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We develop a strategy for analyzing complex nuclear magnetic
resonance (NMR) spectra of several solutes codissolved in liquid-
crystal phases. Spectral parameters of solutes m- or o-xylene were
estimated by analyzing 2D multiple-quantum NMR spectra using
a modified version of a least-squares fitting routine which adjusts
chemical shifts, order parameters, structural parameters, and/or
dipolar couplings independently. These estimates were used to
facilitate analysis of the high-resolution spectra which contain
resonances from many solutes. Calculated spectra of m- or
o-xylene were subtracted from the experimental high-resolution
spectra leaving resonances from the other solutes readily visible.
Accurate spectral parameters of all codissolved solutes were de-
termined from the high-resolution spectra. Order parameters and
structural parameters (including vibrationally corrected parame-
ters) of m- and o-xylene, m- and o-chlorotoluene, and m-
and o-dichlorobenzene were calculated from the dipolar
couplings.  © 2000 Academic Press

I. INTRODUCTION

revised December 30, 1999

interactions B, 8, 9, 13. For example, in this study the three
ortho (and the threenetg solutes have similar sizes and shape
but have different multipole moments. The anisotropic shor
range interactions are similar for the molecules but the long
range interactions (such as those due to the multipole momel
and dispersion forces) are different; therefore, it may be po
sible to examine effects of long-range interactions on th
anisotropic intermolecular potential. Since there is much de
bate as to which long-range electrostatic interactions are mc
significant 67, 13, 14, the order parameters determined ir
this study may be useful when investigating intermoleculs
potentials.

The differences among order parameters of solutes may
small and thus accurate measurements are required. Orl
parameters determined for molecules in the same liquid crys
should be measured under identical conditions. Ideally &
solutes should be codissolved in the same sample tube but, ¢
to overlap of spectral lines, extracting information from the
resultant proton NMR spectrum may be impractical. It i
common to dissolve solutes in different sample tubes and th

Nuclear magnetic resonance (NMR) spectroscopy of sm#dl scale the results to account for variation in the solver

molecules oriented in liquid-crystal solvents can yield precisgientational order that results from different sample condition
information about the solute molecular geometry and secor(@ 13-17. In an effort to alleviate the problem of scaling, in
rank orientational order parametefs 2). NMR spectroscopy this study three or four fully protonated solutes are codissolve
is one of the few techniques available for the determination wf the same sample tube. We present some interesting NN
condensed phase structures, and the method can be useahtbspectral analysis tricks to disentangle the very complicat
investigate possible differences between gas and condengezion NMR spectra which result.
phase structures. In addition, rotational potential barriers inWe develop a strategy for the analysis of high-resolutio
molecules such as butan®) @nd biphenyl 4) can be exam- NMR spectra which contain resonances from many partiall
ined. oriented solutes. In some cases 2D multiple quantum (MC
The orientational order parameters are related to the ani®VIR spectra are analyzed first with the aid of a spectre
tropic intermolecular forces and thus can be used to examagalysis program which adjusts resonance frequencies, ofr¢
statistical theories of liquid crystal§€12. Instead of analyz- parameters, structural parameters, and/or dipolar couplings
ing the liquid-crystal molecules themselves, it is common wependently. Spectral parameters determined from the analy
dissolve small solutes which probe these anisotropic forces.MQ spectra are used as initial estimates in the analysis of t
Solutes can be chosen so as to emphasize specific anisotropimplex high-resolution spectra which contain resonanc
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TABLE 1
Solute and Solvent Composition® of Samples

59

Sample Solutes Liquid-crystal solvent
1 o-Chlorotoluenes-dichlorobenzene/TCB ZLl 1132°
2 o-Chlorotoluenas-dichlorobenzene/TCB 55 wt% ZLI 1132/EBBA
3 o-Chlorotoluenes-dichlorobenzene/TCB EBBA“
4 0-Xyleneb-dichlorobenzene/TCB ZLI 1132
5 0-Xyleneb-dichlorobenzene/TCB 55 wt% ZLI 1132/EBBA
6 o-Xyleneb-dichlorobenzene/TCB EBBA“
7 m-Chlorotolueneh-dichlorobenzene/TCB ZLl 1132°
8 m-Chlorotoluenah-dichlorobenzene/TCB 55 wt% ZLI 1132/EBBA
9 m-Chlorotoluenah-dichlorobenzene/TCB EBBA“
10 m-Xylenem-dichlorobenzene/TCB ZLI 1132
11 m-Xylenem-dichlorobenzene/TCB 55 wt% ZLI 1132/EBBA
12 m-Xylenem-dichlorobenzene/TCB EBBA“
13 o0-Xyleneb-chlorotoluenes-dichlorobenzene/TCB ZLI 1132

