observations, this may 

be an indication of a transition where the liquid crystal molecules melt from a glassy state 

induced by the host substrate. 

EXPERIMENTAL DETAILS 

Vycor, a Corning trademark, is a high purity silicon-oxide glass made by a spinodal de- 

composition of SiO, and other oxides (mainly boric oxide). After cooling, these other ox- 

ides are leached away by an acid bath. The remaining SiO, forms a quasi-periodic 

interconnected arrangement of pore segments, - 70 A in diameter and - 300 A in length, 

with a 28 % porosity. Over the wide temperature range studied in this work, the glass is 

characterized by an extremely weak temperature dependence in both heat capacity and 

thermal expansivity. The samples are prepared by thoroughly cleaning the glass in a 30 % 

hydrogen-peroxide bath at 100 "C for 4 to 6 hours, then rinsed with distilled water several 

times before drying in a vacuum oven at 90 "C for 24 hours. The clean glass is then im- 

mersed in an isotropic bath of 8CB (at - 47 "C) for 24 hours, the excess liquid crystal is 
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164 130.11 G.S.  IANNACCHIONE ET AL. 

removed by pressing the glass between sheets of highly absorbent Whatman filter paper. 

Mass measurements before and after this process indicate that complete filling of the pore 

network was achieved. The 8CB used throughout this study has been deuterated in the 

first carbon position of the alkyl chain (a position) and purified to better than 99.9 %. 

This liquid crystal has three phase transitions, a first order KA at - 21 "C, a continuous 

AN at 33.5 "C, and a weakly first order NI at 40.5 "C with latent heats of Z, = 97.1 J/g, 

ZAN = 0.00137 J/g, and ZNI = 2.1 J/g respectively ' I .  

High resolution heat capacity measurements were performed using AC calorimetry. 

It consists of applying heat sinusoidally to a sample and measuring the amplitude of the 

resulting thermal oscillations which are inversely proportional to its heat capacity. The 

amplitude of the temperature oscillations was typically 2 mK with data taken at discrete 

temperature steps spaced by 20 mK; the average temperature was controlled to better 

than 100 pK. Details of our implementation of this technique can be found elsewhere 12. 

The sample consisted of a 18.6 mg glass chip containing 2.9 mg of 8CB. Measurements 

were also performed on the empty Vycor glass which, along with the rest of the adden- 

dum heat capacity, was subtracted from measurements made with the filled sample. 

Differential scanning calorimetry was performed using a Perkin-Elmer DSC 7. Two 

equal mass (= 15 mg) Vycor glass pieces were shaped to fit snugly into the aluminum 

pans of the DSC. One was left empty and used in the reference cell while the second was 

filled with 8CB (- 2.5 mg) and placed in the sample cell. In such an arrangement, the 

glass contribution is directly subtracted from the thermal scans. After slowly cycling the 

sample over the temperature range of interest, -25 to 50 "C, then waiting one hour at the 

starting temperature, two sets of heating and cooling scans were performed at 5 "C/min 

and 10 "C/min rates. Because of the small mass of 8CB, slower scanning rates resulted in 

a severe reduction of signal to noise. 

Small angle neutron scattering ( S A N S )  measurements were performed at the In- 

tense Pulsed Neutron Source (IPNS) facility of the Argonne National Laboratory. The 

sample consisted of a 40 x 9 x 1.5 mm slab of cleaned Vycor glass containing 0.144 g of 

deuterated 8CB which was then sealed in a quartz holder. The scattering intensity, S(q) ,  

as a hnction of momentum transfer q at 20, 22, 22.4, and 24.5 "C were recorded. Tem- 

perature control was achieved using a single stage oven with - 0.1 "C stability, 
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ORDER IN RESTRICTIVE POROUS GLASS [ 13051117 

RESULTS AND DISCUSSION 

The AC heat capacity measurements on 8CB confined to Vycor are presented in Figure 1 .  

Over a temperature range bracketing the bulk AN and M transitions, no evidence of any 

phase transition is found, however, the heat capacity exhibits a stronger temperature de- 

pendence than bulk near and above TNI. This may be due to some additional background 

contribution induced by the confining substrate. M e r  subtraction of the high temperature 

heat capacity behavior extrapolated to lower temperatures, a broad and very suppressed 

bump, centered several degrees below the bulk AN transition, is seen. 

