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Testing Assumptions about Solute Concentration Dependence in Liquid Crystal NMR
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The NMR spectra of four solutes, used as probes of liquid crystal orientational order, were analyzed. For
each solute, samples were prepared at different solute concentrations, and the concentration dependence was
used to extrapolate zero-concentration properties. The mean-field (Mgaeipe) model when applied to
solutes neglects solutesolute interactions and assumes all solutes in a mixed-solute sample see the same
average environment. The first assumption is only valid as one approaches zero concentration, while experiments
are typically carried out at concentrations between 0 and 10 mol %. The solute concentration dependence has
in the past been “scaled out” using an internal solute reference as an orientational standard. We measured the
concentration dependence of the orientational order parameter and calculate the corresponding interaction
energies based on a mean-field interaction potential for a solute. We find agreement at the 3% level between
experiments for different solutes while using (i) the zero-concentration values as solute-dependent orientational
references and (ii) scaling to either order parameters or interaction energies; these two scalings gave equivalent
but not identical results. We find, too, that errors inherent in the experiment and the calculations will limit
attempts to refine the theory to push the comparisons beyond the 2% level.

|. Introduction Thus, results for these solutes at finite concentrations also need
to be extrapolated to zero concentration for meaningful com-
parisons to be made. The investigation of concentration
dependence is the subject of this paper and is readily carried
out using more symmetrical solutes whose orientational order

The presence of orientational order in liquid crystals has led
to the wide-spread use of liquid-crystal displays and related
applications. It has also attracted interest recently with questions
pertaining to biaxiality:2 and the coupling of orientational order is described by a single order parameter
to mechanical strafnto create novel elastomeric materi&fs. y 9 P ) )

An important fundamental question concerns the nature of _ANOther approach is to measure the spectra of a collection
the anisotropic intermolecular forces that contribute to the of solutes and to compare orc_ier parameters calculated from the
orientational ordef.An excellent way to probe orientational NMR spectra with ones predlcted. using a model or theory. In
order in liquid crystals is through the use of small solute such ‘experiments, an attempt Is made to ensure that, all
molecules which themselves become orientationally ordered expe'rllments are performed with solutes at preqselyl |d§nt|cal
through their interaction with the anisotropic intermolecular conditions, but not at or near the zero-concentration limit. The
potential of the liquid crystal “solvent”. The solute orientational assumption mac_je 1S t_hat rt_alatlve solute orientational or(_ier at
order is readily obtained from its NMR spectrum in a liquid finite concentration is identical to that at zero concentration.
crystal solvenf 12 One successful approach to ensure identical conditions is to

However, there are problems associated with the use of codissolve all solutes in the same NMR tube. There are obvious
solutes as probes of liquid crystal properties. The finite limits on the number and nature of solute_s that can be so used
concentration of solute usually decreases the liquid crystal/ because of the complexity of the resulting NMR spettra.
isotropic transition temperature, leading to decreased liquid Hence,. it is often the case that solute order parameters obta_uned
crystal orientational order. Models and theories are simplified from different NMR sample tubes must be compared, which
if they do not have to account for the effect of the solute on the raises the question of how to make this comparison. Several
liquid crystal, and are, therefore, normally written in terms of approaches have been used. For example, all samples could be
a single solute molecule interacting with the bulk liquid crystal fun at the same reduced liquid crystal temperature, or all samples
solvent. Ideally, experiments should be performed as a function could be run at different temperatures for which some chosen
of concentration in order to extrapolate properly to zero solute order parameter (or deuterated liquid crystal deuteron
concentration. Such extrapolation is not normal in NMR dquadrupolar splitting) is kept constant. Alternatively, samples
experiments. could be run at the same actual temperature, and some chosen

One approach is to use solutes whose symmetry leads to twoSOlute order parameter (or liquid-crystal quadrupolar splitting)
independent second-rank order parameters, and to compare ratioggould be used to scale linearly order parameters among samples,
of these order parameters with theddyUnfortunately, these ~ ©OF the scaling could be applied to the interaction energies of an
ratios are both concentration and temperature dependent, as cafgSsumed mean-ﬁg’lﬁ interaction potential. These ideas were
be demonstrated using the order parameters reported in ref 14{ested with experiments on a collection of aromatic solutes
codissolved in the nematic liquid crystal-N4-ethoxyben-

