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Ordering of apolar and polar solutes in nematic solvents
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The quadrupolar splittings of deuteriated para- and ortho-dichloroberizgh®CB and 1,2-DCB,
respectively are measured by nuclear magnetic resondhddR) in the nematic solvents hexyl-

and pentyloxy-substituted diphenyl diacetyled®PDA-C6 and DPDA-OC5, respectively
Measurements are taken for all four combinations of the nominally ajb}arDCB) and polar
(1,2-DCB) solutes in the apolaiDPDA-C6) and polar(DPDA-OCH solvents, and throughout the

entire nematic temperature range of the solutions. The temperature dependence of the second-rank
orientational order parameters of the solutes are obtained from these measurements and the
respective order parameters of the mesogenic cores of solvent molecules are obtained independently
from carbon-13 NMR measurements. The order parameter profiles of the two solutes are found to
be very different but show little variation from one solvent to the other. The results are analyzed and
interpreted in terms of the underlying molecular interactions using atomistic solvent—solute
potentials. The influence of electrostatic interactions on solute ordering is directly evaluated by
computing the order parameters with and without the electrostatic component of the atomistic
potential. It is observed to be small. It is also found that the important interactions in these solvent—
solute systems are operative over short intermolecular distances for which the representation of the
partial charge distributions in terms of overall molecular dipole and quadrupole moments is not
valid. © 2003 American Institute of Physic§DOI: 10.1063/1.1560941

I. INTRODUCTION types of thermotropic liquid crystals, prolate-shagealam-
itic) liquid crystals? and oblate-shapeddiscotig liquid
For more than three decades researchers have been igystals® In the case of lyotropic liquid crystals, both probes
trigued by the nature of the orientational order that characang deuterium-labeled amphiphiles were used to characterize
terizes the unusual fluid phase of matter known as the liquighe orientational order in the aliphatic strata in lamellar
crystalline (LC) state. In the mid 1960s nuclear magnetic ypased These indirect uses of NMR evolved into investiga-
resonancéNMR) was found to be an ideal technique for (i, of the probe molecule’s orientation mechanism and

determining the orientational order of solutes dissolved i”NMR became the method of choice for characterizing the
nematic LCs; second-rank NMR nuclear dipolar and quadrué\nisotropic mean field in liquid crystalstor completeness,

polar interactions are mcompletely aver.aged " neméﬂc;.it should be noted that dynamical processes in liquid crystals
Moreover, as the residual proton dipolar interactions are rigs

orously related to the solute’s geometry, LC-NMR became apave. unique characteristics also, and NMR has played a key
A . - Tole in that are&.

tool for structure determination in a fluid phdsand this c " tf ¢ tein struct

application has dominated the last four decades of LC-NM urrently, apart from contemporary protein structure re-

studies® Concomitantly, the quadrupolar interactions exhib- Inement appll_catlongzthe primary use (_)f L_C'NMR is fo- )
ited by deuterium-labeled, small, symmetric, “guest’ mol- cused on studies designed to show which intermolecular in-

ecules were effectively used to map out the phase Symmég—:ractions determine the average orientation of simple probe
tries and orientational order in liquid crystal “hosts” for both Solutes dissolved in nematic solvents. The focus on probes

continues because of practical considerations: mesogens are
too complex to elicit the details required for constructing
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mail: terzis@physics.upatras.gr. Tel(+30) 2 610-097 618, Fax: Inesogen—mesogen intermolecular interaction potentials

(+30) 2 610-997 618. from LC-NMR data. In the interim, the much simpler class
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of solutes has been employed to study the mechanism dfom a set of permanent dipole or quadrupole moments fixed
molecular orientation in nematics. Judiciously chosen solon the molecular frame. An obvious flaw of this representa-
utes, ranging from diatomics to flexible alkanes, have beetion is that, since the multipole expansion is valid only for
modeled with increasingly sophisticated model&'Exten-  distances that are large compared to the spatial extent of the
sion of such modeling is anticipated to result in a more decharge distribution, the leading-moment potential may se-
tailed understanding of the nature of intermolecular interacverely deviate from the actual partial charge potential at
tions in LCs and ultimately to enable one to predictshort intermolecular separations, even in the absence of any
structure—property relations, namely, how a mesogen’s mapolarizability effects. Furthermore, the multipole expansion
lecular structural features are manifested in its LC phase staf a charge distribution is not unique in that it is done with
bility and phase type. It is in this spirit that we study the respect to an arbitrarily defined origin. However, aside from
orientational order of two solutes 1,4-dichlorobenzene and@omputational simplification, there are advantages of con-
1,2-dichlorobenzene, nominally “apolar” and “polar” mol- ceptual clarity in using the multipole expansion, particularly
ecules, in two nematic solvents with LC-NMR. The goal is towhen addressing such fundamental issues as the possible re-
refine our understanding of the relative importance of thesidual effects of polar interactions in apolar media. In such
various contributions to the solute—solvent interaction poteneases, where the focus is not on quantitative accuracy, it is
tial, U. We apply contemporary modeling—both solute andappropriate to isolate the polar part of the charge distribution
solvent molecules are treated in atomistic detail—to conand represent it by a dipole moment. In fact, a question that
struct U and have the option of “turning-off” the charge has been posed in many recent studies concerns the effect of
distributions on both solute and mesogen in order to asseske electrostatic polarity of the molecules on ordering, both
directly the effects of electrostatic interactions on solute oriin apolar and in polar LC phases. In some of the early at-
entational ordering. tempts to interpret NMR experiments on dipolar solutes in

It is generally accepted that molecular shape dominatesommon (apola) nematic solvents, a naive picture of the
solute ordering in nematic¢€;**and a variety of models have nematic medium was used according to which any dipolar
been explored for computing the magnitude of this stericjnteractions between solvent and solute molecules are aver-
short-range, interactiotf 13 However, there are clear cases aged out by virtue of the apolarity of the nematic
where electrostatic interactions are also impoftaand gen-  medium?®'1€|n this naive picture, the leading-rank electro-
erally, it is instructive to gauge the importance of steric in-static interactions felt by a solute molecule in a nematic sol-
teractions relative to the electrostatic contributions to soluterent are associated with the electric quadrupole moment of
ordering. Recently the role of electrostatic interactions in solthe solute molecule which is assumed to couple to an ad hoc
ute ordering has been described as a major unsolvegroperty of the nematic medium bearing the physical dimen-
problem—a “holy grail” of liquid crystal physics? This is  sions of an electric field gradiefEFG). This picture was
not the point of view we advocate here. We show that elecsoon demonstrated to be inadeqdiatéand it is now well
trostatic interactions are convolved with the excluded vol-established by several theoretical works and numerous com-
ume interactions, that their influence on the ordering of theputer simulation¥ 23 that residual dipolar interactions are
solutes studied is weaker than that of the excluded volumeaot only present in apolar mesophases, nematic, smectic or
interactions, but nevertheless can be evaluated consistenttplumnar, but that they can also have substantial effects on
and reasonably accurately starting from the explicit atomistithe thermodynamic stability of these phad&produce mo-
solvent—solute potential. lecular dimerisation via dipolar associatittt® give rise to

Strictly, a complete description of the electrostatic inter-phase re-entrance phenoméhaiause structural modifica-
actions in liquid crystals requires the partial charge distributions in smectic$®2?°etc. On the other hand, it was demon-
tion on each molecule to be determined as a function of itstrated theoreticall}t and later found in simulatior, that
conformation and of its configuration relative to the otherthe ad hoc “EFG of the solvent” is not strictly a solvent
molecules surrounding it. This, in turn, could be accom-property but depends on the structure of the solute molecules
plished in principle given the partial charge distribution for as well. Moreover, the notion of a solvent-characteristic EFG
the free molecule and given the polarisabilities of the mo-is proven inadequate to account for direct NMR measure-
lecular segments. The latter allow the deformations of thanents of average EFGs experienced by the quadrupolar nu-
charge distribution of the interacting molecule to be deter<lei of the noble gas isotopé&Ne, 83Kr, and'3Xe in nem-
mined. Such a description, however, entails the use of poteratic solvents: For the interpretation of these measurements
tials that are not pairwise additive and, to our knowledge, hag is necessary to include, in addition to the “solvent EFG,”
not been attempted in any theoretical or computer simulatiomt least one more source of EFG, and also assume that the
studies of liquid crystals to date. “solvent EFG” is solute dependent.