6.0 

5 .5  

5.0 

g 4.5 
E v 

0.4 

0.2 

0.0 

I I :  : 
I 

I 

27 30 33 36 39 42 
T (“(3 

FIGURE 1 Heat capacity as a hnction of temperature bracketing the AN and NI 
phase transition indicated by the vertical dashed lines. a) C, of 8CB confined to Vy- 
cor showing the temperature dependence near and above T,. b) AC, after subtrac- 
tion of the high temperature behavior given by the solid line in a). 

Similar behavior was previously found for 5CB and 7CB (liquid crystals with only a 

nematic phase) confined to Vycor, and is interpreted as a continuous evolution of local 

orientational order which increases with decreasing temperature lo. Since no evidence for 

the AN transition is found, it is concluded that smectic ordering is highly suppressed or 

completely absent. Considering the smectic layer spacing for 8CB is - 30 4 it is not sur- 

prising that smectic ordering would be absent within 70 A size pores. Under confinement 
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conditions, and likely due to severe elastic distortions, the smectic ordering is at most 

short ranged 15. 

The orientational ordering can be understood by modeling this system using a SP 

approach given that the length to width ratio is Vd - 4. Assuming that the director within 

each pore is along the long axis of the pore, homogeneous alignment, and that the 

orientational order can be described by a scalar order parameter, Q, averaged over the 

pore, then, the free energy for a single pore can be written as, 

wheref,, a, T*, b, and c are known phenomenological parameters. The last two terms 

represent the confinement-induced disorder and order respectively. The minimization of 

Eq. (1) yields the temperature dependence of Q. Such a fiee energy has been employed 

for less restrictive confined systems to model surface interactions 1 3 .  

The hQ2 term is the disordering effects of the topology-induced deformations re- 

sulting from the randomly interconnected pore network structure. As such, h should vary 

from pore to pore and can be approximated by, h - L/R2, where L is the Landau-de 

Gennes expansion coefficient for all terms having derivatives of Q in second order and R 

is an effective radius of curvature. The -gQ term represents ordering effects of the surface 

interaction and should only depend on the surface anchoring strength, thus a constant 

over the porous network. The coefficient g can be estimated by g = W/(RS,,) where W 

is the surface anchoring strength and S,,, the bulk nematic order parameter. 

The randomness of the porous media is introduced by a Gaussian distribution, 

o(h), characterized by an average h, and width 0, of the disordering coefficient arising 

from a distribution of effective radii of curvature. Once Q is known for a given h, it is 

then averaged over the distribution yielding the average orientational order, <Q>, of the 

system. From 'H-NMR measurements on deuterated 5CB in Vycor I", the linewidth of the 

single, broad, absorption peak is a direct measure of <Q>. Given phenomenological pa- 

rameters for 5CB and the surface anchoring strength of 5CB on SiO, (W = lo4 J/m*), fits 

of <Q> using Eq. (1) yield h, and o, the only adjustable parameters. Once the <Q> tem- 

perature dependence is known, the excess heat capacity due to the orientational ordering 
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can be calculated from l4 

[ 13071119 

where V is the open volume of the pore network. The model predicted ACp is shown in 

Figure 2 and is in excellent agreement with the measured excess heat capacity lo  and 

closely resembles the observed heat capacity of 8CB in Vycor. 

N I I  

0.8 

z 
a 

0.4 

0.0 
6 0  -50 -40 -30 -20 -10 0 10 20 

T-TNI(K) 

FIGURE 2 Theoretical excess heat capacity, ACp, due to orientational ordering for 
5CB confined to Vycor glass. 

DSC measurements also show a broad and suppressed bump centered below the 

bulk T,,, in both heating and cooling scans, with a hysteresis of - 4 "C at a scanning rate 

of 5 "C/min. See Figure 3 .  The hysteresis of this bump increases to only - 5 "C when the 

scanning rate doubles to 10 "C/min. Its area, - 3 J/g, compares well with the latent heat of 

the bulk NI transition of 2.1 J/g. The latent heat results combined with the lack of a sharp 

heat capacity feature supports the view that the weakly first order NI transition has be- 

come a glass-like transition which involves the freezing of the orientational order within 

the pore network. 

The DSC measurements, extending to -25 "C, also found a sharp feature near the 

bulk KA transition upon heating, but is supercooled by 28 "C upon cooling, having an 

area of - 1.5 J/g. At lower temperatures, near 0 "C on heating, another, very broad fea- 

ture is observed, also showing large hysteresis effects, - 21 "C, with an area of - 10.5 J/g. 
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Y 
cd 

x" 
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I l l , l I l I I I I I ~ I  

-20 -10 0 10 20 30 40 50 

T ("C) 

FIGURE 3 DSC curves of 8CB confined to Vycor glass at 5 "C/min. The upper 
trace is a heating scan while the lower trace is a cooling scan and the vertical 
dashed lines indicate the bulk transitions. Note the broad bump below T, also seen 
by AC calorimetry. 

