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The highly chiral compoundS,S-4"-(methylbuty)phenyl-4-(methylbuty) biphenyl carboxylate(S,S-
MBBPC) undergoes a continuous supercritical evolution from the isotrdpiplase to the third blue phase
(BPI1II). Mixtures of S,S-MBBPC and its racemate have been studied with high-resolution calorimetry ca-
pable of quantitative latent heat determinations and with optical activity measurements. Both experiments
indicate that the first-order BP lll-transition line ends at a critical point when the chiral mole fraction
X=0.45. Analysis ofC, and optical activity data for the near-critical mixture wih=0.45 indicates mean-
field behavior instead of the theoretically predicted Ising fluctuation behavior, which would be analogous to
that at the liquid-gas critical point of a simple fluid. It is speculated that the Ginzburg criterion can explain this
mean-field behavior since the critical regime may be too small for experimental observation, as is the case for
almost all SmectiA—SmecticE transitions[S1063-651X96)09605-5

PACS numbdps): 64.70.Md, 65.20+w, 61.30—v

I. INTRODUCTION phases must possess the same macroscopic symmetry. In this
case, just like that for the liquid-gas transition in simple flu-
Chiral liquid-crystal systems can exhibit a variety of com-ids, the only possible transition is first order since no sym-
plex “defect” phases not observed in nonchiral or racemicmetry breaking occurs. Naturally, such a first-order coexist-
systems. These include three blue pha&1, BP Il, and ence line can terminate in a critical point. Indeed, a recent
BP I1l) that can occur between the chiral nematit') and  theory of the BP Ill+ critical point, inspired in part by the
isotropic (1) phases[1] and twist-grain-boundary phases experimental results of Reff4] and[5], predicts that this
(TGB-A and TGBC) that can occur betweeN* and the point belongs to the same Ising universality class as the
smectic SmA or SmC phaseq2]. Of all these relatively |iquid-gas critical point[10]. Two obvious experimental
new phases, the amorphous blue phase BP Ill is the leaghallenges aréa) to characterize the BP IlI structufpossi-
well understood in terms of structuf8]. bly a random isotropic distribution of double twist cylinders,
Recently it has been shown that the highly chiral com-as suggested ifiL1]) and (b) to characterize the critical be-
pound S,S-(+)-4"-(methylbuty)phenyl-4-(methylbuty)-4-  havior of various properties near the BP llleritical point.
biphenylcarboxylatéS,S-MBBPC, M =414 g mol ) The present work tackles the latter issue via calorimetric and
(l? optri]c_al activity measurements of mixtures $fS-MBBPC
H.C,—C*H—H c—.—.—c-o-( >—CH —C*H—C,H with its racemate.
o (I:H ’ Q O ’ éH i The phase diagram resulting from our study is given in
3 3 Fig. 1, which also shows previously published data of Yang
evolves continuously from BP Il td without undergoing a and Crookef12]. One difference is the nature of the race-
thermodynamic phase transitige,5]. This observation is mate used. The racemic mixture used by Yang and Crooker
consistent with the known trends in previously studied chiralcontained equal amounts 8fS-MBBPC andR,R-MBBPC.
compounds: chirality drives the system toward a moren the present work, we have used a racemic mixture of all
weakly first-order BP lll4+ transition [5—-8]. Specifically, four enantiomers-S,S-, R,R-, R,S-, and S,R-MBBPC—
studies ofS-(+)-4-(2-methylbuty)phenyl-4-hexyloxybenzo- since the synthesis of this racemate is much simpler. Possi-
ate (CE4 show that the BP I+ latent heat[7] and the bly that difference may explain the slight disagreements in
discontinuous jump in the static light scattering inten§y the range 0.6X<0.8, whereX is the “mole fraction” of the
decrease appreciably with increasing chiral mole fraction ir5,S-chiral MBBPC. Actually, X represents the number of
mixtures of a chiral enantiomer with the racemate. Keyes hamoles ofS,S-MBBPC added to +X moles of the racemic
proposed that coupling between fluctuating chiral modesnixture or the number of moles of uncompensated chiral
could cause the first-order BP lll-transition line to termi- material per mole of MBBPC. In general the agreement is
nate in a critical poinf9]. good, especially in the vicinity aK=0.45, which represents
The existence of a supercritical BP Il toevolution in  the critical composition. Polarizing microscope observations
S,S-MBBPC has an important implication: the BP Il ahd  for our mixtures in the range 0.835<0.45 confirm the
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scanning peaks af(N*—BP I) and T(BP II-BP lll) are artificial
Cp(eff) values related to two-phase coexistence and latent heat ef-
fects. Integrating over these peaks yields the latent heat vig2Eq.
The nonadiabatic scan rate wagl K/h, while heating and cooling
0.196 s* were carried out at scan rates of 50 mK/h.