Considerable simplification is brought about if the par- Herein we illustrate the relative importance of electro-
tial charge distribution on the molecular segments is treatedtatic interactions by analyzing LC-NMR data for a pair of
as fixed, i.e., by ignoring molecular polarizability altogether,polar and apolar solutes that are structural isomers, ortho-
since this renders the intermolecular electrostatic potentigdnd para-dichlorobenzene, respectively, dissolved in polar
pairwise additive. In practice, modeling usually goes oneand apolar nematogens. The latter liquid crystals are the
simplifying step further and replaces the partial charge dissymmetric calamitic mesogens, hexyl- and pentyloxy-
tribution by the leading terms of its multipole expansion. Thesubstituted diphenyl diacetylenes, DPDA-OC5 and DPDA-
electrostatic interactions are thus represented as originating6, respectivelysee Scheme)1
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Scheme 1.Chemical structure of apolaiDPDA-C6) and polar(DPDA- Here eij is the time-dependent angle prescribed rnyand
OCH solvents. the magnetic field. Clearly, a prerequisite for extracting the
solute geometry;; from measured couplings is an indepen-
dent determination of the average degree of orientation of the
interaction direction.

Similarly for deuterium NMR, the incompletely aver-
aged electric field gradient at the nucleus results in quadru-
polar splittingsA v; that depend on the average orientation of

the C—D bonds relative to the magnetic fiéfd,
Q o/_/_/ Av;~e?q;Q(3 cod(6,)—1)/2

=e2q;Q>, cos6, COSOySyp - 2
ab

T

4,4'-di-(n-pentyloxy)dipheny Idiacetylene (DPDA-O-C5)

These two mesogens differ only in the linkage of theThe averaged orientation of the interaction direction is re-
equivalent-length, terminal tails to the mesogenic core. Thudated to the solute molecule’s orientational order via the
it seems reasonable to conjecture that the DPDA-OC5 meangle ¢; locating the direction of the C—D bond relative to
sogen might exhibit specific electrostatic contributions tothe magnetic field. The direction cosines of the interaction
solute ordering due to the charge density associated with itdirection (internuclear vector;; or electric field gradient
ether linkages; DPDA-C6 is devoid of heteroatoms and ofilong the C—D bonxin a Cartesian, solute-fixed, axis frame
significant electrostatic charge density differences from aton&,b,care denoted by ca . The solute order parametesg;

to atom. It is difficult to probe the role of such subtle struc-appearing in Eqg1) and(2) are the elements of the traceless
tural differences on solute ordering if the modeling of inter-ordering matrix of the solute and can be obtained as the rank
molecular interactions is too coarse—either uniaxial con2 moments of the solute’s orientational distribution function,
tinuum descriptions of the nematic solvEht* or even f(w), according to the defining relations,

approximate solute shapéspherocylinders, ellipsoids, ekc. 1

endowed with electrostatic momertsne therefore perform sab:_f dof(w)[3(a-N)(b-N)—1], 3)
straightforward atomistic calculations of the solute—solvent 2

interactions for all relative orientations using conventionalwherea, b correspond to the unit vectors along the axes of
force fields(Dreiding force field.®* This enables us to con- the solute-fixed molecular frame. The orientational distribu-

struct the solvent—solute interaction potentinand the sol-  tion function of the solute is related to the potential of mean
ute orientational distribution functiori(w) in these two torqueV(w) as follows*

nematics. While the calculations confirm the dominance of

the short-range repulsive contributions, by performing the exp{ _ V(“’))
same atomistic calculations with the electrostatic interactions B kgT
suppressed we can estimate the relative importance of ex- Fw)= V(w)
cluded volume and electrostatic interactions to solute order- Jdw ex;{ - kB—T

ing for the two solutes ortho-dichlorobenzede2-DCB) and
para-dichlorobenzend ,4-DCB). Quite generally, the potential of mean torque felt by a solute

molecule in a uniaxial nematic solvent can be expanded in
spherical harmonic¥,,(w) of even rank. The coefficients
Il. BACKGROUND in this expansion are related to the solute—solvent interaction
potential but a rigorous closed form of this relation cannot be
LC-NMR has been routinely used to study how both theobtained for any system of practical interest. It is therefore
mesogens themselves and solute probe molecules are orecessary to resort to approximation schemes in order to re-
ented by a “potential of mean torqueV(w), characterizing late in closed form the expansion coefficients to the interac-
the LC medium’s anisotropic mean field; represents the tion potential. Here we use an approximation scheme that is
generalized angular variables and is referenced to the nemvased on the variational cluster method for pairwise additive
atic directorN (herein assumed parallel to the spectrometeinteractions and has been described in Refs. 11 and 13.
magnetic fielgl The initial focus of LC-NMR studies was on Briefly, the approximation consists in neglecting the correla-
determining solute geometry from resolved proton dipole-tions among the solvent molecules and using renormalized
dipole hyperfine couplingd® D;;, which in turn, are related densities in order to partly compensate for the neglected cor-
to the solute’s (vibrationally-averaged internuclear dis- relations. This leads to the following form for the spherical
tancesyi;, harmonic expansion of the potential of mean torque acting
on the solute molecules,

: 4

YiYj

D|]%r_3<3 CO§(0,J)—1>/2 . Cim Sim

l V(0)/kgT=pCo(T*) X, =5 (P)|1— =~

- Coo(T*) 2
:?Z; C0S0a COS By Sap- @ XYyl @)+ Yo ()], (5)
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Herep denotes the effectiveenormalized particle density . Q 2, \*/\
of the solvent(number of solvent molecules per unit volume e . o .

of the solution and(P,) are thelth rank order parameters of

the solvent(assumed to be of negligible molecular biaxial- g
ity). The coefficient<C,,, are given by F

Cim= 2ffolrolw[l e VKT Y (@) + Yi (w)],

(6)
whereU is the interaction potential between the solute and 2\ \3 \\
\ \u 1,2
|

oos’“o

the solvent and the integration is over all solute—solvent \
separationgr) and relative orientation@v). In order to have

dimensionless expansion in E(), all the coefficients are |
expressed in units of the isotropic coefficiédg,, which, 7% 0 % o Pom
according to Eq(6) is given by

FIG. 1. Projection irt*C dimension of the 2D-SLF spectrum of DPDA-OC5
at 306 K and the corresponding C—H multiplet for each carbon assigned by

Coo(T*) ffdrdw[l e UkeT"], (7)  numbers.

whereT* is a fixed reference temperature.

The solute—solute interactions do not appear in the ex-
pression of Eq(5) since the concentration of solute mol-
ecules in the nematic solution is assumed negligibly small
Furthermore, the solvent—solvent interactions enter indi-
rectly through the order paramet€i®,) of the solvent mol-
ecules. Accordingly, the solute potential of mean torque i
Eqg. (5), and thereby the solute order parameters in @j.
can be fully determined given the solvent effective dengijty
order parameteréP,), and the detailed solvent—solute po-
tential. The atomistic evaluation of the latter is outlined in

We present the results of deuterium LC-NMR studies of
solvent—solute effects using two solutes of very simple mo-
lecular structure, 1,4-dichlorobenzedg{1,4-DCB) and 1,2-
dichlorobenzene, (1,2-DCB), in the DPDA-C6 and
DPDA-OCS5 solvents. These solutes have been considered
Yefore as potential probes of dipole-induced ordering in so-
called zero-electric-field-gradient nematic mixtures, but it
was concluded that permanent dipoles have a negligible in-
fluence on solute orientatidfi.

Sec. IV.
B. Mesogen order parameters
IIl. EXPERIMENT
. All of the NMR experiments were carried out on a
A. Materials

Bruker Avance 360 NMR spectrometer with a Bruker CP/
In order to probe the role of electrostatic solute—solventMAS probe(4 mm rotoy. The carbon—proton coupling con-
interactions we use nematic solvents having minimal strucstants of the DPDA samples were measured using the sepa-

tural differences between a polar and an apolar solvent. Weated local field (SLF) with off-magic-angle spinning
have synthesized two very simple nematogens that are strutechnique’’ During the evolution periodt(), proton—proton
turally isomorphous: alkyl- and alkyloxy-substituted diphe- dipolar couplings were removed by applying a windowless
nyl diacetylengDPDA) liquid crystals. The synthetic details homonuclear dipolar  decoupling pulse sequence
and thermal properties are reported in the Appendix. BotiBLEW-48),%® so that exclusively carbon—proton dipolar
DPDA mesogengsee Scheme)lare symmetric and have couplings were retained. The high resolution carbon-13 spec-
typical calamitic tail-core—tail structures with the sametrum was acquired during thig period using a WALTZ-16
number of (united atoms in the terminal chains. Initially pulse sequence for proton decoupling. In order to avoid
reported by Grant>*® DPDA liquid crystals have several sample heating by high decoupling power, the samples were
properties which make them ideally suited for NMR studies;spun at an angle of=49.0°, which is slightly smaller than
positive diamagnetic susceptibility and the ability to form the magic anglé€54.79. This off-magic-angle spinning tech-
stable, low viscosity, nematic phases with accessible termique reduces the dipolar couplings by a factor of (F@os
perature ranges(<160°0Q. The pentyloxy derivative, —1)/23°