* Present address: Department of Physics and Physical Oceanography,zylidene)'z’6'dideUter0'n‘bUtY|a_ni|in(_3 (E_BBA) using seven
Memorial University of Newfoundland, St. John’s, NL, A1B 3X7, Canada. different sample tubes, each with differing concentrations of

10.1021/jp052592j CCC: $33.50 © 2006 American Chemical Society
Published on Web 01/04/2006




1364 J. Phys. Chem. B, Vol. 110, No. 3, 2006 Taggar et al.

solutest* In these experiments, it was found that the best TABLE 1: Experimental Run 1.

c?rtr;lparisrc:]n am?ngI ?arrnnplerstw?s or?éain?g frtohm eﬁge:imerntrsn rlin solute mole % S(A)? HeofksT (B)?
zf th(: Ss?)lufeaf g%-tﬁchﬁsrgbir?zgne l(th:b)g asea?] o(;\ieﬁ‘t’ﬂafilonilleI benzene 13l ~0.25942(2) —1.8274(3)
. benzene 3.00 —0.25225(2) —1.7428(2)
standard for scaling purposes. benzene 4.48 —0.24787(2) ~1.6963(2)
An interesting, and possibly puzzling, result is that direct ~ benzene 5.14 —0.24414(2) —1.6575(2)
linear scaling using order parameters gave a better comparison Eenze”e g-g% :g-ggégg(g) :i-g%‘g(g)
than one which involved scaling the interaction energies. It is bgﬂigﬂg mix 1 _0'20010223 _1'2507223
worthwhile investigating this result using a different liquid tfb 1.05 —0.28295(6) —2.1054(8)
crystal. In addition, the total solute concentration varied from  tfb 3.01 —0.27645(5) —2.0226(6)
6.1 to 17.2 mol percent. Because most models and theories apply tfb 5.04 —0.27013(5) —1.9454(6)
to zero concentration, it would be valuable to extrapolate  tfb 6.56 —0.26483(5) —1.8831(6)
measurements to zero concentration to see how the extrapolated :fct;) 'g'gé :8%82;3% :;'igg%
results compare with those obtained at finite concentration. 329 —0.29393(2) —2.2541(3)
These ideas are the topic of this paper which uses the liquid tcp 5.54 —0.28185(2) —2.0911(3)
crystal mixture Merck ZLI-1132 (see ref 11 for composition). tch 7.19 —0.27222(2) —1.9706(2)
tch 8.94 —0.26190(2) —1.8494(2)
. . tch 16.45 —0.21258(2) —1.3579(2)
Il. Experimental Section tch mix1 —0.24876(2) —1.7056(2)
, L tbb 1.02 —0.30797(2) —2.4631(3)
A. Sample Preparation and Calibrations.Each sample was tbb 221 —0.30200(2) —2.3714(3)
prepared by dissolving one or more of four solutes (benzene, thb 3.18 —0.29661(2) —2.2923(3)
1,3,5-trifluorobenzene (tfb), tcb , and 1,3,5-tribromobenzene  tbb 4.21 —0.29140(2) —2.2188(3)
(tbb)) at one of numerous concentrations in the liquid crystal b mix1 —0.25096(2) —1.7290(2)
ZLI-1132 in a 5 mmo.d. high-resolution NMR sample tube; a Column A shows order parameters for single-solute samples and
the sample was then thoroughly mixed and sealed. one mixed-solute sample. The number in parenthesis indicates the error

Two experimental runs were carried out. Run 1 involved N the last digit.® Column B shows the corresponding calculated
interaction energies. The values for single-solute samples are also

solutg cqncentratlon depend_ence measurements of four_ SOIUtesplotted in Figures 1 and 4 for the four solutes benzene, tfb, tcb, and
At this time, the concentration of each solute was varied by thp. The mixed-solute sample has the following composition: 3.65 mol
sequential addition of the solute to one sample tube (i.e., thereow benzene, 2.70 mol % tfb, 4.29 mol % tcb, and 2.77 mol % tbb.
was one sample tube for each solute type). Measurements were
also made in one “mixed” sample which had all four solutes eters are taken to be identical to those of tch. We define axes
codissolved. systems in the substituted benzenes as follows: the direction
Run 2 was an independent set of experiments (done on theperpendicular to the aromatic ring is tedirection, and the
same NMR spectrometer). In this set of experiments, samplesdirection along one of the C halogen bonds is thdirection.
were prepared for two solutes, benzene and tcb, with each solute Given the solute molecular parameters, the spectra thus
concentration prepared as a separate sample tube and then flandirectly yield order parameters, which are our primary measured
sealed. This had the advantage that errors in sample preparatioguantities. Due to the symmetry (symmetry group) of the
were not additive, and the disadvantage that a lot more liquid molecules, we have only one independent order paramgger:
crystal had to be utilized. These measurements were done at= —1/25y = —1/2S.
lower solute concentrations to be certain of being in the regime
of linear dependence on solute concentration. Three mixedlll. Results