FIG. 1. Phase diagram for mixtures 8fS-MBBPC with the
racemate. The Yang and Crooker data are from H&f.. The solid
lines represent first-order transitions. The dotted line is not a tran
sition line but the locus of maxima in the thermodynamic response!;IC runs atwy=

functions(in the present casg,). ) .
( P 2 cused on the region of the BP Ill4ransition or the tempera-

calorimetric transition temperatures and show that there is %J(rgp ?Ifl_T;J Eirclgt[[%al_ﬁpB(ern ﬁlel )T?SWI? S T%liglcraelgorf]r?rr:

B.P Il phase forx=Q.352 but not forx_>0.375. The phase cluded all three transitionsTN*—BP I), T(BP I-BP IlI),
d!agram shown inFig. 1 agrees well W".[h the universal 'phas (BP lll-1)—observable for chiral mixtures witK=0.375.
diagram for chiral materials that exhibit blue phag&3] if Figure 2 shows the supercritical BP lli-behavior re-

one keeps in mind that the high chirality 8S-MBBPC ported for pureS,S-MBBPC [4]. The nonadiabatic scanning

means a BP I+ critical point occurs and the BP Il phase . 04 easures an effective heat capeCity defined by
exists only at rather lowX values.

The calorimetric results obtained at the Massachusetts In- T-Tp dT
stitute of Technology are presented in Sec. Il, while the op- Ceﬁ:(P_ T) / at’ D
tical activity data from Swarthmore College are given in Sec.

lll. The ana_lly5|_s and discussion of these data are given ifyhereP is the dc power inpufl is the time-dependent tem-
Sec. IV, which includes a comment on the mean-field ”atur%erature of the sampld;, is the time-independent tempera-
of our data. ture of the heat bath, arilis the thermal resistance between
the sample and bath. Thu$ { T,)/R represents the rate of
heat leak between sample and bath. The latentlhéathen
given by

The S,S-MBBPC used in this work was obtained from ;
BDH, a subsidiary of Merck, while the racemic MBBPC was _ |
synthesized at the University of Hull. The BDH catalog des- L= le [Cerr—Cp(coex ]dT, 2)
ignation of CE2 is used by some other investigators, but this
seems undesirable since CE4 and CE6 are members ofvehereC(coeX is the heat capacity of the two-phase coex-
differenthomologous series and confusions could arise. Caresting mixture in the absence of phase conversiorhus
was taken in handling the materials—they were thoroughlyC,(coex accounts for the heat effects associated with raising
degassed by vacuum pumping, the preparation of the mixhe temperature of a two-phase mixture over the narrow co-
tures and filling of the cells were carried out in a dry nitrogenexistence range froffi; to T,, and in this systent (coey is
atmosphere, and the silver cells were hermetically closesvell represented by the aC,(T) data. The nonadiabatic
with a cold-weld tin seal. The samples had good thermakcanning technigue is completely analogous to the well-
stability, and the transition temperatures exhibited very slowestablished adiabatic scanning metjdé]. The ac calori-
drifts with time (typically —15 to —25 mK/d). metric technique is well knowfl7] and is capable of yield-

The calorimeter is capable of operating in twoing preciseC, data with very little scatter. The 450 data
modes: (a) high-resolution measurements@©f using an ac  points obtained fo5,S-MBBPC are represented in Fig. 2 by
techniqgue and(b) measurements of enthalp§hus latent the smooth curve. It should be stressed that the ac method
heat$ using a nonadiabatic scanning technique. Detailed dedoes not measure enthalpy or provide any quantitative infor-
scriptions of this calorimeter are given in Rdf$4] and[15]. mation on latent heats. Note that thg,(ac line goes
Measurements were made on mixtures itha0 (racematg smoothly throughT(BP I-BP Ill) with no visible anomaly.
0.40, 0.45, 0.50, 0.55, and 0.75 to augment the previouslowever, characteristic changes in the phase ghiifetween
study of X=1.0[4]. The investigated temperature range fo-the input ac poweP ,exp[i wt] and the observed oscillatory