DPDA-OC5, differs from the apolar hexyl derivative, It has been demonstrated in Ref. 40 that carbon-13 SLF
DPDA-CB6, in that there is a nonuniform charge density inNMR spectroscopy provides carbon—proton dipolar coupling
the tails associated with the ether linkages to the diphenytonstants for each carbon exhibiting a resolved resonance.
diacetylene mesogenic core. DPDA-C6 was reported byls an example, Fig. 1 displays the projection in the
Grant®>%¢ and has a nematic range from 58.6 to 85.3 °C;dimension of the 2D-SLF spectrum of DPDA-OC5 and the
DPDA-OC5 exhibits a nematic phase between 122-159 °@orresponding C—H multiplet for each carbon as assigned to
and is believed to be a new liquid crystal. Separated locathe chemical structure in the figure inset.

field NMR (SLF NMR) spectroscopy was used to determine  From the signals of the aromatic carbons in the chemical
the temperature dependence of each mesogen’s orientatiorsdlift range between 170 and 120 ppm, the orientational order
order parameters across the respective nematic ranges. of the mesogenic core of the molecule can be determined.
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FIG. 2. Order parametefd,)(=S,,) evaluated according to E¢8) from -2000 0 2000 Hz
the experimental data on dipolar C—H coupling constants for DPDA-C6 a
(open trianglesand DPDA-OCK(filled triangles as a function of the re- +—> A\’z
duced temperature.
< > Av,
b y
The phenylene rings in the DPDA molecule havg sym- o
metry. Therefore, the dipolar coupling constant for each C—H b
spin pair is given by - WL
YeH 2000 0 2000 Hz
Dcn= 503 [(3cod Ocn,—1)S,;
CH

FIG. 3. 2H-NMR spectra of dichlorobenzene solutes in the nematic phase of
+(c0o€ Oy — COF Oy ) (Sex— Syl (8) DPDA-C6 at 80 °C.(a) 1,4-DCB-d, exhibits dipolar fine structure super-
x y posed on the quadrupolar splittingy. (b) 1,2-DCB-d, exhibits two qua-
; ; drupolar splittingsA v, and Av, corresponding to the distinguishable 3,6
Whereyc and y.H are the gyromagne_tlc ratios for carbon and and 4,5 deuteronginsey Molecular fixeda,b,caxes on the DCB solutes.
hydrogen,r ¢y is the internuclear distance between carbon

and proton, ancBCHa is the angle betweency and the mo-

lecular fixed a-axis. In the chosen molecule-fixexly,z

frame, z is the twofold axis of the phenylene rings antles  to the C—D bonds adjacent to the chlorine atoms based on
in the ring p|ane perpendicu]ar o ldeal hexagona| ring the 4 Hz down field shift of its cente(chemical Shlﬂ: rela-
geometries were used with C—C and C—H bond lengths 1.4tve to the inner doublet.

and 1.08 A, respectively. The order parameters of the phe- The measured values of the quadrupolar splittings are
nylene rings in the rigid core of the moleculs,{ andS,,  plotted as a function of reduced temperatlifg=T/Ty, in
—S,,) were obtained by least square fits of the calculated™ig. 4@). It is apparent from these plots that the splittings of
C—H dipolar coupling constants to the experimental datathe two solutes are much different in magnitude and exhibit
Figure 2 shows the order parameSt=(P,) of DPDA-C6 opposite temperature dependencies; large splittings decreas-
and DPDA-OC5 as a function of the reduced temperaturéng with increasing temperature for 1,2-DCB and small split-
Tree=T/Ti. The biaxial order parameterS—S,,) (not tings, increasing Wlth temperature, for 1,4-DCB. Further-
depicted is close to zero indicating a virtually uniaxial av- more, while the splittings of 1,4-DCB are somewhat smaller
erage mesogen structure. TBg, parameters reveal that the in the DPDA-C6 than in the DPDA-OC5 solvent at all tem-
orientational order of both liquid crystals increases, as experatures, the splittings of 1,2-DCB are nearly identical in
pected, with decreasing temperature; DPDA-OC5 exhibitghe two solvents.

higher orientational order than DPDA-C6. At first sight, the apparent lack of an appreciable “sol-
vent effect” in the splittings of the 1,2-DCB might suggest

that the interactions of the solute molecules with the mol-
ecules of the two different solvents are practically identical.
However, if proper account is taken of the fact that the two
solvents have different order parameters at the same reduced
We studied 2% solutions of fully deuteriated 1,4-DCB temperature, as seen on the plots of Fig. 2, one is led to the
and 1,2-DCB in the nematic solvents. The multiline spectrunopposite conclusion: since one solvent is more ordered than
of 1,4-DCBJFig. 3(a)] results from the combination of iden- the other and the splittings of the solute are nearly equal in
tical quadrupolar splittings of the four equivalent C—D bondsthe two solvents, then the orientational correlations among
(Av) and the dipolar couplingdD) among adjacent deuteron solute—solvent molecules must be weaker in the more or-
pairs (along thea-axis).****2 The spectrum of 1,2-DCIBFig. dered solven(DPDA-OCH. The plots of Fig. 4a) reflect the
3(b)] consists of two doubletsA(v,,Av,) from the two dis- combined effect on solute ordering of both the degree of
tinct C—D bond orientationgthe 3,6- and 4,5-deuterons of order in the solven{determined by the solvent—solvent in-
1,2-dichlorobenzene;jl. The outer doublet can be assignedteraction$ and the strength of the orientational coupling of

C. Deuterium quadrupolar splittings and order
parameters of the solutes
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w000 as suggested by the measured values of the splittings in Fig.
16000 "t e, ® . 4(a), but the scaling of the splittings in Fig.(#) reduces
Yo, . somewhat the difference between the two solvents since the
12000 ] Oe. large splittings(corresponding to the DPDA-OC5 solvgnt
Ay, are divided by the larger value of solvent order parameter
(Py).
AR By choosing the appropriate solute-fixeb,cframe
8% 1] %O . v, (see Fig. 3, insgt the traceless order matrix of the rigid
12009 ) ._._._,_: 7 solutes contains exclusively diagonal elements. Generally,
e ° o-g—g-“gfo_ —0-0—0-0 the incompletely averaged nuclear spin interaction is related
07 to a sum over the relevant order parameters and associated
081 0% 083 0% 095 0% 097 0% 099 direction cosines defining the interaction direction in the
(a) T solute-fixeda,b,cframe [see EQ.(2)]. In the axis system
employed—thec-axis normal to the solute ring and tlee
F10 . andb-axes in the ring plane with along thepara twofold
I * symmetry axis of 1,4-DCHsee Fig. 3 inset-S,;, is diago-
" o° Pad nal and one finds, for an idealized solute geometry and no
s /./ asymmetry in the C—D bond electric field gradient tensor,
o P P that the quadrupolar splitting for 1,4-DCB is given by
Av/Av - P

-0 o P Av=2e2qQ[cos 6,S,,+ cos 6pSyp]

0.6 4
o’ o7 =2e29Q[ $Saat 3Sub)- (9)

s er P In the case of the 1,2-DCB solute there are two distinct qua-

b o drupolar interaction directions in the solute-fixadt,cframe
AN, NS S ., (see Fig. 3and we find for an ideal solute geometry a pair of
= N quadrupolar splittings,

o

R Avy=36%9QS,
Los ‘I\E. s . s (10
o7 v Av,=3e°qQ[ 7Saat 7Spbl-

Foe Hence, the solute ordering in both solvents—the relevant or-
der parameters,,— S,p) and S..—can be evaluated from
the observed quadrupolar splittings. The result of the order
o parameters calculated directly from the experimental split-
o3 "’E‘E\'gﬂﬂ:;:_\ﬂ : tings are shown in Fig. 5. Due to the sign ambiguity of the
091 0%2 0983 084 095 095 097 098 098 measured coupling constants—generally, 0|my| and |D|
) T., can be determined—a unique setSjf,, Sy, andS;. order
parameters cannot be evaluated directly from LC-NMR spec-
FIG. 4. (a) Plots of the temperature dependence of experimental quadrupcra. As an example, we show such data sets for 1,4-DCB and
lar splitting_s of the 1,4-DCB’circIes)'and the 1,2-DCBsquarepsolutes in 1,2-DCB each in the nematic solvent DPDA-(CBabIe D-
the nematic solvents DPDA-OCSHilled symbol$ and DPDA-C6 (open The modeling we use in this work identifies the bold-face

symbols. (b) Plots of the experimental quadrupolar splittings(af after o )
dividing by the value of the order parameter of the respective soleest ~ €Ntries in Table | as those corresponding to the actual solute

