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Critical behavior at the smectic-A to nematic transition confined to a random network
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The smecticA to nematic'Sm-A—N) transition was studied confined to the randomly interconnected voids of
Millipore filters via a high resolution calorimetry. The heat capacity peaks evolve from sharp and prominent to
broad and small depending on void size. The random confinement drives the heat capacity critical exponent
from the bulk value towards zero, indicating a confinement-induced decoupling of smectic and nematic order
parameters.S1063-651X96)50605-1

PACS numbg(s): 64.70.Md, 61.30-v, 65.20:+w, 82.60.Fa

There continues to be a great deal of research in finite-size Millipore filters [16] are composed of pure biologically
effects in the behavior of fluids imbedded in connected poinert mixtures of cellulose acetate and cellulose nitrate. The
rous networks. The superfluid to normal transition #fle  manufacturer’s quotethomina) void sizes used were 0.025,
[1] and the phase separation in binary liquid mixtUrgsare  0.05, 0.1, 0.22, 0.8, and dm, which most likely represent
altered and new phenomena arise when they are confined the shortest length scale of the filters. From our scanning
porous media of random geometry. Confined liquid crystaklectron microscopySEM) studies, the actual average void
(LC) studies[3] are of growing interest as they possess sevsize ranges from 0.2 to 7,/am, with a wide void size distri-
eral experimentally accessible phase transitions which allowution for each filter. ac calorimetfyi 7] was performed on
to test the confinement influence on smectic formation, consamples made of a Millipore squa(@x6 mn?, ~130 um
figurational transitions, orientational order, and effects on théhick) filled with 2 to 4.5 mg of LC depending on the void
critical behavior, studies that have attracted theoretical efsize.
forts [4]. The phase transitions, extensively studied in the Heat capacity results for bulk 8CB and 9CB from the
bulk, involve different types of ordering, for instance orien- same LC batches used in the confinement studies, see Table
tational and translational. The bulk LC smectide nematic |, are consistent with those in the literatie-9]. In Fig. 1
(Sm-A-N) transition[5] is believed to belong to the three we plot the excess S-N specific heatACp, for bulk and
dimensional (3D) XY universality class(a=—0.007 and six confined 8CB samples, after subtraction of the low tem-
dominated by the strength of the coupling between the neperature wing of their respective nematic-isotroghd-1)
matic orientational order parameter and the order parametdransition. The confined g, o_n (Table )), are shifted down
for the one-dimensional layered structure of the smektic- from bulk, yet, no regular trend versus void sipe porosity
(Sm-A) phas€6]. exists. Elastic constraints rather than finite-size effects domi-

Two members of the alkylcyanobiphenyiCB (n the  nate the observed behavidr3,14. Interestingly, there is no
number of carbons in the alkyl chaihC series, 8CB and significant change in the NR for either LC under all Milli-
9CB, exhibit the SmA-N transition. In bulk 8CB(nematic  pore confinements.
range NR=7.1 K), due to the coupling between smectic and At first, the transition peaks are sharp, but, with decreas-
nematic order parameters and director fluctuations, the Sning void size, they become broad, round and small. The di-
A—N transition deviates from 3IXY universality to a non- vergent nature is lost starting with the Quin sample. This is
universal crossover value between XY and tricritical be-  quantified by the FWHMfull width at half maximum of the
havior with an effective heat capacity critical exponent specific heat peak which increases from bulk to the 0.025
ranging between 0.26 and 0.74,7,8. Because of the stron- um sample, as listed in Table I. Normalizing by the bulk
ger coupling arising from its narrower NR=1.9 K), the  value[the ratio of FWHM to FWHMbulk)] with decreasing
Sm-A-N transition for bulk 9CB is located at the tricritical void size the ratios are 1, 2.3, 2.7, 5.2, 11.3, 11.7, 17.8. A
point (&=0.5) [9]. With increasing NRq decreases from the drastic increase takes place between the 0.22 angutl
tricritical value =0.5 to a~0 (n S5 andnCB are two such samples.
caseq5)). The effects of the Millipore confinement is also reflected

The 8CB SmA-N transition has been studied confined toin the SmA-N transition enthalpy, calculated from
Anopore[8], silica Aerogel[10-14, and Vycor glas§15]; AHgna_n=/ACpdT over aTgnma_n*3 K range; listed in
the transition was either nonexistent or highly suppressedlable I,AHg,A_n decreases with void size. As seen in Fig.
Here, we report heat capacity measurements for 8CB ang, in Millipore, the pretransitional region is suppressed with
9CB confined to the randomly interconnected voids of Mil-respect to bulk, i.e.ACp approaches zero at a temperature
lipore filters, as a function of void size. The &N heat closer to itsTgy,.a_n than bulk. The enthalpy decrease is not
capacity peak is prominent and allows to determine the criticonsistent with a reduction of the bulk peak due to the sup-
cal exponentr as a function of confining size. Depending on pression of smectié long range order as the correlation
void size and LC nematic range, the confinement stronglyength saturatefl3,14]. This is stressed in the inset to Fig. 2
affects @ and the SmA—N transition enthalpy. Significant where we plot the enthalpy difference from bulk, scaled by
changes take place at an LC dependent “critical size.” the bulk value[18] for Millipore, Aerogel[13], and finite-
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TABLE I. Sm-A-N transition parameters for bulk and Millipore confined 8CB and 9CB.