Il. CALORIMETRIC RESULTS
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FIG. 4. Detailed view ofC,(ag in the BP IlIH region for five
FIG. 3. Specific hean(ac) of racemic MBBPC. Thet+ sym- mixtures ofS,S-MBBPC+racemic MBBPCX is the mole fraction
bols denote data points obtained in a narrow two-pi\seé coex-  of chiral MBBPC. The vertical arrows indicate the positions of the
istence region. The first-order transition temperaflijg is 392.98  BP I-BP Il transitions.N*—BP | transitions were also observed,
K, see text for further details. but these lie off scale. The- symbols forX=0.40 denote data
points obtained in a narrow two-phase BPHIl coexistence region.
sample temperaturel ,exdi(wt+ ¢—m/2)] do provide T, is used to denote the transition temperature in all cases, although
gualitative indications of two-phase coexistence at disconthe transition is first order forX=0.40 and supercritical for
tinuous transitiond17]. For S,S-MBBPC, these ac phase X=0.50.
shift anomalies were seen at th& —BP | and BP I-BP llI
transitions but were not present in the temperature rangd*—BP | (not shown transitions are all strongly first order,
391-393 K, where the BP lll-supercritical evolution oc- i.e., no pretransitional wings and 100% of the enthalpy ap-
curs. The lack of singulaC,, behavior at “T(BP IlI-1)” and pearing as latent heat. All the data shown in Fig. 4 were
the absence of any excess enthalpy that might represenbtained atw,=0.196 $. In order to test for possible dy-
smeared latent heat are the features indicating supercriticamical effectgcritical slowing down, measurements were
behavior forS,S-MBBPC. See Ref[4] for further discus- also made at &;, wy/3, and wy/9 for the mixtures with
sion. X=0.45 and 0.50. Th€ () values agreed fob<w, at all
The heat capacity behavior of the racemic mixture istemperatures and th€,(2w,) data deviated only by lying
shown in Fig. 3. In the absence of chirality, there are no blusslightly lower at temperatures very close to that for the maxi-
phases and th&* phase becomes the simple nematic mum inC,. Thus we feel confident that the,(w,) data in
phase. The dashed line here and in Fig. 2 represépts Fig. 4 represent static heat capacities Xe#0.45.
(backgroung, the regular specific heat behavior that would Nonadiabatic scanning data for mixtures wi+0.40
occur if no phase transitions took place. As with Bl and 0.45 are presented in Fig. 5 together with smooth curves
transitions, this transition is first order with significant pre- representing th€,(ac data from Fig. 4. This figure should
transitional fluctuation wings. The integrated enthalpy assobe compared to Fig. 2, which gives a comparable presenta-
ciated with these wings sH= fAC dT, where tion of data forS,S-MBBPC(X=1.0). As expected from the
AC,=C,—C, (background is 670 mJ gt Data points de- qualitative ac phase shift and frequency dependence informa-
noted by a plus sign are artifici&, values obtained in a tion, there is more enthalpy associated with %ie-0.40
narrow two-phase coexistence region. There are anomalies BP Ill-I transition than indicated by the artifici&,(ac)
the phase shiftp associated with these points, as is observediata close to the transition temperature. The fact gt
at allN-1 or N*-1 transitions[17]. (nonadiabatit>Cy(ag near T(BP lll-1) is a second and
The specific heat curves obtained by ac calorimetry forguantitative indication of first-order character. No such ex-
five mixtures of S,S-MBBPC plus racemic MBBPC are cess occurs for the BP lll-transition whernX=0.45 or 0.50.
shown in Fig. 4. Only the mixture witi=0.40 provided Thus the critical compositiorX; is 0.45 or some smaller
phase shift evidence of first-order two-phase coexistence ai@lue closer to 0.45 than 0.40. A power-law analysis given in
T(BP lll-I). As discussed below, we find tha=0.45 is Sec. IV indicates thesX=0.45 data are nearly singular,
very close to the critical composition and mixtures with which means thaX, must be quite close to 0.45. As in Fig.
X=0.50 are all supercritical. Note the marked decrease i, there are nonadiabatic scanning peaks(at*—BP I) and
Cp(max as a function ofX from X.=0.45 to X=1.0 (the  T(BP I-BP Ill) and these allow us to determine the latent
latter is shown in Fig. R In the three mixtures witl=0.50,  heatsL at these two first-order transitions.
0.55, and 0.75, expanded plots show a roun@dgehaximum The transition temperatures and enthalgiesere known
qualitatively like that in Fig. 2. The BPI-BP Il and for all three observed transitions are given in Table | for each
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thalpy 6H corresponding to the area under the pretransitional
X=0.45 C, wings. The corresponding values in md'care L=323

1s +50 and §H=860*+50 for CN[18], L=785 andéH =785
and SH=1675 for CE6[7], and L=100 andSH =986 for
CEA4[7]. The CE4 latent heat is the smallest BP llivalue
previously reported.