Fig. 2. The reduced splittings are plotted on a relative scale where theorder parameters.
largest entry is assigned the value 1. The symbols are ¢.in It is evident in the plots of Fig. 5 that the qualitatively
different temperature dependence of the splittings of the two
solutes is reflected in the temperature dependence of the or-
the solute molecules to the solvedietermined by solvent— der parameters:S,,—Sy,) has opposite sign for the two
solute interactions For the purpose of comparing the solutes whileS.. is very small and nearly constant for 1,2-
strength of solvent—solute orientational coupling in the twoDCB as opposed to 1,4-DCB for which it has a fairly large
solvents it is more appropriate to compare not directly themagnitude, increasing with decreasing temperature. Finally,
splittings A v; but their scaled values with respect to the sol-the accidental near coincidence of the splittings of 1,2-DCB
vent order paramete{P,). These scaled splittinga7; in the two solvents is naturally carried over to the respective
=Av;/{P,) are plotted in Fig. ). order parameter plots. As in the case of Fi@)dit should be
As seen in these plots, the scaled splittings are clearliept in mind that the solute order parameter plots of Fig. 5
different in the two solutes. The ordering of 1,2-DCB is seenallow comparisons at the same value of solvent reduced tem-
to be stronger in DPDA-C6 compared to its ordering inperature but not at the same value of the solvent order pa-
DPDA-OC5for the same value of solvent order parameter rameter. On the other hand, the values of order parameters
The ordering of 1,4-DCB remains stronger in DPDA-OCS5, obtained for 1,4-DCB in the two solvents are nearly identical
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IV. SOLVENT-SOLUTE INTERACTION POTENTIAL

We start out with atomistic descriptions of the mesogens
and the solutes in order to compute the pair interaction po-
tential U for all solute—solvent separatioris) and relative
orientations(w). We use semiempirical atom—atom poten-
tials (force fields with the hydrogen atoms explicitly in-
cluded to produce an energy map for all relative solute—
solvent distances and orientations. The computational
approximations involve the use of rigid solutesibstituted
benzenesand the assumption that the nematogens adopt a
single, low-energy conformation with the pendant chains in
their all4rans state.

The calculations are performed using theriUS mo-
lecular modeling packad®,in conjunction with the Dreiding
force field®? The functional form of the force field contains
bond length, bond angle, bond torsion, van der Waals, and
electrostatic energy terms. The Dreiding force field is chosen
because of its simplicity and because it is readily available
within the cerIUS molecular modeling package. The force
field is validated using small molecules that contain the bi-
phenyl and the alkyl groups found in the DPDA-C6 and
DPDA-OCS5 solvents; it is generally found to provide reli-
able estimates of both structural and thermodynamic proper-
ties. The same force field was used by Bingeal***® for
several liquid crystal molecules in order to describe the in-
teractions between the liquid crystal molecules and polymer
surfaces. Partial charges are determined by use ofitimac
molecular orbital packad®or the Gasteiger electronegativ-
ity method?’ Both calculations yield very similar distribu-

—S,p) as determined directly from the respective experimental splittings oftions for the partial charges_ The option of turning off all

1,4-DCB in DPDA-C6(open symbols and DPDA-OC5(filled symbolg
using Eq.(9) (top) and 1,2-DCB in DPDA-CGopen symbolsand DPDA-

OCS5 (filled symbolg using Eq.(10) (bottom).

although the respective splittingwith or without scaling by

interactions associated with the charge distributions is of-
fered and through that option it becomes possible to have
quantitative estimates of the contribution of electrostatic in-
teractions to the ordering mechanism of the solute molecules.
Energy maps of the full potenti@U) and of the potential
with the charge distributions turned offug) were con-

the solvent order paramejeare appreciably different. This is structed and used for the calculation of the expansion coef-
a result of the particular way in which the order parameterdicients in Egs.(6) and (7) via numerical integration. The

combine to produce the splittings of 1,4-DC8&e Eq.(9)].

TABLE I. Order parameters d,,, Sy,, andS;. of 1,4-DCB and 1,2-DCB
in DPDA-C6 at 330 K, evaluated from the dipolar coupling® and the

results of these calculations showed that the coefficients of
rank | =4, or higher, contribute marginally to the values of
the solute order paramete8,, and can be neglected in a
first approximation.

The qualitative picture that emerges from the calcula-

quadrupolar couplings: Av,. The sign combination associated with the tions of energy maps of the full solvent—solute poteritias
bold-face entries is singled out by molecular modeling and is used in theas follows:

plots of Fig. 5.
1,4-DCB
Av (Hz) D (H2) Saa Sop Sce
+492 -57.5 +0.308 —0.098 —0.210
—492 -57.5 +0.308 -0.107 -0.201
+492 +57.5 —0.308 +0.107 +0.201
—492 +57.5 —0.308 +0.098 +0.210
1,2-DCB
Avy (H2) Av, (H2) Saa Sop Sce
+15000 +6380 +0.108 +0.019 -0.127
+15000 —6380 +0.108 —-0.073 —0.035
—15000 +6380 —0.108 +0.073 +0.035
—15000 —6380 —0.108 —-0.019 +0.127

(1) For all solvent—solute combinations the lowest energies
are obtained for paralléface-to-facg configurations of
the solvent/solute rings with the ring centers in register,
as shown in Fig. 6.

(2) On shifting the ring centers along the solvent para-axis,
while holding the solvent/solute rings parallel, the inter-
action energy increases. The rate of increase depends on
the direction of the shift:

(@) For the 1,4-DCB in DPDA-C6 combination, the in-
crease is weak on shifting the solute ring in the direc-
tion of the solvent’s terminal chain and is much stron-
ger on shifting in the opposite direction, i.e., towards
the —CG=C-C=C- region.
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FIG. 7. The dimensionless energy(¢) calculated for 1,4-DCB in
DPDA-C6 as a function of the azimuthal anglg between the-axis of the
solute and thepara axis of the solventsee Fig. . Results are shown for

two configurations having parallel solute/solvent rings separated by a dis-
tance of 4.5 A: F—Rface-to-face rings corresponding to aligned ring cen-
ters shown in Fig. 6, and a second “F-F shifted” configuration wherein the
solute ring center is translated until the solataxis intersects the solvent's
innermost aromatic carbon atom. The dotted line corresponds to the poten-

FIG. 6. Schgmatlc rgpresgntatlon of solven'tisolute conflggratlons showmgal Uo(¢) which differs fromU(¢) in that the electrostatic interactions are
the parallel-ring configurations and the definition of the azimuthal apgle turned off

for the 1,4-DCB solutgbottom and the 1,2-DCB solutétop). Two con-

figurations are suggested: One where the solat@xis intersects a solvent

ring’s center, called “face-to-face(F—F; shown, and a second configura-

tion is derived by shifting the solute until itsaxis intersects the innermost (1) The sensiti\/ity in((p) to ring-shifting, shown in Fig_ 8,

aromatic carbon of the solvent rifg—F shifted. The a-methylene of the implies fairly strong correlations between azimuthal ro-

proximate tail is indicatedsmall circle to emphasize that this unit is re- - . .

placed with an ether linkage for the solvent DPDA-OCS. tations and translations of the 1,4-DCB solute ring rela-
tive to the DPDA-OCS5 solvent.

(2) The rather broad (roughty50°) maximum ofU(¢)
shown in Fig. 10 implies strong inhibition of configura-
tions for which the two C-CI bonds of the 1,2-DCB
solute ring are on the same side with the —O— ether
linkage of the DPDA-OCS5 solvent ring.

On “turning off” the electrostatic interactions, a general
overall increase of the energy is obtained for the systems
in Figs. 7-9, without significant shifts of the minima. In
contrast, for 1,2-DCB in DPDA-OC5 a completely dif-
ferent azimuthal dependence is obtained, as evident from
the two curves of Fig. 10.