samples were also prepared, two containing the solutes benzene T results from all experiments in both experimental runs

and tch, and a third containing all four solutes. are tabulated in Tables 1 and 2. Measured order parameters are
All samples were run at a nominal temperature setting of Jisted in column A in both tables while column B contains the
300.9 K. The airflow was then adjusted to give a splitting of corresponding interaction energies calculated using a mean-field
approximately 4450 Hz in a temperature-standard sample that(Maier—Saupe)¢ interaction potential.
was used prior to every experiment. The temperature standard A. Measured Order Parameters.We first plot (Figures 1
to ensure repeatability was a sealed liquid crystalline sample and 2) measured order parame$erfrom samples containing
of 10 wt % benzene in “magic mixture” (55 wt % ZLI-1132 3 single solute against solute concentration in the liquid crystal
and 45 wt % EBBAY. The peak separation measured was not 7| |-1132 for each of the four solutes. The order paraméter
that of the true outermost peaks, but that of the tall peaks s seen to depend roughly linearly on the solute concentration.
adjacent to the outermost peak on each side. The physical quantity of interest is the extrapolationSpfto
B. NMR Experiments. Proton NMR spectra were measured zero concentration, where the mean-field picture of a single
at a temperature setting of 300.9 K using a Bruker AMX-500 solute in a pure liquid-crystalline environment with no sotute
NMR spectrometer. Samples were allowed an equilibration time solute interactions is exact. Previous wHrkas discussed
of 20 min inside the probe prior to collection of the spectra. different methods of “compensating” for the solute’s effect at
These spectra were then analyzed using the program LEQUOR finite concentrations on the liquid crystal phase; in particular,
to obtain the dipolar couplings of the dissolved solutes benzene,the relative merits of comparing scaled or unscaled order
tfb, tch, and tbb as a function of solute concentration. These parameters or interaction energies. We will show here that using
raw dipolar couplings are listed in an auxiliary file (see either order parameters or interaction energies yields comparable
Supporting Information). The program SHAPBEvas used to results.
obtain the order matrix for the four solutes from the dipolar ~ Order parameters at “zero-concentration” (column (A) in
couplings. Molecular parameters used for benzene, tfb, and tcbTable 3) are obtained by linear extrapolation of the concentration
are obtained from the literatut&:21 The tbb molecular param-  dependence of the order parameter of each solute to zero
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TABLE 2: Experimental Run 2 TABLE 3
solute mole % S(A)? HsolksT (B)° Sz, Szz,mix Rs = S:2,24S:2,mix
(A)? (B (€
benzene 0.55 —0.26276(2) —1.8592(1)
benzene 1.101 —0.26135(2) —1.8432(1) Exp. Run 1
benzene 2.321 —0.25619(2) —1.7856(1) benzene —0.2626(12) mix1-0.20010(2) 1.312(8)
benzene 2.921 —0.25390(2) —1.7606(1) tfb —0.2864(2) mix1:—0.23002(5) 1.245(6)
benzene 4.969 —0.24643(2) —1.6812(1) tch —0.3112(8) mix1:—0.24876(2) 1.251(2)
benzene mix2.1 —0.24691(2) —1.6862(1) tbb —0.3134(4) mix1:—0.25096(2) 1.249(7)
benzene m!x2.2 —0.24623(2) —1.6791(1) Exp. Run 2
benzene mix2.3  -0.24877(2)  —1.7057(1) benzene —0.2651(3) mix2.1-0.24691(2)  1.074(2)
tfb mix2.2 —0.27184(5) —1.9660(6) : .
mix2.2: —0.24623(2) 1.077(2)
tch 0.599 —0.30796(1) —2.4629(1) . L
mix2.3: —0.24877(2) 1.066(2)
tch 1.087 —0.30568(1) —2.4274(1) : i *
tfb mix2.2: —0.27184(1) 1.054(1%)
tch 2.375 —0.30062(1) —2.3508(1) _ : -
tch 0.3113(6) mix2.1:-0.29494(1) 1.055(2)
tch 3.099 —0.29604(1) —2.2841(1) : o
mix2.2: —0.29464(1) 1.057(2)
tch 4.755 —0.28754(1) —2.1661(1) : .
| mix2.3: —0.29698(1) 1.048(2)
tcb mix2.1 —0.29494(1) —2.2684(1) tbb mix2.2:—0.29843(1) 1.050(1%)
tch mix2.2 —0.29464(1) —2.2641(1) B ’
tch mix2.3 —0.29698(1) —2.2976(1) aColumn A: zero concentration order paramet®ss (extrapolations
tbb mix2.2 —0.29843(1) —2.3186(1) from Figures 1 and 2) for the four solutes benzene, tfb, tcb, and tbb.