L X=0.40

4E B DD & W0 1A ToWBTLAL

Ill. OPTICAL ACTIVITY

N*| o1 Bein i} Optical activity is the rotation of linearly polarized light

as it passes through a substance. If the direction of polariza-
4 tion is rotated by an angl® as it passes through a sample of
thicknessd, then the optical activity is simplgp/d. The ex-
perimental apparatus consisted of a laser, fixed polarizer,
Faraday modulator, temperature-controlled sample chamber,
s P rotatable polarizer, and a solid-state detector. The rotatable
06 03 00 03 0606 03 00 03 06 polarizer was controllable in steps of 0.01° by a computer,
and lock-in detection was used to amplify the signal and
reduce noise. The computer scanned across the angle of
minimum detector output and performed a linear interpola-
FIG. 5. Specific heat of two MBBPC mixtures with chiral mole tion in order to measure the rotation introduced by the
fraction X=0.40 and 0.45. The open circles denote nonadiabatisample with a precision 0f0.001°. The sample of liquid
scanning data, and the solid lines represent smooth curves througtystal was held between two pieces of glass separated by a
the C,(ac data shown in Fig. 4. The mixture witlk=0.40  125-um mylar spacer, sitting in an Instec mK-1 hot stage.
has a first-order BP Il transition, as indicated by Temperature regulation wasl mK and optical activity
Ceff(nonadiabatig>Cp(ac) near the transition and by the observa- measurements were made at intervals as small as 5 mK. All
tion of ac phase shift anomalies over fg(ad range denoted by measurements were made upon heating using 633-nm light.
si_gns. Note the good agreement between ac and nonadiabatic scan-The results of optical activity measurements on three
ning data at the BP lll-peak forX=0.45=X, . samples are shown in Fig. 6. Notice that in each case the
BP I-BP Il transition is clearly evident as a discontinuous
investigated chiral mixture. Hysteresis in transition temperajump in ®/d, with no obvious sign of pretransitional effects,
tures was observed for the first-orddi*—BP | and BP I-  but that a discontinuous transition from BP Ill to the isotro-
BP Il transitions: typical values were 0.45 K fdf*—BP | pic phase is only evident in the mixture with a chiral fraction
and 0.075 K for BP I-BP Ill. A hysteresis 60.01 K was  of 0.375. It should be noted that optical activity is not an
also observed for the BP Ill4ransition in theX=0.40 mix-  ideal probe for the presence of a small first-order discontinu-
ture. TheN*—BP | and BP I-BP Il latent heats are typical ity, as indicated by optical activity and light scattering mea-
of those reported for other chiral liquid crystals. The surements on chiral CE&], which undergoes a very weak
N*—BP | latent heat is 34 mJg for cholesteryl nonanoate first-order BP Ill4 transition. However, the present optical
(CN) [18] and 87 mJ g* for CE6[7]. The sum of latent activity data are fully consistent with the calorimetric data
heats for BP |-BP Il and BP [I-BP Il is 14.6 mJyfor CN that indicate a critical point at,=0.45. Figure €d) shows a
[18] and 71 mJ g* for CE6[7]. These values can be com- detailed view of the data for all three samples. The quantity
pared to oul values for BP I-BP Ill. For the BP IllI-tran- T, in this figure corresponds t@(BP Ill-I) for X=0.375,
sition, all prior reports were for first-order transitions but the value ofT, obtained from the best fit ob/d data for
there is both a discontinuous latentand an integrated en- X=0.45 (see Sec. I}, andT (C, a9 for X=1. Although

T-T.. (K)

TABLE I. Transition temperature) and enthalpies faN*-BP I, BP I-BP Il and BP IlI+ transitions in
mixtures of MBBPC with chiral mole fractioiX. For X>X.=0.45, BP Ill4 represents a supercritical
evolution. L represents the latent heat at a first-order transition &iddenotes the integrated enthalpy
JACLdT, whereAC,=C,—C, (backgroundl BothL and 5H are in mJ gl