(b) Adifferent behavior is obtained for the shifted parallel-
ring configurations of the 1,4-DCB in DPDA-OC5
combination. Here, the slow increase of the energy val-
ues is obtained on shifting the solute rings towards the(3)
—C=C-C=C- region and the fast increase is ob-
tained on shifting in the opposite direction, i.e., to-
wards the —O- ether linkage of the solvent. However,
on shifting in the same direction past the ether linkage,
towards the periphery of the solvent terminal chains,
the energy drops to values comparable with those ob-

tained for the —€=C—-C=C- region. , Having calculated the complete energy maps as de-
(c) Analogous trends of variation on shifting the ring cen- gojpeq in the beginning of this section, we proceeded to the

ters are obtained for the energy maps of the 1,2-DCB iny, 51yation of the expansion coefficiert,, according to
each of the two solvents. That is, the variation of the

potential with ring-shift shows some qualitative differ-

ences in the two solvents but is not particularly sensi- 2]

tive to the molecular structural features that differenti- 04 - F-F
ate one solute from the other, namely the relative 06
directions of the dipolar groups. 08
-1.0
Turning now to the azimuthal variation of the energy for 124
the parallel solvent/solute ring configurations we find quali- ~ YKT 1.4
tatively similar profiles for the two solutes in the DPDA-C6 16
solvent but markedly different profiles for each of the solutes 18]

204 F-F shifted

in the DPDA-OCS5 solvent. In the latter case, the azimuthal
profiles are also very sensitive to shifting the solvent/solute 2
ring centers. These features are illustrated on the graphs of N S S
the azimuthal dependence of(¢) for the four solvent—

solute combinations shown in Figs. 7—10, with the azimuthal ¢

angle ¢ defined in Fig. 6. It is worth noting that: FIG. 8. Same as in Fig. 7 only for 1,4-DCB in DPDA-O5.

-2.24
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FIG. 9. The dimensionless potenti&l(¢) calculated for 1,2-DCB in 0.204 o-o-o-0-0-0-0
DPDA-C6 as a function of the azimuthal andle) relating the symmetry
axis (b-axis) of the coplanar solute and the para axis of the solvent rings for
configurations separated by a distance of 4.5 A. KfaEe-to-face rings 0224
corresponding to congruent solute/solvent ririggned ring centers, see C22 o_o—o—o—O—O—O—O'O‘O‘O‘O.‘j
Fig. 6). The dotted line corresponds to the potentig)( ¢) which differs ’.,.—l’.,O
from U(¢) in that the electrostatic interactions are turned off. -0.24 ._._..l—". ./.,o’
TR R o
oo
0.26 o090 000"
Egs.(6) and(7). The results for the second rank coefficients
C,, associated with the four solvet—solute combinations are 0z
. . . - T T T T 71 v T v v T
plotted in Fig. 11 as a function of temperature. These coef- 081 082 083 094 095 095 097 098 099 100
ficients embody the leading integrated effect that the molecu- L

lar interaction produces on the orientational tendencies of the _
solute relative to the solvent molecules. As a result of thg!G- 11. The temperature dependence @jyvalues (top figurg and

choice of the molecular axes frame in relation to the symme

try of the solute molecules, the coefficients with=1 van-
ish automatically.

C,,values[bottom figure, see Eq$6) and (7)] for the 1,4-DCB solute in
DPDA-C6 (open circley and DPDA-OC5(filled circles and 1,2-DCB sol-
ute in DPDA-C6(open squargsand DPDA-OCK(filled squares All coef-

ficients are in units o€,o(T*). The reference temperatufé is set equal to

Some differences in the behavior of the expansion coefthe temperature of the nematic—isotropic transifiqp.
ficients for the different solvent—solute combinations should

be noted here because of their relevance to the analysis in the
next section. In particular, the two solutes are seen to hav

similar values ofC,, in the DPDA-C6 solvent but theiC,q
coefficients differ by a factor of 2. Moreover, the relative
magnitudes of the coefficients are qualitatively different for
the two solutes: the magnitude @f,, is somewhat larger
than that ofC,, for 1,4-DCB whereas for the 1,2-DCB solute
C,, has nearly twice the magnitude @. A similar behav-
ior of the relative magnitudes @,, andC,, is observed in

02]
04
.0.6_.
08
10
2]
UKT 4]
164
18]
.2.0—-
.2.2-

244

T T T T T

T T T T T 1
-20 0 20 40 60 80 100 120 140 160 180 200

FIG. 10. Same as Fig. 9, only for 1,2-DCB in DPDA-OCS.

e DPDA-OCS5 solvent except that the temperature depen-
ence, particularly for the coefficients of the 1,4-DCB solute,
is different in the two solvents.

V. COMPARISON WITH EXPERIMENT
AND DISCUSSION

The comparison of the theoretical predictions with ex-
periment is undertaken in two stages. The first stage is con-
cerned with the qualitative aspects: We examine whether the
general picture of the solvent—solute interactions described
in the previous section is consistent with the basic trends
found in the measurements and furthermore whether this pic-
ture can help rationalize the experimental results. The second
stage deals with the quantitative comparisons of the order
parameters obtained from the NMR measurements with
those calculated on the basis of the solvent—solute atomistic
potential.

At first glance the NMR data for 1,4-DCB seem coun-
terintuitive. In both solvents there isdecreasen the 1,4-
DCB quadrupolar splitting on lowering the temperat(Fey.

2). Since solvent ordering increases on lowering the tempera-
ture in the nematic phases of both DPDA-C6 and DPDA-
OCS5 (Fig. 2), the observed decrease &v suggests an ap-
parent decrease in solute order at lower temperatures. But
this observed trend is merely a consequence of temperature-
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0.29- begin to develop a more detailed picture of the solute’s ori-
entational bias in these two solvents. In the following discus-
sion we focus on the lowest energy configurations—parallel
face-to-face solute and solvent rings. In particular, for spe-
cific solute—solvent configurations it is instructive to exam-
ine the azimuthal angular dependencdJgfy) that appears
in the calculation of th&€,,,'s [Egs.(6) and(7)]. The anglep
is defined via projections on a plane normal to thaxis of
. the solute(see Fig. 6. For the 1,4-DCB—-DPDA-C6 pair de-
0.20 picted in Fig. 6, the angle is between the solute’s symmetry
019 iy axis (a-axis) and the solvent’s “long axisf{the para axis of
0.18 +— T - . - - T - - the solvent’s rings The results in Fig. 7 show that for par-
o S allel rings, smallg-angles for both coincident ring configu-
rations (F-F and translated ring configuration§F—F
FIG. 12. Calculated order parameters according to(Bgfor 1,4-DCB in  shifted are energetically more preferable. This observation
DPDA-C6 as a function of reduced temperature. The length of the ””eaéxplains why we find a positive,, and a negatives,,, for
segmenF a—b is proportional {&,,+3S;,] and is seen to decreases with 1,4-DCB dissolved in DPDA-C6. Moreover, as the tempera-
decreasing temperature. . . . )
ture decreases we find th&f, increases in accordance with
the result thaty(¢=90°)>U(¢=0°).

0.28 4
0.27 4
0.26 4
0.254
0.24 A
0.23 4
0.22 4
0.21 4

ORDER PARAMETER

induced changes in th@agnitudeof a combination of both The angular dependenced{¢) for the 1,4-DCB in the
positive and negative order parameters that describe the quRPDA-OCS solvent, illustrated in Fig. 8, reveals a more
drupolar splittings. complex picture. As in the case of DPDA-C6, the lowest

The final form of Eq.(9) assumes an ideal hexagonal energies are achieved for F—F configurations. However, in
aromatic ring with C—D bonds oriented in the ring plane atPPDA-OCS5, the F—F configuration with coincident rings
6,=60° and6,=30°. The inference thdiS,,+ 3S,,] is de- shows that the angles near=100° are energetically more
creasing as the temperature is lowered is borne out by thiavorable whereas for the translated solute configuration
calculations: Figure 12 shows plots of the calculated theorettF—F shifted low ¢-values exhibit lower energy. This energy
ical values forS,, and for —3S,,, versus reduced tempera- Profile implies competing contributions t8,,. Moreover,
ture (note Sy, is computed to be negativeThe gap between this analysis of the dominant solute/solvent configurations
these two curves, as measured by the |ength of the line SthOWS that for the apolar solute 1,4-DCB, electrostatic con-
ment a—b is equivalent {6S,,+3S,,], and, as seen on the tributions toU(¢) can be significant: When the charge den-
graph, a—b decreases with decreasing temperature. sities associated with the solute’s C—Cl bond and the solute’s