@ Total solute composition is=10 mol%.

® TCB refers to an internal orientational standard 1,3,5-trichlorobenzene.
¢ See Ref. 18) for chemical composition.

¢ EBBA refers toN-( p-ethoxybenzylidenep -n-butylaniline.

from other solutes. The resultant analyzed spectrum is suherement 2048 points were collectedtin a one-dimensional
tracted from the experimental one and resonances correspd@-spectrum was produced by zero filling to 2048 points jn
ing to the other solutes are readily visible. By analyzing prot@D magnitude Fourier transforming, and performing a summe
NMR spectra and dipolar couplings of the partially orientedrojection onto the F axis. Only transitions fromo- or
solutesm- ando-xylene,m- and o-chlorotoluene, anan- and m-xylene were observed in the selective 8Q spectra because
o-dichlorobenzene, we determine the spectral parameters, rao-spin4 systemp is the highest attainable MQ order and all
lecular order parameters, and internuclear distances includotber solutes have<8 spins. The intensity of MQ lines is
the vibrationally corrected,, structures. highly dependent on the preparation time used for the 2D pul:
sequence and therefore at least two 8Q spectra with preparat
times between 10 and 21 ms were acquired for each samj
containing o- or m-xylene in an attempt to detect all 8Q

The nematic liquid-crystal Merck ZLI 1132 (see Ref8[ transitions. For all experiments the recycling time was 4 s.
for chemical composition) and all solutes were used without

further purification. The liquid crystaN-(p-ethoxybenzyli-
dene)p’-n-butylaniline (EBBA) was synthesized ) and pu-
rified by recrystallization from cold methanol. Each of the 13
samples was prepared by dissolving three or four solutes in onéJnlike NMR spectra of isotropic solutions, the NMR spectre
of the liquid-crystal solvents: ZLI 1132; 55 wt% ZLI 1132/of orientationally ordered molecules contain information abot
EBBA; or EBBA. The total solute concentration wasl0 nuclear dipolar couplings between pairs of spins on the san
mol%. The solute 1,3,5-trichlorobenzene (TCB) which wamolecule; random rapid translational motion of the molecule
added to each sample was used as an internal orientaticcelses intermolecular dipolar couplings to be averaged to ze
standard. The composition of each sample is given in TableThe anisotropic molecular reorientation causes the intramole
Proton NMR spectra of the 13 samples were acquired @ar dipolar couplings to be averaged to a nonzero value. Tl
299.6 = 0.5 K on a Bruker AMX-500 spectrometer. Ace-NMR spectrum is dependent on the flexibility and symmetry o
toned, in a coaxial capillary provided the deuterium lock. Fothe molecules and on the number and type of nuclear spins;
high-resolution proton NMR spectra, 32K point FIDs wer¢he experimental spectrum shown in Fig. 1A there are no sha
acquired after a single pulse, zero filled to 64K points, armdsonances observed from the liquid-crystal molecules whi
processed using a Lorentzian line broadening of 1.0 Hz. Halfave more than 23 nuclear spins, no symmetry, and mal
height linewidths were typically 2—3 Hz. For samples whicbhonformers. Most of the resolvable lines in the spectrum au
contained- or m-xylene two-dimensional selective 8Q spectr&rom the soluteo-xylene which has only 10 spins and,,C
were acquired using the pulse sequence described in REJs. Gymmetry and is essentially rigid. The spectral parameters
and @1). Selective 8Q interferograms were acquired witsuch small solutes can be determined accurately by analyzi
between 1024 and 2048 incrementstinand for eacht; the experimental spectrum using the spin Hamiltonian