8CB aCB
Tsma-n (K) AHgma-n (J/9 FWHM (mK) Tsma-n (K) AHgpa-n (J/Q FWHM (mK)

Bulk 306.95 0.94:0.05 4410 321.21 1.26:0.09 38+5

5 um 306.84 0.69-0.05 103:13

0.8 um 306.85 0.650.05 119+13 320.76 1.#0.05 506
0.22 um 306.83 0.620.05 22723 320.53 1.1%0.05 696
0.1 um 306.69 0.56:0.05 49737

0.05um 306.71 0.440.05 516-31 320.98 1.20.05 =7
0.025um 306.18 0.340.05 78186 320.81 0.8&0.05 23110

size-limited correlation length. Under confinement, and moresamples. For the 0.02eBm sample there is a 30% decrease
so in Millipore, the enthalpy is substantially suppressed asrom the bulk value.
compared to finite size effects expectations. Combining these results with deuterium NMR studies in

The 9CB studies shown in Fig. 3 were performed on bulkconfined systems that prove the existence of an orientation-
and four Millipore sizes: 0.8, 0.22, 0.05, and 0.02%. The  ally ordered layer to temperatures deep in the isotropic phase
heat capacity peaks retain a divergent nature except for tH&], the decrease of enthalpy with decreasing void size can be
smallest void size. The FWHM increases with decreasinginderstood in terms of a pinning modé&]. In smaller void
void size and the ratios with the respect to bulk are as folsizes, a larger fraction of LC molecules are in direct contact
lows: 1, 1.3, 1.8, 1.9, and 6.1, a slower increase rate than iwith the confining substrate. The pinned material does not
8CB with a similar drastic increase but now between the 0.0%articipate in the Sm—N transition at the same temperature
and 0.025um samples. The transition enthalpy also exhibitsas molecules farther away from the surface; the transition is
a weaker void size dependence. Determined over a narrowepnsequently broad and suppressed as compared to bulk. Un-
temperature rang&gna_n+1.1 K due to 9CB’s narrower der extreme confinement, most molecules are pinned at the
NR, AHgma_n iS Nearly constant with an average value of surfaces and the transition is replaced by a continuous evo-
1.18+0.12 J/g for bulk and confined to the three largestlution of local order as fonCB in Vycor glasg3,15].

The critical behavior is determined by fitting the excess
specific heat data of Figs. 1 and 3 to a power law in reduced
temperature including a correction-to-scaling t¢&yil9):
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of four of the samples are shown. Inset: enthalpy change of con-
FIG. 1. Excess Sm—N specific heat of bulk and Millipore fined sampleSAH¢) with respect to bulk AHg) vs void size.
confined 8CB against reduced temperature. Data for bulk, 5, 0.8lillipore (®) and Aerogel(O) results from[10] are included.
0.22, 0.10, and 0.0@m samplegupper to lower curvesare shifted  Dashed line is the expected enthalpy due to a pure finite-size effect
up by 1.5, 1.0, 0.6, 0.4, and 0.2 J/g K, respectively. The 0025 that truncates the heat capacity peak when the correlation length
data(lowest curve are unshifted. equals the nominal void size.
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FIG. 3. Excess Smi—N specific heat of bulk and Millipore

confined 9CB against reduced temperature. Data for bulk, 0.8, 0.22, The bulk SmA—

and 0.05um samplegupper to lower curveésare shifted up by 7, 5,
3, and 1 J/g K, respectively. The 0.025n data(lowest curve are
unshifted.

A
ACp=Bc+Lt+—I[t| “(1+D.[t|*?),

t=(T—Tsma-n)Tsma-nN: 1
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TABLE II. Results of fits to Eq.(1) for bulk and Millipore
confined 8CB and 9CB. The errors quoted are the statistical uncer-
tainties.

8CB 9CB
@ A_/A, 1% A_/A.