N*-BP | BP I-BP I BP 1114

X T L T L T Enthalpy
0.40 392.64 33.9 392.90 8.2 393.06 L=150=50

SH=970

0.45 392.435 35.4 39279 9.7 393.05 SH=1120

0.50 392.01 44.0 392.53 10.5 392.93 6H=1080

0.55 391.87 392.47 392.28 6H=1000

0.75 390.55 391.43 391.60 6H=875

1.0 389.20 56.4 390.34 11.3 392.12 6H =830




53 CRITICAL POINT FOR THE BLUE-PHASE-III-ISOTROR} . . . 4959
20 T T T 10 T T T
X = 0.375 (a) X = 0.45 (b)
0 £2090099900000000 | o
4
BPI - BPIII . BPI-BPIl
-20 | Q) - e -10 -
£ l o g 4
L]
T o .
T 60 | 4 & -0 * .
8
80 40 FIG. 6. Optical activity ®/d
T T 30157 K | S _as0s3sk |  hearthe BP Ill4+ “transition” for
a0 b e ¢ ] 50 . ¢ | ssMBBPC and two mixtures
. °* with X=0.375 andX=0.45=X_.
120 . X : o : . ; A discontinuous change is ob-
-0.15 -01 -0.05 0 0.05 0 0.4 -0.2 0 0.2 0.4 Served at the firSt-orddﬂ*—BPl
T-Te &) T-T. ® transitions(not shown, the BP |-
4 . . . . 10 . . i . BP Il transitions, and the BP Ill—
X =1.0 (c) 10 (d) | transition for X=0.375. A de-
3 |- ..N s o =10, F L panmindand ta||ed_V|e\_/v of _the data very close
. L Q ] to T, is given in part(d). The un-
N BPI-BPII ¢ _ & certainties in the optical activity
E} s 1 £ L oo | arex15,+1.0, and+0.5 deg/mm
> s > Oo‘” . for X=0.375, 0.45, and 1.0, re-
=0 0 2 X =045 . spectively.
4 ¢0‘ T o .
e 9k . n 5 -20 | o A .
L _J
2L .o _ Y
s T, =390.58 K -30 | s ]
SN - X = 0.375 3’..
4 '. L L 1 .40 L 1 hd L L
3 2 1 1] 1 2 3 -0.2 0.15 -0.1 -0.05 1] 0.05 0.1
T-T, (K) T-T, (K

the temperatures of the various transitions as measured by=—6.8x10"* to +6.6x10° 3. The limiting factor on the
heat capacity and optical activity differ by 1.6—-2.1 K, the low-temperature side is the BP I-BP llI transition, which oc-
temperature ranges of the various phases consistently agreegrs 0.27 K belowl ;. For reasons explained below, we have
to within 0.1 K. Therefore, a systematic shift of a little less excluded from the fit data over the range from 392.965 to
than 2 K can be used in all comparisons between the he®93.145 K. Thus the minimumvalues aret2.3x10 *. The
capacity and optical activity results. data analyzed were obtained with the ac technique at a fre-
All ®/d measurements show a temperature dependence fyency wy=0.196 $' since runs at lower frequencies
the isotropic phase typical of the pretransitional fluctuationg;howed no frequency dependence @y(ag values. Thus

seen in chiral systems. In t€=0.375 and 0.45 mixtures, \ e pejieve the present values represent the static thermody-
the data in the isotropic phase are dominated by 3amic heat capacity

*\—1/2
(T—T7) dependence over most of the temperature range cirs of ¢ were based on the usual renormalization
(see Sec. IV B In the pure chiral compound, this tempera- - foprm
ture dependence breaks down at a temperature above tRRWer-iaw '
supercritical “transition” temperature as determined from
the location ofC_ (maX and, of course, above the maximum
in ®/d. This is In agreement with previous optical activity
measurements on mixtures 8fS-MBBPC with a nematic
liquid-crystal compoundi19].

Cp=A~|7| X(1+D7|7]*1+ D3| 7/*1+---)+B

+E(T-T,), 3
where the correction-to-scaling exponek=0.5, and the
exponenix is dependent on the path of approach to the criti-
cal point. In the present casejs not the usual heat capacity
exponentw. For fitting convenience, Eq43) can be rewritten

IV. ANALYSIS AND DISCUSSION

This section is concerned with an analysis of the critical
behavior ofC, and®/d for the S,S-MBBPC+racemate mix-
ture with X=0.45 and with a discussion of the resulting

Co=A|7 X+ A |7 Y+B*+E(T-Ty),
mean-field character of the BP Ill-eritical point. p=Aul 217 ( 2

4
wherey=x—A; and A;=A"D7. In some fitsy will be
treated as an effective exponent and allowed to vary inde-
The heat capacity data fof=0.45 have been analyzed pendently ofx. Note also that we permB* #B~, since if
over the range of reduced temperatureT—T.)/T, from  x=1 and 2;=1 one obtainsB*=B+A“D;. The linear

A. Heat capacity analysis
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TABLE Il. Least-squares values of ti@, fitting parameters appearing in E@) for the near-critical mixture wittX=0.45. Quantities
held fixed during a fit are enclosed in square brackets. Rand&08 point$ has 7,,=6.75x10 % and rangeB (367 point$ has
T ax=6.63x1073, For all fits, 7,5= —6.78<10 % and 7.;,=2.3X10™%. The units ofA7, Ay, BY, andAB=B*-B~ are JK1 g™, E was
held fixed at zero. The 95% confidence limiting valueFot y2 (fit n)/x?2 (fit m) is 1.37 for rangeA and 1.19 for rang®.