b Column B: order paramete;mix in different two- and four-solute
mixtures.© Column C: the ratidRs of values in column A to column

B; the asterisk indicates solutes tfb and tbb, where zero-concentration
values from experimental run 1 were used to calculate the ratios for
Run 2.

@ Column A shows order parameters for single-solute samples and
three mixed-solute samplesColumn B shows the corresponding
calculated interaction energies. The values for single-solute samples
are also plotted in Figures 2 and 5. Mixed-solute samples have the
following compositions (with numbers corresponding to mole % of
benzene/tfb/tcb/tbb): (i) “mix2.1", 2.129/0.000/1.984/0.000; (ii) “mix2.2",

1.748/1.669/0.885/0.510; (iil) “mix2.3", 2.846/0.000/1.060/0.000. zero-concentration (column A in Table 3) is tabulated (column

Cin Table 3).
-0.22 B. Calculated Interaction Energies.We assume that aniso-
Exp. Run 1: Four Solutes tropic interactions between solute and liquid crystal are described

-0.24 _" by the simple mean-field interaction potential. Interaction

- energies may then be calculated from the order parameters. For
0261 = P a homogeneous uniaxial nematic, the mean-field potential is

ke given as
Zio6] g
e coe ﬁ;‘:ﬁﬁ;{“’ H,. = —u{ S.P.(cod)} Q)
-0.304 v ® Benzene -0.2626(12)
¥ A TFB -0.2864(2) whereu; is a scale parameter a§d = [P,(cod)Lls the nematic

-0.32- cn. e order parameter. Experimental observations of solutes in a given

: . - : : : - nematic liquid crystal can be modeled by a mean-field potential

0 2 4 6 8 10 12 14 total
0

involving a tensorial solute molecular propey whose
solute concentration (mole %) anisotropic, traceless paft, interacts with an average liquid

Figure 1. Run 1 experimental order parameters from samples crystal fieldF,s:

containing a single solute against solute concentration in the liquid

crystal ZLI-1132. The zero-concentration intercept is given for each Heo = —1/2F 3B, (2)

linear fit (the highest concentration point has been omitted for tcb).

This interaction is the lowest-order nonzero term in an expansion

i of any short-range interaction for nematic liquid crystalss F
o and ﬂf;’ga‘ have been identified physically as interactions such
Bl é.' as that between a mean electric field (squared) and a dielectric
_,J.er-*‘“" polarizability, or between a liquid crystal electric field gradient
-0.26 o and a solute quadrupole moment terfs&or the purposes of
SZZ ° this paper, the precise nature of the anisotropic intermolecular
-0.28+ . Exp. Run 1 interactions is not important. For a solute, whose symmetry leads
s ol el 1‘2'(28?26“2’ to two independent second-rank order parameters (a “biaxial”
-0.30 Exp. Run 2 solute) in a uniaxial nematic phase, eq 2 becomes
& O  benzene: -0.2651(3)
-0.32 I : , . i -.0'3113,(6] . Hsol = _3/4FZZﬂzP2,asymm (3)
gl iism ettt esstiliiias il o ka2 lifiaa
solute concentration (mole %) whereP asymm= P2(co9)") — (b/2)sirt9’ cos(a). Here we have