Bulk 0.28+0.015 1.0%0.05 0.52:0.02 1.32-0.05
5 um 0.17£0.01 1.070.05

0.8 um 0.18£0.01 1.x-0.05 0.5x*0.01 1.56-0.05
0.22um  0.0770.004 1.06:0.05 0.370.02 1.65-0.05
0.1 um 0.029-0.002 1.04-0.05

0.05um  0.020:0.001 1.02=0.05 0.36£0.02 1.53:£0.05
0.025um 0.036:0.004 1.05-0.05 0.0370.002 1.0%-0.05

As expected9], a very close to the tricritical value of the
heat capacity exponent=0.52, is obtained here for bulk
9CB, with A_/A,=1.32£0.05. For the 0.8um sample,«
remains at the tricritical value. With a decrease to Qu22,
a=0.37, a nonuniversal crossover value. A near zero value,
a=0.037, is obtained for the 0.025m sample. No regular
behavior forA_/A, is found in going from bulk to the
confined samples. Combined with the earlier enthalpy and
FWHM analysis, 0.02%m behaves as a “critical” void size
for 9CB: most of the determined properties are quite distinct
from those in the larger void sizes, as summarized in Table

N transition is either nonuniversé8CB)

or tricritical (9CB) due to their narrow NR. In Millipore, an
intermediate(nonuniversal exponent is obtained witR=5,
0.8, and 0.22um for 8CB andR=0.22 and 0.05um for
9CB. Since, for a narrow nematic range, the coupling of
order parameters and director fluctuation drive the /ASht
transition away from 3DXY universality[6], the randomly

The = subscripts indicate parameters above and below the
transition temperature. The constant and linear terms are in-
troduced to account for any remnant background. The factor
A. /a, rather tham .., allows « to continuously vary about
zero. Typically 300 data points at either sideTgf,.._n are
simultaneously fitted using a method that includes standard
range shrinking procedures after data points near the rounded
central part are removed. The stability of the fits was evalu-
ated as the reduced temperature shrunk fronk16 2 to
1x10 2 for 8CB and 8.5 10 3 to 4x10 * for 9CB.

For bulk 8CB, o=0.28+0.02, with an amplitude ratio
A_/A,=1.09x0.05, in good agreement with literature val-
ues[5]. In Millipore, due to the suppressed pretransitional
behavior, i.e., the different curvature compared to bulk, a
smaller exponent is expected. As summarized in Table Il, the
exponent tends towards zero with decreasing void size. For
the 5 and 0.8um samplesq decreases to 0.18, although a
35% reduction from bulk, still representing an effective ex-
ponent. With increased confinement, goes to ~0.025.
Thus, « tends to zero between 0.22 and Quin which is
concomitant with the changes in the FWHM and enthalpy,
suggestive of a “critical” void size~0.2 um for 8CB. The

Fig. 4.
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FIG. 4. Amplitude ratio(a) and specific heat exponefti) for
behavior ofa andA_ /A, is listed in Table Il and plotted in  8CB (0) and 9CB(®) against the inverse void size. Bulk results

(1/R=0 um™?) are also included. Tog axis shows the void size.
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interconnected voids of Millipore must have suppressedhe tricritical value[20]. NMR studies for 8CB in several
these fluctuations. This suggests a “truncation model’confining substrates show that the orientational order in-
mechanism. The fluctuations are truncated to correlatiorreases smoothly and unaffected by the SaN transition.
lengths(wavelengths <R. Further, since a bouninned  This is contrast to bulk where a distinct increase in orienta-
surface layer of LC exists, the strength of these fluctuationsional order occurs af gpa_y [15,21].
decreases for wavelengths approachid ong wavelength In summary, the Millipore confinement alters the critical
fluctuations, such as director fluctuations and the spatial fludsehavior and the enthalpy at the SN transition. Reduc-
tuations of the smectic layers are severely suppressed, whilgg the void size has the same effect of an increase in NR in
shorter wavelengths such as order parameter fluctuations, asebulk homologous series: it weakens the coupling between
restricted to a much lesser extent. This should be reflected ismectic and nematic order parameters. The transition en-
longer relaxation times for correlations as observed in quasithalpy is suppressed in a manner not consistent with finite
elastic light scattering studies of 8CB in Aerog#l]. Below  size effects; it agrees with expectations from the decoupling
a “critical” dimension, R¢, the smectic order parameter is mechanism. The exponeatis driven towards zero at a criti-
effectively decoupled from the nematic one. TRgratio of  cal size which is smaller for a narrower NR LC material.
8CB to 9CB(~0.2/0.05=4) is tantalizingly close to the ratio Very likely, « is approaching the 3IXY value of —0.007.
of their nematic range€&7.1/1.9=3.7).

Other studies support this interpretation. If the order pa-
rameters coupling is increasethe NR decreased one We acknowledge illuminating discussions with Noel
would expect to recover the bulk behavior. In 0,0 Mil- Clark, Carl Garland, and David Johnson. This research was
lipore, with the addition of 11% of non-nematic 10CB to supported by the NSF-STC ALCOM Grant No. DMR 89-
9CB, the NR is reduced by 30% amdncreases from 0.36 to 20147.
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