Fit Range T, (K) X y 100 A ATIAT  10°AF ALIAS B* AB X2
1 A 393.053 0.997 0.959 278  [0] [1] 2031 -0.195 237
1 B 393.049 0.970 1.304 2.45  [0] [1] 2017 —0.208 244
2 A 393.049 0.983 0.447 1.074 2.60 1.2 6.78 2.030-0.191 221
2 B 393.051 0.971 0.512 1.111 2.55 7.29 4.22 2.008-0.128  1.96
3 A 393.053 [1] [0.5] 0.972 2.62 0.5 92.3 2023 -0.198 2.67
3 B 393.052 [1] [0.5] 0.867 2.58 9.00 3.71 2.008 —0.139  2.10
4 B 393.052  [1.241] 0.693 0.098 1.37 431 5.48 2.018 —0.103  4.31
5 B 393.048  [0.7929 0.989 4.948 3.09 0.08 2.08 2.002 —0.069  3.41

term with slopeE arises from the regulainoncritica) con-  nent value ofx=1.0, the instrumental distortion is much
tributions toC,,, while B=B, + B represents a combination larger. The smooth curves given in Figby were obtained

of both regular and critical contributions. The valueEoivill from the convolution of a theoretical curve based on the
be fixed at zero for all the fits given in Table Il, since this is parameters of fit B but with a truncation over the range
consistent with an(backgrounid line determined fronC, T.—20 mK to T.+7 mK, which reproduced the observed

data over a wide temperature range. Cp(max) value atT,.
Table Il shows fits over two ranges; fits with the same
arabic number are of the same tyfiee., fits nA and nB B. Optical activity analysis

differ only in the range of data not the nature of parameters
held fixed. Simple power-law fit§A; =0 andB*=B~) are
of very poor quality,y?=15, but do indicate that the leading
exponentx must be large since they yiebd=0.8. Signifi-
cantly improved fits are obtained by either allowigg + B~
(fits 1A and 1B) or allowing bothB* # B~ and nonzeroAy

The optical activity ®/d data for the mixture with
X=0.45 have been analyzed over the reduced temperature

T(K)
393 394 395

(fits 2A, 2B and 3A, 3B). The conclusion from these fits is r M . T . T

x=1.0£0.03 andy=0.5+0.05. Single-sided fits of the data as X=0.45 (a)
aboveT. and belowT, separately with a simple power law A
confirm thatx=1 and AB is negative. When more data sk

points nearT, (7yi,=—8.4x10"° and 7.,,,=4.05<10 ° or i ° ?C 3CI§(T) data
1t

3.57x10 %) are included in the fit, largey? values are ob-
tained due to systematic instrumental deviations but the val-
ues of the fitting parameters hardly change ataly.,x=1.0
+0.03,y=0.5+0.08,AB=-0.10 to—0.15 for rangeB). ‘r 1
Since there is a theoretical possibilit§0] that fluctua- I
tions of Ising universality dominate at this BP Ill-ritical 3t
point andx can be either or y/A (whereA=g+yis the gap
exponent, we have tested fits withx=[1.241] and > [
x=[0.7929. As seen by thec? values for fits 8 and 5B,
such exponent values can be rejected with 95% confidence
based on thé& test.
The agreement betwedy, data for theX=0.45 mixture
and fit 3B is shown in Fig. 7. Partb) of this figure presents
a deviation plot ofAC,=C,(obg—C(fit). Although these

5+
| BPI{ BPIII

Cp(JK'lg")

ACLOK'gh
<
(=3

deviations are quite random in character fgr-2.3x107%, o2

there are large systematic deviations for temperatures closer 04t

to T, (|T—T¢ <90 mK). These do not represent some theo- 3 .

retical crossover in the tru€, behavior but rather reflect loglt]

instrumental effects related to the large value of the exponent g5 7. Comparison o€, data and theoretical fit curve for the

x and the relatively larg T,; amplitude used. In order t0 near-critical mixture withK=0.45.(a) The smooth curve represents
ensure a very good signal to noise ratio, we used an ac heat@fzg in Table Il for which the critical exponent=1.0. Note that
power which resulted iMT,~17 mK. For typical heat ca- the latent heat at the first-order BP I-BP Il transition is not ob-
pacity behavior characterized by a critical exponeri the  served with ac calorimetryb) DeviationsA C,=C ,(0bs—C(fit).
range ayy=—0.007 t0 ae¢=+0.5, this AT, value would  The smooth curves in this part represent the result of generating
cause instrumental distortions foF —T;[<20 mK. How-  *“C,(obs” values by a convolution of the theoretical form that has
ever, for the present case with the surprisingly large expobeen truncated over the narrow rarge<6x107°,
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TABLE Ill. Least-squares values of th@b/d) optical activity fitting parameters for representing the
near-critical mixtureX=0.45 with Eq.(9). Quantities held fixed during a fit are enclosed in square brackets.
There are 50 data points in the fitting rangdrom —3.25x10™* to +1.53<10"%). The units ofA] , A3 , and
B are deg mm?; those ofC are deg mm* K2,