Figure 2. Run 2 experimental order parameters from samples defined the asymmetry in the solute molecular tensor

containing a single solute against solute concentration in the liquid b= (B, — BB (4)
crystal ZLI-1132. The benzene and tcb results from Run 1 are repeated XX yy/'Fzz

for comparison. The zero-concentration intercept is given for each linear L .
fit. andx, y, andz are chosen along the principal axis of the

tensor. The magnetic field is alo@gandx, y, zandX, Y, Z are
concentration (Figures 1 and 2). For each solute in each molecule-fixed and lab-fixed coordinates4 = cos@') andx.Z
experimental run, the ratio of the order parameter of a solute in = sin(@') cosg)). For a solute whose symmetry leads to only
a mixed-solute sample (column B in Table 3) to its value at one independent second-rank order paramdiers 0, and
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1.0y m H_vsS 141
' olynomial fit: H '
-1.24 olynomial 1t =
1.2 poly il I 18 "
4417498 +20.118 " +70.558 || ] é/_.:.}----
161 P i 181 T .
|_m . 1 |_m q.L
X 1.8 X  .204 .
S 5 3 pe Exp. Run 1
I -20 Ve £ o] m  benzene: -1.856(15)
22 d i o ® tcb:-2.491(2)
] 1 Exp. Run 2
2.4 241 ¢ O benzene: -1.883(3)
1 teb: -2.508(7)
26+ : . . . | : 2.6 ; . ; . : . .
-0.32 -0.30 -0.28 -0.26 -0.24 -0.22 -0.20 0 2 4 6 8 10 12 14

s solute concentration (mole %)

Figure 3. Interaction energy vs order parameter. The solid symbols Figure 5. Run 2 interaction energies from samples containing a single

are values for the solutes benzene and tcb. The line is the fit to a second-Solute against solute concentration in the liquid crystal ZLI-1132. The
order polynomial. benzene and tcb results from run 1 are repeated for comparison. The

zero-concentration intercept is given for each linear fit.

-1.4-
Exp. Run 1: Four Solutes TABLE 4
2y -' Hsol,zo,{kBT Hsol,mi)(kBT Ry = Hsol.zJHsol,mix
- o (A)? (B)° (Cr
el i = o[l Exp. Run 1
o il benzene —1.856(15) mix1—1.2507(2) 1.484(7)
[T JA . Solite || Zere Cone. tfb —2.146(3)  mix1:—1.5176(5) 1.414(2)
T L] Intercept tch —2.491(2)  mix1:~1.7056(2) 1.460(2)
I | ;/‘r m Benzene _1856(15) tbb _2541(4) m|X1_17290(2) 1470(3)
B e A TFB -2.146(3) Exp. Run 2
v b Igg ;;’j] (j’ benzene —1.883(3) mix2.1—1.6862(1) 1.117(3)
) (A = - 0 mix2.2: —1.6791(1) 1.121(3)
0 2 4 6 R ol £ P mix2.3: —1.7057(1) 1.104(3)
: tfb mix2.2: —1.9660 1.092(%)
solute concentration (mole %) tch ~2.508(6)  mix2.1:2.2684(1) 1.106(3)
Figure 4. Run 1 interaction energies from samples containing a single mix2.2: —2.2641(1) 1.108(3)
solute against solute concentration in the liquid crystal ZLI-1132. The mix2.3: —2.2976(1) 1.092(3)
zero-concentration intercept is given for each linear fit (the highest thb mix2.2:—-2.3186 1.096(*)

concentration point has been omitted for tcb). aColumn A shows zero concentration interaction enerdles.¢

ksT (extrapolations from Figures 4 and 5) for the four solutes benzene,

tfb, tcb and thb? Column B shows interaction energiblso mi/keT in

5 different two- and four-solute mixture$Column C shows the ratio

®) Ry of values in column A to column B; the asterisk indicates solutes
tfb and tbb, where zero-concentration values from experimental run 1

The order parameter is calculated from the above model were used to calculate the ratios for run 2.

potential (eq 5) using the relation:

eq 3 reduces to

Heo = _3/4FZZﬂzzP2(CO§')

solute to zero concentration (Figures 4 and 5). Note that while
S,=Z" f P,(cod")exp[—H kg T]sing’ do’ (6) the concentration dependence of the order parameter and the

energy are both roughly linear, linearity of one does not imply
whereZ = [ exp[~Hso/kgT]sing’ d¢" is the partition function. |inearity of the other. Therefore, obtaining the zero-concentration
There is thus a simple (but not linear) functional relationship nteraction energy by linear extrapolation is not equivalent to
between observed order parameter and the calculated interactiogonverting the zero-concentration order parameter to interaction
energy that fits it. This relationship is shown in Figure 3, where energy.