However, to merely suggest that the calculated magni=O— ether moiety are forced togethes:0°), there is a
tude of the tern{S,,+3S,;,] in Eqg. (9) is decreasing with ~destabilizing contribution to the F—F configuration. Although
temperature because of a nearly complete cancellati§yof it might be tempting to attribute this destabilization entirely
by 3S,,, contains little information about the preferences forto electrostatic interactions, inspection of the “electrostatic-
solute ordering in these two closely related solvents. Whildree” Uy(¢) profiles in Fig. 8 shows that the energy mini-
there are observable differences for the 1,4-DCB solute ifmum arounde=100° persists, although with considerably
the two solvent$Figs. 4a) and 4b)], direct examination of reduced relative depth. This persisting minimum cannot be
the order parameters in both solvents does little to enable attributed to steric interactions because it is not present in
molecular interpretation save for the observation t8gt  Fig. 7 where the only molecular structure difference from
>0, and S,,<0. Note, however, this superficial analysis Fig. 8 is that the —O— ether moiety is replaced by thet
doestell us that on average, the 1,4-DCB ring is tangent tomuch different in size—CH,— unit. This shows that at this
the solvent's director $..<0) sinceS is traceless an&,, level of resolution, the description of ordering in terms of
>| Syl just two kinds of interactions, steric and electrostatic, might

In order to get a deeper microscopic understanding obe too crude. It is also important to note, here and in similar
solute—solvent interactions, one needs to extract from tharguments to follow, that the intermolecular potentihlin
calculated temperature dependenceSpf and S,, those this detailed atomistic picture is determined by the interac-
solute—solvent configurations that domingk@nd hence the tion of the solvent dipole moment with thiedividual dipole
averaging process detailed in E¢8)—(7). To this end, we momentsof the solute and not by the interaction with the
return to the qualitative features of the potential energy mapverall dipole moment of the solute molecitbat vanishes
outlined in Sec. IV and note that even at this low resolutionin the case of 1,4-DCB
picture of the energetics of solute—solvent interactions we The 1,2-DCB solute ordering, calculated from E9), in
already begin to see the origin of a negative valueSgy: both nematics is clearly different from that exhibited by the
the coplanar ring configurations bias the solute ring orientad,4-DCB solute since the 1,2-DCB solute, unlike the 1,4-
tion such that the-axis is normal to the mesogerparaaxis DCB solute, shows increasing quadrupolar splittings with
and hence the solute ring remains, on average, tangent to tidecreasingl [see Fig. 4a)]. Although there are coarse simi-
nematic director. But such coarse categorizations of solutdarities between these two solutes’ low energy configurations
solvent interaction energies can be further refined in order t¢parallel ring-plane configurations are preferaplthe de-
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0054 s . ergy azimuthal orientations in the F—F solute—solvent con-
- / figurations. Angular fluctuations about the 1,4-DCB solutes
E b b-axis are inhibited by collisions between the large halogens
S o and the mesogen in the preferred=0° configuration—

g a disorientation of thec-axis relative to the director is im-
e . peded.(Note that angular fluctuations about theaxis for
g 025 38, this configuration do not disorient treaxis relative to the
e DPDA-C6 director) By contrast, the observation th&.~0 for the
Rk I 1,2-DCB solute follows from the corresponding argument: In
ozl 2 - its low energy configurationg~ 180°), angular fluctuations
092 093 084 0% 08 097 088 099 100 about the solutea-axis are much less impeded as the pair of
T chlorines can be readily moved away from the mesogenic

core thereby disorienting its-axis relative to the director.

010+ S.. > Having rationalized the qualitative behavior of the solute
Ig__,c ors] P ordering measurements in terms of the underlying solvent—
w L8 solute interactions, and thereby having established that a
2 o quantitative comparison is meaningful, we now turn to such
% o a comparison. To this end we have used the calculated values
g 0% 38y, of the C,,, coefficients shown in Fig. 11 to evaluate the
g 0304 DPDA.OCS _res_pectivg theoretical splittings according to H4$—(7). As
indicated in Eq(5) the values of the order parametér,)
0351 . of the solvent and those of the constapts=pCyy(T*) are
040 _ . . ' needed in addition to the valu&,,,, for determination of
090 092 094 096 0.98 1.00 the potential of mean torqué(w). The (P,) values were
Trea obtained directly from the solute order parameter measure-

FIG. 13. Calculated order parameters according to(Bqfor the 1,2-DCB ments presented in Fig. 2. Thﬁ* values were determined

solute in DPDA-C6(top) and DPDA-OCHbottom as a function of reduced by first Ca|CU|atingCoo(T*) aCCOf(_jing to Eq-(7) for_?aCh
temperature. The length of the linear segment gprbportional to the factor ~ Solvent—solute pair at the nematic—isotropic transition tem-

[Saat3Syp]) increases a3 decreases. perature of the solvenfT* =Ty,, and then determining a
(constant effective number density for each solvent by
seeking optimal overall agreement of the entire set of calcu-

tailed azimuthal angular dependence shows more extreniated quadrupolar splittings, at all temperatures, with the

behavior in 1,2-DCB(see Figs. 9 and 10 The azimuthal measured values. The so determined constant valugs of
angle for 1,2-DCB is defined by the projection of the soluteswhich are the sole external parameters in the whole calcula-
symmetry axis(b-axis) on the plane(see Fig. 6. For 1,2-  tion, arep=0.0046 A~* for the DPDA-C6 solvent ang-

DCB in DPDA-C6, the F—F configuration shows a minimum =0.0045 A~ for DPDA-OCS5.

at o=0° (Fig. 9 but the variation of the energy with azi- The calculated theoretical values of the splittings, and

muth is fairly moderate, i.e., all azimuthal orientations arecomparisons with the measured values presented in fg. 4

more or less accessible. Nevertheless, the mild energetic biase shown for the two solutes in the plots of Figs. 14 and 15.

does imply thatS,, is positive and small. By contrast, in In the same figures are also shown the results of another set

DPDA-OC5 (Fig. 10 there is a marked preference for con- of calculations in which all the electrostatic contributions to

figurations where the dipoles of the solute are away from théhe solvent—solute intermolecular potentidlare removed

polar ether linkage of the solvenyp>60°). by “turning off” the terms associated with molecular partial
The contributions to solute biasing among the parallel-charge distributions.

ring configurations described in Figs. 9 and 10 are consonant The first noteworthy feature of Figs. 14 and 15 is that the

with the calculated temperature dependence of the order p#heoretical results are impressively close to experiment, con-

rametersS,, and S, (Fig. 13. Additionally, the increase in sidering that the only adjustable parameters in these calcula-

both Av, and Av, with decreasing temperaturgig. 4)  tions are the fixed effective densities of the solvents, i.e., a

agrees with the increasing magnitude computedSfgrand  single, temperature-independent, number for each of the two

[S.at3Sy], respectively, on lowering [see Eq.(9) and  solvents. Secondly, the removal of the electrostatic compo-

Fig. 13]. nent of the solvent—solute interactions is seen in all cases to

The picture emerging from the qualitative analysis of thehave a limited effect on the calculated splittings. The effect is
splittings is supplemented and reinforced by the behavior omore or less temperature independent except for 1,4-DCB in
the order paramete®.. and the molecular biaxiality order DPDA-C6 where the discrepancy appears to increase with
parametef S,,— Syp] Shown in Fig. 5 for the two solutes in decreasing temperature. It is also interesting to note in Fig.
both liquid crystal solvents. For the 1,4-DCB solfg. is 14 that the electrostatic interactions have opposite effects on

significant and negative whereas in the 1,2-DCB sdfiytds  the splittings of 1,4-DCB in the two solvents: they show a

close to zero(Fig. 5. This can be understood in terms of clear tendency to increase the splitting in DPDA-C6 and to

excluded volume considerations associated with the low endecrease it DPDA-OC5. The reverse tendency is observed
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tween experiment and calculated solute quadrupolar split-
tings (and order parametersvith and without electrostatic
interactions is largest for the apolar 1,4-DCB solute both in
the polar solvent DPDA-OC5 and in the apolar DPDA-C6
solvent at low temperatures. The removal of the electrostatic
interaction of the polar solute 1,2-DCB appears to affect pri-
marily the large splitting in the apolar solvent but in general
there is very little difference between calculations with and
without electrostatic interactions for the 1,2-DCB; the rela-
tive differences between experiment and calculation are
about an order of magnitude smaller compared to those of
the apolar 1,4-DCB solute.