Il. EXPERIMENT

I1l. SPECTRAL ANALYSIS AND STRATEGY
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FIG. 1. Spectral analysis strategy: Full spectra are displayed on the left and expansions are displayed on the right. A is the experimental spectrum o
13. B is the predicted-xylene spectrum from the parameters determined by analysis of the 8Q spectrum (Fig. 2 and values in square brackets from T
Spectrum C is calculated (using values from Table 2 and using a Lorentzian lineshape with a half-height linewidth of 2 Hz) from the fit to the high-res
spectrum ob-xylene. Note that there are only minor differences between spectra B and C. Spectrum D is the difference between A and C. The negative |
in Spectrum D are due to slight differences between the lineshapes of the calculated and experimental spectra. The calculated spettnotofene is E
and F is the difference between D and E. Spectrum G is the calcudadézhlorobenzene spectrum and H is the difference between F and G. Note that w
calculated spectra are subtracted from experimental, resonances form the other molecules are readily visible. Resonances marked with anCBare fi
Resonances indicated withwa are impurities and the resonance indicated with is from the partially protonated acetone used for a field/frequency lock. Th
calculated spectrum of TCB is not displayed. For high-resolution spectra intensities of the calculated spectrum closely correspond wittetBrperohtintal
spectrum.
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H=-> vlZz+ > > [(J; + 2Dyl iZ|J.Z calculated fromS;; and structural parameters. If; is to be
i P> adjusted independently, it is not calculated but allowed t

freely vary. Thus the dependence of g on S;; is removed.

+3(3 = DU+ 171, [1]  Derivatives of the line positions with respectly are calcu

lated analytically. The derivatives of the line positions with

wherel?, | ", andl ~ are the spin operators, is the resonance respect toS,, and structural parameters are calculated usin
frequency of nucleus, and J; and D;; are the indirect and finite difference and structural data obtained from other stu
dipolar coupling constants between nudl@indj on the same ies. This is similar to a fitting method presented in Refsafid
molecule. (24); however, the fitting routine described in Refd) and

Determining spectral parameters from a spectrum may (24 was designed for a specific molecule and only allowed fc
extremely difficult; for exampleg-xylene has three resonanceadjustment ofS,, andS,, — S,,. It should be noted that line
frequencies and 10 dipolar couplings. Without accurate eguesitions are very sensitive to minor changes in structur:
mates of such parameters, it may require months to analyzpasameters and thus reasonably good estimates of proton |
spectrum. However, estimates of spectral parameters canshb@ns are required for this method to succeed. With this ne
obtained from analysis of MQ NMR spectra. MQ spectra tendersion of the least-squares program it is possible to adjyst
to be easier than high-resolution spectra to analyze since th@@ependently fron,, and structural parameters; this is use
are comparatively fewer liness(4, 22—-28. However, broad ful, for example, if the molecule has internal rotations wher
peaks, poor resolution, and a lack of correlation between tife potential barrier is uncertain or if specific structural parar
intensities of calculated and experimental frequencies ceaigrs are not well known. By using the new least-square
make analysis of the MQ spectrum somewhat difficult, but nprogram the number of adjustable parameters required to &
as difficult as analysis of the high-resolution spectrum. alyze the spectrum is significantly reduced which greatly sin

In a typical method of spectral analysis, the MQ spectrum jifies the analysisp-xylene has 10 independeiY; which
analyzed first to obtain estimates of spectral parameters andngguire adjustment but only 2 independe®y; and a few
high-resolution spectrum is then analyzed to obtain the mastsuctural parameters which require adjustment. The analy:
accurate spectral parameters. The spectral parameters aredhthe very complexo-xylene 8Q spectra required less than ¢
justed in a least-squares routine by minimizing the square week. In contrast, the analysis of the complex 8Q spectra |
the difference between calculated and experimental frequénxylene (reported in a previous pap&7)) which was ana-
cies; within the least-squares routine, the nonequivdlgrare lyzed without the aid of the new version of the least-square
adjusted independently. However, because of the sparsitypspgram required a month.
lines, fittingD;, independently may be problematic when-ana For each sample there were at least three solutes whi
lyzing MQ and some simple high-resolution spectra; spect@dntributed to the high-resolution spectrum. Resonances frc
parameters may be meaningless even though the spectany one particular solute could not be easily identified (e.g
appears to be “fit.” The problem can be overcome by realizifkgg. 1A). We present below a strategy for dealing with suc
thatD; can be related to molecular orientational order pararnomplicated situations and the analysis of these complex spe