each solid symbol represent§,{ Hso) values for solutes
benzene or tcb (thelsy being calculated using eq 6 by fitting
to the experimental solute order paramesgy; the line is a fit

to a polynomial with linear, quadratic, and cubic terms. Note

For each solute in each experimental run, the ratio of the
interaction energy of a solute in a mixed-solute sample to its
value at zero-concentration is tabulated (column C in Table 4).

that the numerical value qf the sum of the nonlinear terms is v/ contributions to Errors
roughly of the same magnitude as that of the linear term; thus

the scaling ofS,;and ofHs are inequivalent. The sole purpose
of the polynomial fit is to show the nonlinear relationship
betweenS,; and Hso. We ascribe no physical significance to
this fit.

It is appropriate to summarize briefly the different contribu-
tions to errors that we have encountered.

First, sample preparation gave rise to a possible systematic
and statistical error in solute concentration, arising from errors

The run 1 solute concentration dependence of calculatedin weighing. The statistical errors involved in weighing a few
interaction energies of solutes benzene, tfb, tch, and tbb, aremilligrams of solute were 0.5 mg in experimental run 1 and
shown in Figure 4. Comparisons of results for the two runs for improved in experimental run 2 to 0.1 mg (this improvement
the solutes tcb and benzene are shown in Figure 5. enabled confirmation of concentration dependence at low

The calculated interaction energies at “zero-concentration” concentrations). An important concern in sample preparation
(column A in Table 4) are obtained by linear extrapolation of was the volatility of the liquids benzene and tfb. In experimental
the concentration dependence of the interaction energies of eachiun 1, higher-solute concentration samples were prepared by
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sequential addition of solute to the same NMR tube. This, TABLE 5: Order Parameters and Energies that Are Scaled
coupled with the volatility of benzene and tfb, gave rise to the tZoe:geCgr?ét;el‘lsiilpgt?gr:n\gajfjis\/g!su\e/\,/ éﬂraiof%]r Extrapolated
pOSS|b|I|ty of a systematic underestimation of solute concentra- e “Concentration Mixed-solute Samples

tion. Hence, in experimental run 2, a sample was made in

parallel for each solute-concentration in a separate NMR tube, Exp. Run 1 Exp. Run 2
and immediately sealed. In retrospect, the consistency between zero-conc  mix1l zero-conc mix2.1 mix2.2 mix2.3
the two runs suggests that solute volatility did not affect our s,,,./S,, ., 0.8438 0.8044 0.8516 0.8372 0.8357 0.8377
results. S idSzep  0.9203  0.9247 0.9226

Second, the spectra were collected at “consta_lr_lt temperat_urg”.%;::;ﬁifb 3:3%1 é:ggg? 07508 0.7434 1'00'536 0.7424
The temperature standard to ensure repeatability was a liquidy,/H,., 0.8615 0.8896 0.8683

crystalline sample of 10 wt % benzene in “magic mixture” (55 Hy/Hico 1.0201 1.0134 1.0241

0, - 0, 1
wt % ZLI 11,32 and 45 Wt, % EBBA): The tempere}tgre setting a Scaling of order parameters to the tcb order parameter has been
and/or the air flow was adjusted to give a peak splitting of 4450 hroposed as a way to remove, at least partially, the effects of working
Hz. The estimated error was 2 Hz, which corresponded to a with finite-concentration samples.
temperature variation o£0.05K.

Third, the dipolar couplings for tch and thb (both spectra are assumption. Note that the highest concentration tch point is
a 1:2:1 triplet) are one-sixth the splitting between the two outer omitted from the linear fits.
peaks, and are unambiguously determined. For the many-peak .
tfb and benzene spectra, the conversion from spectrum to theV- Discussion
dipolar coupling matrix depends on the choice of J couplings  The assumption that has often been used is that, in mixtures,
used. In addition, possible anisotropies in J couplings involving different solutes see the same average anisotropic environment,
F nucle??in tfb are neglected. In this case, the valueDpf; is and thus comparisons with theories and models can be made in
directly proportional to the order parameter, and for all tfb terms of ratios of some measure of solute orientational order
spectra,Dyy is fitted to better than 0.05 Hz in the SHAPE (such as order parametgy, or anisotropic interaction energy
program. Hence any anisotropy Jge (or any incorrect value H). Since the models and theories normally apply to infinite
of Jur) has negligible effect on the order parameters obtained. dilution, a useful test of this assumption is comparison of ratios