We close this section by discussing a situation that might
FIG. 14. Calculated splittings, according to E¢®—(7), as a function of  at first sight appear paradoxical: Whereas a comparison of
reduced temperature, using the full solvent—solute atomistic poteutial Fig. 7 with Fig. 8 (and Fig. 9 with Fig. 10, respectively

(solid lines and the potential ; with partial charge distributions turned off . : :
(dotted line$ for the 1,4-DCB solute. For comparison, the experimental dataShOWs marked qua“tatlve differences fdl(go) in the two

points are also showffilled circles for the DPDA-OC5 solvent and open SOlvents, Figs. @), 4(b) and more so, Fig. 5, show very
circles for DPDA-CS. little, if any, effects on the splittings and the order parameters

on going from one solvent to the other. Even after the nec-

essary scaling with respect to the solvent order parameter is
for the large splittings £ ;) of 1,2-DCB in Fig. 15 and the done[Fig. 4(b)] the quantitative differences in the splittings
tendency is inverted once more on going to the small splitremain small and the general temperature dependence is
tings (Av,). While it is difficult to gauge from the scale qualitatively the same in both solvents. Moreover, the calcu-
differences in Figs. 14 and 15, the relative discrepancy betated splittings, which are obtained from the potentials that
exhibit the qualitatively different azimuthél (¢) profiles in
the two solvents, do reproduce very closely the experimental
situation, i.e., they show little or practically no “solvent ef-
fect” in the end. To rationalize this situation it should first be
noted that the splittings measured by quadrupolar NMR do
not in general provide direct information on the detailed
form of the solvent—solute interaction potential; they provide
directly only the second moments of the solute orientational
distribution f (w) which in turn reflects the combined result
of weighted sampling of all possible solvent orientations,
smeared out by the positional disorder of the nematic phase.
It is therefore expected that some features of the interaction
may influence the splittings appreciably while the effect of
other features may have too weak an influence to be readily
identified through the splittings. At a more refined level,
these considerations are reinforced with the calculations of
the C,,,, coefficients in Fig. 11: as a result of the position-
orientation sampling indicated in E¢B), the values of these
coefficients for both solutes turn out not to change much
from one solvent to the other although the minimum energy
configurations of the respective solvent—solute interactions
that are being sampled have distinctly different azimuthal
dependences. In a simplistic interpretation, the lack of appre-
ciable solvent effects on the splittings could be attributed to
nearly identical interactions of the solute molecule with the

1400 1

1200

1000 -
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Av (Hz)

600

400 4

2004

Av(Hz)

18000

16000

14000

12000 -

Av(Hz)

10000 -
8000 A

6000

“'\l\-\.\- A molecules of the two solvents. However, such interpretation
4000+ navs would be far from reality since, as demonstrated explicitly in
s om  oms | ome oo oge S_ec. I, the interactions with the t\_/vo solyents are mdeed

T different, and as demonstrated in this section, the manifesta-

tions of this difference in the splittings of both 1,4-DCB and
FIG. 15. Calculated splittings, according to E¢®—(7), as a function of ~ 1,2-DCB is simply weakened by the sampling, positional and
reduced temperature, using the full solvent-solute atomistic potedtial grientational, of the interactions.

(solid lines and the potential , with partial charge distributions turned off ; ;
(dotted lineg for the 1,2-DCB solute. For comparison, the experimental data In summary, It would appear that local atomic charge

points are also show(®) filled squares for the DPDA-OCS5 solvent aftg
open squares for DPDA-C6.

densities and not the overall electrostatic characterization of
the solute—polar versus apolar—is critical to an understand-
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ing of the role of electrostatic contributions to solute order-fixed point dipoles and quadrupoles. Additionally, we have

ing in either polar and apolar nematic solvents. the option of switching off the force field’s electrostatic in-
teractions. Thus, via computationally consistent comparisons
V1. DISCUSSION AND CONCLUSIONS of solute order parameters with and without electrostatic

contributions, we demonstrate thatist possible to under-
stand in considerable detail the role of the electrostatic inter-

one could do little more than tabulate sets of self-consisten?ct!onS n ?rc:lutbe Ic|>(rdehr|ng n nerrlatlcts.dThet(r:]ollectl\{e |tntefr-
order parameters, as in Table |, where the actual solute org8ftions In he bulk phase were treated In the context of a

parametersholdface entriesare identified with the help of statistical approximation based on the variational cluster ap-
the modeling we have used. A negatiSe, parameter indi- proach where orientational correlations among solvent mol-

cates that the solute’s phenyl ring plane is tangent to thLgcules are compensated for by rescaling the solvent particle

nematic director(1,4-DCB) but it is usually difficult to go density to a fixed, temperature-independent value.

beyond such qualitative characterizations of solute order if Our theorencal calculations reproduc;g our expenmental
the solute—solvent interaction potentidl is approximated results with remarkable accuracy. In addition to the quantita-

too coarsely, or, worse, if it is replaced by phenomenologica}'ve agreeme.nt, the .ba5|c feature; of the gtomlstlc solven.t—
solute potential provide a clear rationalization of the experi-

coupling of various solute attributéshape, electrostatic mo- o ) .
ments to respective “mean fields” produced by the solvent. me”‘?" _flndmgs. The '”"“efﬁce : of the electrostatic
In such uniaxial continuum descriptions of nematic contribution on the solu_te orde_rlng IS fom_md_ to b_e ?ma” for
solventsi®14150nly approximate forms of the excluded vol- all tr_le solute/s_olvent pairs studied. Ogr findings |nd|c_ate that
ume interactions are used to construct the orientational di he important interactions are operative over short intermo-
ecular distances for which the description of the electrostatic

tribution of the solute. As a result only empirically-derived Cin f the leadi s of th I
treatments of electrostatic interactions are recovered. More2MPONENL IN t€rms ot the leading moments of the overa

over, these treatments are suggestive of ways to minimizBarﬁ'.a!tICha;ge oftr:hftﬁolve?t motlefcultes IS r]lotthvalldl. It ;S
electrostatic interactions using mixtures of LCs and fall toSXplcitly shown that the relevant Teatures of the solvent—

recognize that solute—solvent interactions even in mixed cholute energy maps are constructed from localized interac-

are solute-dependent. While it is possible in the context 01;|ons, which are sensitive to the mutual proximity of specific

such empirical treatments to select self-consistent sets of opegments of the interacting molecules. The use of the elec-

der parameters for the solutes we examined, the conclusiorligjslt.atlc Moments of e overail mglepular charge d|str|bg-
about the role of electrostatic contributionsoare neces- ton is of course useful for the description of the electrostatic

sarily artificial. One can only begin to quantify eIectrostaticforceS at longer intermolecular separations, but these do not

interactions inJ by deconvolving these interactions from the seem to plf"‘y a significant role in common ne.matlcs. Flnally,
excluded volume interactions. However, as long as the latte?!" analysis shows that the practice of treating electrostatic
are dominant and treated approximateiy efforts to qu(,Jm,[if};nteractions within uniaxial continuum descriptions of the
the electrostatic contributions to solute ordering will be sub-SOIVent with emp'”c?‘"y_ denvegl app_roxmatlons for the_
ject to variable error and will be dependent on the mode§olvent—solute potential is too simplistic. Moreover, even if

“ : . H A4
used to approximate the short-range repulsions. In fact, a e concept of an “average electric field gradiefft* char-

pointed out in the analysis of the energy profiles of Figs 7acteristic of each nematic solvent and its putative influence

and 8, even an atomistic description in terms of only steri" solute quadrupole moments is viewed in its most primi-

and electrostatic interactions may not be sufficient to accour%t:'gsflsri}?; aeiogﬁedne;lcn%ot:ec: t)t]feer\]/(ia(jro(;?]tcl(; T:raguf(':ﬂd;
for certain features of the orientational correlations amon P P

solvent—solute molecules and additional atom-specific inteé_average field gradiefft and the results from theotyand

actions might be necessary to include in the description. from computer simulatiorf$ indicate that the concept is
The work presented here is, to our knowledge, the firs{lawed'

report of a fully atomistic theoretical reproduction of the sol-

ute orientational order in nematic solvents. The only approxXiACKNOWLEDGMENTS

mation made in evaluating the solvent—solute molecular in- Thi h di by the National Sci
teraction is the neglect of molecular polarisabilities by Is research was supported in part by the National Sci-

assuming that the molecular partial charge distributions ar&nce FoundatiorlDMR-9971143. The authors thank Dr.
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present calculations with experiment. This is partly due to

the smallness of the polarizability anisotropy of the solutesaAPPENDIX A: DIPHENYLDIACETYLENE MESOGENS

compared to that of, say, typical calamitic nematogens.
Our use of an atomistic force field to compute the

solvent—solute intermolecular potential as a function of rela-  The synthesis of both mesogens is shown in Scheme 2.

tive orientations and positions has a distinct advantage ovele have slightly adjusted the synthetic route that was used

calculations that model electrostatic interactions by means dfy Grant et al®*3¢ The key intermediates #-hexyl-

Prior to the kind of calculations reported here LC-NMR
data from solutes in nematics had limited utility. Frequently

1. Synthesis
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phenylacetylen¢4a) and 4n-pentyloxyphenylacetylenglb)

were obtained in excellent yields by coupling of the appro- Jf%m?//

priate aryl halidg2a or 2b) with (trimethylsilyl)acetylene in
the presence of a palladium catal§t.