Despite the small sample size and the fact that DSC measurements generally overestimate 

the true latent heat, both features have a latent heat at least an order of magnitude smaller 

than that of the bulk crystallization (97.1 J/g). Combining the large hysteresis effects and 

the small latent heats, these two features probably reflect melting transitions where the 

liquid crystal, in some glassy state, unbinds from the confining substrate in two stages. Al- 

though first order crystallization transitions under confinement are known to be greatly 

suppressed 16, here, the highly restrictive confinement appears to convert the KA transi- 

tion into one, possibly two, solid-glass transitions. Evidently, studies that probe the liquid 

crystal structure at these temperatures are needed. 

S A N S  measurements, which took place prior to the DSC work, were performed at 

a few temperatures just below and above the bulk KA transition in order to probe the 

structural properties of the confined liquid crystal. Figure 4 shows the scattering intensity, 

S(q) ,  as a fbnction of momentum transfer q from 0.003 to 0.35 at 20, 22, 22.4, and 

24.5 "C. A broad peak is observed at all temperatures at q = 0.01765 A-1, which corre- 
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h 

e x 

I 
356 8, 

a 22.4 
v 24.5 

31.7 8, 1 

0.01 0.10 
4 @-’I 

FIGURE 4 S A N S  data plotted as a hnction of q on a log-log scale for the four 
temperatures studied. Note that the 22, 22.4, and 24.5 “C, the scans overlay each 
other perfectly. At 20 “C, just below the bulk KA transition, the intensity is larger 
for all q. Solid line is an average for the three highest temperature scans and the ar- 
rows indicate dimensions for the Vycor glass peak maximum (356 A) and the ex- 
pected smectic layer spacing (3 1.7 A) of bulk 8CB. 

sponds to a spacing of d = 27114 = 356 .& is well known to be characteristic of the quasi- 

periodic pore-solid structure of Vycor glass ”. No indication of smectic ordering, ex- 

pected to occur at q = 0.198 k’ (d = 3 1.7 .& the expected 8CB smectic layer spacing) ’*, 
or crystal features which should appear in the range of 0.48 < q < 1.4 A-’ (not shown in 

Figure 4) are found. 

For the three highest temperatures, the scattering data nicely overlaps, however, at 

20 “C, in the immediate vicinity of the sharp peak observed by DSC, there is an increase 

in S ( q )  at all q. Given the narrow temperature range, such a change is entirely due to the 

imbedded liquid crystal and is interpreted as an increase in the density of the deuterated 

liquid crystal within the pore structure. Since no crystal features were observed and the 

latent heat is small, this increase in density is due to a glassy transition occurring near the 

bulk KA transition where the orientationally frozen nematic-like 8CB freezes into a glass- 

like amorphous solid mimicking the Vycor glass. 
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CONCLUSIONS 

We have undertaken a detailed study of 8CB confined to Vycor glass using AC and DS 

calorimetry, and S A N S  techniques, which explored the thermodynamic and structural 

properties of the three ordered phases: nematic, smectic-A, and crystal. No evidence of a 

NI, AN or KA transition is found. A broad and suppressed bump centered at - 31 "C is 

observed by both AC and DS calorimetry which indicates a continuous evolution of local 

orientational order with decreasing temperature. This behavior is understood in terms of a 

"single-pore" model developed to explain the behavior of nematics confined to highly re- 

strictive and randomly interconnected porous media ''. SANS results finds that no smec- 

tic nor crystal order occurs down to 20 "C. Instead, at this temperature there is an 

increase in scattering intensity at all q indicating an increase in density of liquid crystal 

molecules within the pores. At nearly the same temperature, DSC scans show a hysteretic 

sharp feature having a small latent heat. We speculate that a glass-like transition takes 

place where the liquid crystal goes from an orientationally frozen state to a translationally 

frozen state with a structure that mimics that of the amorphous solid (Vycor glass). A 

possible second glass-like transition occurs near 0 "C. 

Further work is needed to better characterize the structure of the liquid crystal sol- 

id phase by extending the SANS experiments to lower temperature and higher q. Mea- 

surements by 'H-NMR would shed light onto the orientational ordering and relaxation 

dynamics. Light scattering experiments would also be usehl in relaxation dynamics stu- 

dies as well as providing structural information characterizing the glassy state near and 

below the bulk KA transition. 
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