Note that an indication of possible anisotropy in fagindirect Rs of solute order parameter (B of solute interaction energy)

coupling is that in all caseBgr (experimental) minuDer in a mixed solute sample to that at zero concentration. Such
(calculated) is of the order 3 Hz; however, this difference could ratios are reported in Tables 3 (for order parameters) and 4 (for
also arise from neglect of reorientatiewibration effects’ interaction energies) for the four solutes benzene, tfb, tcb, and

Fourth, molecular structure parameters are inputs for the tbbin ZLI-1132. The test is thas (or Ry) values for different
calculation of order parameters from the dipolar couplings (the Solutes in the same mixture should be equal. Re&nd Ry
SHAPE program). Again, different, roughly equivalent, choices 'atios for experimental run 1 agree to 3% and 2%, respectively;
of bond lengths can give rise to order parameter differences of ll ratios agree to 1% for the three mixtures used in experimental

approximately 1%. The choice of molecular structural param- run 2 where the mixtures were at lower overall solute concen-
eters is taken from reported literature values: ben&tfb,20 tration. The run Rsvalues for benzene are 5% larger than the

tch2! Indeed all structures are obtained for the solute molecules 2Verage for all solutes, while tfi, values are only 1.6% larger.

in an isotropic environment, and it is reasonable to expect that | h€ Rs value for tfb is roughly equal the values for tcb and

in the absence of corrections for both molecular vibrations and Lbb’ while the'i” \G?Iu;a is Iowgr.l'l'zr;a “];m 2, rr;ix 2.2 vr;ollueshfor
reorientation-vibration effect? the structure in an anisotropic enzene are 1.9% (@) and 1.2% (forRy) arger than t €
environment might appear to be slightly different. Again, 2Verage of the other solutes. These results indicate that, in the

however, consistent use of the same molecular parameters forcgsrreltr: &’;F;e;'rr:ecrlgssé lrorg)etrh?ao'L:at?occ?c?:cegr:;?e?tqc?nnll'lr)r(ﬁ”tflzglg?)
all samples ensures that relative comparisons between them ar : ﬁer concentration mixturesz In addition ulsin Iinlteraction
unaffected by this choice. For example, the ratios of dipolar er?er ies for comparisons a éars in this c,ase tg be preferable
couplings in tfb D¥D1?= 0.2335D14/D12 = 0.1263, and?¥ usgin order a‘?ameters ppears, ’ P

D2 = 0.1582) show a standard deviation of 0.03% across Sing pararn : - .
different samples at different concentrations of tfb. Hence it is Since most experiments are d_one at f|n|te_, and sometimes
. ) .~ large, solute concentrations, different scalings have been
important to take note of molecular parameters when making

I . roposed to hopefully “scale” out the concentration dependence.
0
guantitative comparisons, to better than 1%, of order parametersg\ previous work using the liquid crystal EBBAreported that

(even those sc'aled toasolqte reference such as tcb) to the resul@Onducting experiments at a constant temperature and then
of other experiments. In this work, where the same solute was

) ) > scaling the order parameter (as opposed to the energy) with
used, the molecular parameters used are identical to those 'r}espect to tcb provided the most consistent results (the results
ref 14. with the lowest standard deviation). We explore this in Table 5

Finally, errors in extrapolations of solute-concentration by comparing ratios of both order parameters and energies to
dependence (of order parameters or energies) have a largethe values in tch. This is done for all the mixed-solute samples
associated statistical error0.2%) than individual measure-  (as is typical) and for the zero-concentration extrapolations (new
ments ¢0.01% or better). It is noted that the errors in the linear to this work and, in principle, the quantity of relevance to models
extrapolation of energies to zero concentration are larger (by and theories). The test is that ratiosSsfiutd Scp (0r Hsolutd Htcb)
40%—-80%) than the linear extrapolation of order parameters obtained from different mixtures and from zero-concentration
to zero concentration. An additional problem is associated with extrapolations (i.e., along any given row of Table 5) should be
the assumption that the extrapolations in Figures 1, 2, 4, and 5equal.
are linear; the results do not justify fitting to a different form, In general, the values for mixtures are close to the values at
but an unknown error should be associated with the linear zero-concentration, and the relative spread between mixed-
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