Scheme 2.Synthetic route to 4/4di-n-hexyldiphenyldiacetylen¢€DPDA-
C6) (5a) and 4,4-di-n-pentyloxydiphenyl diacetylenédDPDA-OCH (5b).

A
O e D)
o
1a R= 4-n-hexyl 2a-b ~ DPDA-O-C5
1b R= (4-n-pentyloxy} . . . .

T .
B 40 60 80 100 120 140 160 180
2 ~ R_O;"S‘Mes Temperature °C

FIG. 16. DSC trace of DPDA-C6 with DPDA-OC5. Second heating with

3 —c-—r R—O%H 10 °C/min.
4a-b
D
4 - R . = . R 4. Optical microscopy

K N |

K j\K' N !

0’_/_/

Endotherm —

S The phase behavior of DPDA-C6 and DPDA-OC5 was
A. 1- HCIINaNOy, 2- KIH,0. B. Cul, EN, PA(PPH3),Cl,, (trimethylsilyliacetylene, 50 °C characterized using polarizing microscopy(Nikon
€. MeOH/NaOH, . D. DME, CuCi, TMED, Oz- Microphot-FX polarizing microscope equipped with a

The trimethylsilyl groups were removed with NaOH in Linkham hotstage Samples were studied between glass
methanol at ambient temperature and the final prod(fas slides using heating and cooling rates of 10 °C/min. Both
and5b) were obtained by homocoupling of the phenylacety-compounds exhibit typical nematic schlieren textures with

lenes using standard Glaser-coupling conditiths. both integer and half-integer disclinatioff®ur brushesS
=+1 and two brushes$= *+1/2).

. . APPENDIX B: SYNTHESIS
2. Structure confirmation

The structures of the intermediates and the final products |4 :ozeﬁ/rlncgﬁgg:nfn (iihrl)s:(tj}g())((t): ﬁggltrr:e,lsil bl;gzg?
were confirmed byH/3C NMR (Varian Gemini 2000-300, Ienyep 1 4?dichlorobenzerdzr and 1,2-dichlo¥obgnzerré-
300 MH32). Reactions were monitored by thin layer chroma- P ' ;

tography using an eluent of hexane/ethyl acetard). Gas were purchased from Aldrich Chemical Co. and used as re-

; ceived. Triethylamine and dimethoxyethatBME) were
chromatogram¢GC) and mass spectrdS) were obtained dried over and distilled from calcium hydride prior to use.

with a Hewlett Packard 5890 gas chromatograph and ANN N’-Tetramethylethylenediamine (TMED) ~ was

Hewlett Packard. 5972 spectrometer. Infrared spectra WeTE. ted with a small amount of 1.0 MBuLi in hexanes and
recorded on a Bio-rad FTS-7 spectrometer. The final prod- urified by vacuum distillatiof®
ucts (5a and 5b) were dissolved in chloroform and checked P y ’

for purity using a Waters Integrity HPLC/MS system. 1. 4-n-Hexyl-iodobenzene (2a)

A mechanically stirred mixture of A-hexylaniline (25
g, 0.141 mol and 36% HCI110 m) was cooled to-5°C. A
3. Thermal analysis solution of NaNQ (11.54 g, 0.167 mglin 60 ml H,O was

cooled to 0°C and slowly added while maintaining the tem-

Transition temperatures were determined by using o : ; ; o
. ) T erature at=5 °C. The final solution was stirred at 0 °C for
Perkin—Elmer DSC-6, calibrated with indiun®9.99%) ?3)0 min. A solution of KI(46.1 g, 0.278 molin 60 ml H,0

(ranF‘)’C/ 1.56'5 °C, ﬁH =fﬁ.315 ‘]I./g)' Thegos:acclon_d heating was added dropwise keeping the temperature between
( d rg'r?_rﬁs \é)vliDZSC6e coaling jca;‘r( min W.ereh 0-5°C. The resulting mixture was stirred overnight and ex-
recorded. The -C6 compound shows a nematic p aFacted twice with ethylether. The organic layer was consecu-

frﬁm 5% t?] 85 °C, Wh'fhd":’) mGeg%etllent a':'gr'ee:nznt W'trll thetively washed with a concentrated sodium metasulphite so-
bhase behavior reported by ranis anticipated We aiso yiqn 504 NaOH, water and dried over Mg2OThe solvent

fpund a nematic phase for DPDA'OC5’ however, the tran5|was removed under reduced pressure and the crude product
tion temperatures are considerably higher than for DPDA

NN R was purified by vacuum distillation. #-hexyl-iodobenzene
C6. A crystal to crystal transition is observed at 77 °C, foI—Was obtained as a slight yellow liquid at 110 °C/50 mTorr.
lowed by a broad nematic phase from 122 to 159 °C. TheYield 26.4 g (65%). GC tr=10.3min, MS (n/z): 288
second heating of both compounds is shown in Fig. 16. (M+) 21'7 91 ' ' ' '

We also investigated blends of DPDA-C6 and DPDA-
OC5. The only mixtures that were miscible contained be- . .
tween 80%—100% DPDA-C6. A mixture of 80% DPDA-Ce/ 2 Analytical data of 4- (n-pentyloxy )-iodobenzene  (2b)
20% DPDA-OC5 shows the following phase behavior: 4-(n-pentyloxy)-iodobenzene was obtained as a yellow
(K=N) at 59.34°C AH=230.06 J/g) andN-I) at 97.25°C liquid at 110°C/450 mTorr. Yield 22.23 ¢55%). GC tr
(AH=2.26 J/g). =10.5 min, MS M/z): 290 (M+), 220, 93, 65.
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3. 4-n-hexylphenylacetylene (4a)

To a solution of 4Aa-hexyl-iodobenzen€21.44 g, 0.0744
mol), Pd(PPh),Cl, (1.302 g, 1.9 mmog| and Cul(0.141 g,
0.7 mmo) in 200 ml triethylamine was adddttimethylsily-
l)acetyleng8.04 g, 0.0818 mol This mixture was stirred at

50°C for 4 h and cooled to room temperature and the gray, 4'-dj- n-pentyloxydiphenyldiacetylene

Dingemans et al.

(C3), 128.5 (C5), 132.3C4), 144.4C6). IR (KBI) vmax:
2150 (alkyne), 1653, 1601, 1559, 1506, 1458, 1175, 1018,
844, 838, 819 cm’.

6. Analytical data of
(DPDA-OC5)

salt was removed by filtration. The solvent was removedsp)

under reduced pressure and the resulting dark red oil was
dissolved in hexane and filtered over a short pad of silica-
gel/celite. The solvent was removed under reduced pressu

and the crude trimethylsilg4-n-hexylphenylacetylene(3a)
was chromatographed over silica gélexane/ethyl acetate
9:1).

A solution of 3a (5.0 g, 0.02 mglin 100 ml methanol
was treated with NaOKD.25 g, 0.005 mglat room tempera-

ture. After 4 h the solvent was removed and the residue dis-

Yield: 3.25 g(77%), recrystallized from EtOH. HPLC:
fe=21.64 min(99%). 'H NMR (300 MHz, CDC}) & 0.91
(f,J=7 Hz,3H), 1.3-1.5m, 4H), 1.76 (m, 2H), 3.93 ¢,J
=7Hz,2H), 6.81 (,J=9Hz,2H), 7.42 (,J=9 Hz,2H);
13C NMR (75.46 MHz, CDC}) & 14.16 (-CHs3), 22.58
(5-CH,), 28.28 (y-CH,), 28.97 (38-CH,), 68.21 (@-CH,),
73 (C1), 81.43(C2), 113.7(C3), 114.7 (C5), 134.1(C4),
159.9(C6). IR (KBr) vpay 2155 (alkyne), 1653, 1600, 1559,

solved in diethylether. The organic layer was washed withlSQ?' 1473, 1388, 1291, 1254, 1174, 1109, 1019, 831, 806

5% NaHCQ and dried over MgS@ The solvent was re-

moved and the crude product was purified using a kugelrohr
apparatus. 4-hexylphenylacetylene was obtained as a clearia saupe and G. Englert, Phys. Rev. Ldt, 462 (1963.

oil at 80°C/200 mTorr. Yield: 3.4 d91%). *H NMR (300
MHz, CDCL) 6 0.89 (t,J=7 Hz,3H), 1.2-1.4(m, 6H),
1.55-1.7(m, 2H), 2.59 ¢,J=8 Hz,2H), 3.02(s, 1H), 7.12
(d,J=9 Hz,2H), 7.40 @(,J=8Hz,2H); *C NMR (75.46
MHz, CDCL) & 14.08 (w-CHj), 22.58 E-CH,), 29.89
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