Fit T (K) z Al ATIAT Az ASIAS B C

1 390.928 0.77 64.5 —-149 [o] 1] 2.31 1.19
2 390.928 0.52 10.1 —44.4 319 -197 2.36 1.43
3 390.928 [0.5] 8.55 —35.7 279 -177 2.34 1.42

range fromr=-—3.25x10 * to =+1.53x10 °. The fitis IV C). However, fits in which both thée) and (¢)? terms
based on the theoretical connection betwdefd and the contribute tod/d are equally good and yielt=0.5. Figure 8

quantity o= ¢— iy, : shows the agreement between Wd data for the near-
) critical mixture with X=0.45 and fit 2 from Table IIl. It
(®/d)=(P/d)c+a(e)+b(¢)?, (5 should be noted that the value of the effective expozeist

. not very sensitive to the choice Bf,ciground FOr €xample, a
' single power-law fit with a linear background contribution
exhibits systematic deviations far>T_ but yieldsz=0.71.

where the subscript represents values at the critical point
see Eqs(33)—(35) in Ref.[10]. For a path of constant chiral-
ity k=4x/P (whereP is the pitch for the liquid crystal the
coefficientsa andb can be taken to be constants. The order
parameteK) for chiral isotropic and BP Ill phases is given C. Discussion
by (#)=((VXQ)-Q)=(&QiV;Qi), where Q is the In order to relate our empirical exponents=1.0 and
alignment tensor characterizing the complex spatial pattery_q 5 ith standard critical exponents, it is necessary to
in such phasegl0]. In the vicinity of the critical point, the .4 sider the path of approach to the critical point Mt}
order parametefyp) obeys the usual scaling relation space corresponding to the experimental path0.45=X .
_ A Lubensky and Stark[10] give t=a;7+b;Ax and

(@) =[tIPF(h/It®), © h=a,7+b,Ak, where Ak=«—«.. Although it is known
that the chiralityx varies slightly withT at constan, this
variation is much weaker than the dependencecahn X.
Thus we write

wheret andh are theoretical scaling fields. The critical ex-

ponent describing the dependence @f on the experimental

reduced temperaturef at constanX (i.e., constant compo-

sition) depends on the path of approach. t=a. 7+ AX (109
In order to proceed, it is necessary to note that there is ! 1=

also a “background” variation forb/d that is not due td¢)

order parameter variations but arises from a susceptibilitylike h=a,7+CcAX, (10b

term[20]. Thus @/d). must be replaced by a temperature-

dependent contribution, to be deno®ghegroundT), Which  \yhere AX=X—X_. There are two limiting regions inh(t)

causesP/d to decrease slowly on heating and is the domi-ghace: (1) |h|>|t|* and(2) |h|<]|t|*, where the gap expo-

nant term abovel. Such behavior has been observed inpenia=g+4>1. A third possibility is a curved path im(t)

S,S-MBBPC and mixtures 05,S-MBBPC+7S5 (nonchiral

4-n-pentylbenzenethio‘4n-heptyloxybenzoale and the

form of Fpackgroundis given by[19]
const -

I:backgroun&-r) = Wv (7 ﬁ{g-
whereT* is an empirical parameter with a value smaller than
the BP IlIH transition temperature. Thus we write f0ss

(®/d)= a< (P> + b<(P>2+ Fbackgroun&T)y (8) T = %0528 K
(®/d)=AT| 7%+ A5 | 7|22+ ¢ (9
1 2 [T_TC'(CZ/BZ)]O'S,
_3 1 '

where the temperature dependencefis represented by foo 3910 T 3013 16

|7%, with z as an effective critical exponent. By choosing
T*=T,—(C%B?), the fitting parameterB represents FIG. 8. Comparison ofb/d (optical activity data forX=0.45
(®/d)., the value of the optical activity at the critical point. with a theoretical fit curve based on E(). The smooth curve
Table 11l summarizes fits to theb/d) data with Eq(9). A represents fit 2 in Table IIl for which the critical exponest0.52.
single power-law fit(A; =0) yields an effective exponent The variation 0fF packgroundT) is shown by the dashed curve. The
z=0.77, which is difficult to interpret theoreticallgee Sec. four data points denoted by filled circles were excluded from the fit.
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space for which Fisher renormalization will ocd@1]. The

heat capacityC, and order paramet&gp) scale in the follow-
ing ways: 08 [-BPI
AC,~|7~ "%, (@)~|7#* (region D, (11)
06
ACy~[777 (¢)~|7|# (region 2, (12 5
AC,~|7] 7Y@=, (g)~|7|#*=)  (Fisher renorm, Té o4
(13 AZ i
whereAC,=C,—[B,+E(T—T,)] and B/A=1/5. Ising val- v
ues of these exponents gbe=0.325,y=1.241, 8/A=0.208, 02 b
YIA=0.7925, B8/(1— a)=0.365, y/(1—a)=1.394, and mean-
field values are3=0.5, y=1, B/A=0.333,v/A=0.667,B8/(1
—a)=£=0.5, andy/(1-a)=y=1. 00 koo
Although it is theoretically expected that asymptotically ' —
close to the critical point, th&X=const path should lie in -0.4 -0.2 0.0 02 04 0.6
region 1[10,22, this choice of path does not agree with the T-T. (K)
experimental exponenisandz for either Ising or mean-field )
behavior. It is possible, however, for tie=const path to lie FIG. 9. Plot of the normalized order parameteh=(y)— ()

in region 2 over the range of accessible reduced temperatur&grsusT — T for the near-critical mixture witiK=0.45.
(|Tminl is approximately X10™* for C, and ~10"* for (¢)).

In this case, the results from our analysis agree with mean-
field theory:x=y=1.0 andz==0.5.

Additional support for mean-fieldMF) behavior comes
from light scattering intensity data ¢4 S-MBBPC andS, S-
MBBPC+7S5 mixtures[23]. Both supercritical pures,S-
MBBPC and a mixture with 40 wt. % MBBPC that may be
close to critical show that the intensityof m==*=2 mode
scattering in the isotropic phase can be described by Measurements ofC, and ®/d on mixtures of S,S-
| —1,=K/(T—T%), wherel, andK are constants an@* is = MBBPC+its racemate have shown a change from a first-
an effective divergence temperature. In the limitorder BP IllH transition at low chirality to a critical point at
=(T—-T.)/T.—0, this empirical expression is consistent X,,zgpc=0.45 to supercritical behavior fo¢=0.50. Analysis
with theory[10] if (a) | is dominated by the quadratie)®  of data for theX=0.45 mixture indicates thatC, and ®/d

In order to display clearly the temperature variation of the
ean-field order parameter near the BP lleritical point,
Fig. 9 shows a plot of¢). The quantity shown has been
normalized so tha{e)(T—T,=—-0.4 K)—(o)(T—T.=+0.6
K)=1.0.

D. Conclusion

contribution, i.e.,l=1.—B[(¢)?, and(b) (¢)~|7Y2 Thus are consistent with mean-field behavior. Data foxT,
intensity data also suggest a path in region 2 withare limited due to the short BPIIl range;
B=By=0.5. T(BP I-BP Ill)=T.(BP lll-1)=—0.27 K. It would be desir-

It is proposed that the observation of mean-field rathemble to study the BP llli}-critical point in a system with an
than Ising(or any othey fluctuation behavior is due to long appreciably wider BP Il range. It may also be attractive to
bare correlation lengths associated with this BPIlltritical ~ study a mixture ofS,S-MBBPC+a racemate consisting of
point. This would lead to a very small critical region, i.e., aonly R,R and S,S enantiomers. Such a mixture is a two-
small|7. value for crossover from mean-field to critical be- component system unlike the present case, which is formally
havior, just as in the case of SA-SmC transitions[24]. a four-component system. Static and dynamic light-
Unfortunately, the Ginzburdy|. value cannot be calculated, scattering measurements on a critical mixture, like those car-
since correlation length data are not available. A light scatried out on pureS,S-MBBPC [4], would yield valuable in-
tering experiment, analogous to x-ray scattering near the Snfermation on the scattered intensityand the relaxation time
A-Sm<C transition, might permit a test of this suggestion. for fluctuations of the chiral modes. Structural information
Indeed, a recent light scattering study of COC has yielded about the BP Ill phaséfrom optical diffraction or NMR
bare correlation lengtté, of 15 A associated with BP Il would be experimental information of obviously great value.
short-range correlations near the BP llltransition[8]. As-  Quasielastic light scattering should be able to characterize
sumption of a comparablé, value for the present system the correlation lengths near the critical point. Such data
would be consistent with the observed mean-field behavionwould allow a calculation of the Ginzburg critical crossover
It should be noted that mean-field behavior is also observetemperaturd7, and hopefully validate our suggestion that
for the heat capacity and order parameter near theCSm- mean-field behavior is seen sinlgg>|7. over the accessible
Smi (tilted hexatig critical point[14]. The pathX=X_ lies 7 range. Finally, it should be noted that in the past the be-
in region 2 for that system as well. Indeed, the theoretical fihavior of ®/d in a near-critical region has been interpreted in
to C,, data for a near-critical mixture of 86BOSI (methyl-  terms of a contribution from thev=+2 mode in addition to
butylphenyl octylbiphenyl-carboxylate and its octyloxybi- the m==1 contribution(F yacground that is dominant in the
phenyl analoyis almost identical to fit 8 in Table I, ex-  isotropic phas€19], and a reexamination of that analysis
cept for the amplituded; andAJ and the sign ofAB (see  seems appropriate in light of the present results and current
fit 12 in Ref.[14]). theory[10].
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