etersS;, and structural parameters. tra is exemplified for Sample 13o{xyleneb-chlorotoluene/
For the essentially inflexible molecules in this study Ehe 0-dichlorobenzene/TCB in ZLI 1132) in Figs. 1 and 2. For
can be calculated from samples which containem or m-xylene the 8Q spectrum was
analyzed first using the modified version of the fitting prograrr

3 [2] fit to the 8Q spectrum was obtained. Then using the origin:
| version of the MQ analysis prograi; and resonance fre
quencies were determined. The values obtained are preser
where the angle brackets indicate a statistical average overimllable 2 (in square brackets) for Sample 13 and in Table 3 f
intramolecular motionsB and ¢ are the molecular fixed, y, the other samples. The calculated 8Q spectrum is compar
andz axes,r; is the internuclear distance between nuclend with the experimental in Fig. 2. The high-resolution spectrun
j, and6, and 6, are the angles between the internuclear vectpredicted from the analysis of the 8Q spectrunoefylene is
and the moleculap and & axes.S;, is equal tox3 cosf,, displayed in Fig. 1B. By comparing the experimental Fig. 1/
cosb; — 84 Where the angle brackets indicate a statisticalith the predicted one there are many resonances which can
average over all orientations of the molecule @pgdand6,, immediately assigned. In most cases only minor adjustments
are the angles between the magnetic field direclomand the spectral parameters determined from the 8Q analysis we
molecularp and ¢ axes. required to fit the high-resolution spectrum, even with the
The least-squares routine has been modified so $hat presence of resonances from the other molecules. The spec
structural parameters, and/oy; for an arbitrary molecule can parameters obtained from the fit to the high-resolution spect
be adjusted independently; within the fitting routiDg are are presented in Table 2 for Sample 13 and in the Table 3 f

S;: and resonance frequencies were adjusted until a reasona
COS 65cos 6 §> B aq J

Moﬁ%%
D, = 51 S 5,22
Bé
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FIG. 2. The experimenta8-quantum spectrum (top) is of Sample 13. Only resonancesdraygiene are observed; for anspins systemp is the highest
attainable MQ order. The calculateeB-quantum spectrum af-xylene (from values in square brackets from Table 2) is on the bottom. Note that the linewi
in the experimental spectrum is approximately 50 Hz and the intensities of the calculated spectrum do not correspond with those of the experimenta

the other samples. Figures 1B and 1C compare the calculatesonances correspond to TCB, acetdgéfrom lock), and an
high-resolution spectra of the prediction from the fit to the 8@nknown impurity.
and the fit to the experimental high-resolution spectrum. We employed a unique strategy whereby we analyzed tt
After analysis of the high-resolution spectrum the resultantost complex spectrum first by roughly determining molec
fitted spectrum of eitheo- or m-xylene was subtracted fromular parameters and eventually spectral parameters from a
the experimental one and resonances from the other solushe 8Q spectrum; spectral parameters from this fit wel
could be identified (see Fig. 1D). For samples which did nosed as initial estimates for the analysis of the high-resol
containo- or m-xylene analysis of the high-resolution spection spectrum. The estimates were accurate enough
trum begins with this step in the strategy. The initial dipolareadily assign lines and easily solve the complex spectrur
couplings for theo- or m-chlorotoluenes were calculated fromThe calculated spectrum was subtracted from the expe
the order parameters of or m-xylene. The off-diagonal order mental one and resonances corresponding to the other s
parameter was set to zero. In the spectra ofdhe@and m- utes were easily identified and the spectral parameters c
chlorotoluene, there is a group of resonances up frequerieymined. This very successful strategy was employed f
from the main portion of the spectrum (forchlorotoluene see analysis of high-resolution spectra and spectral paramete
Figs. 1D and 1E). The fine structure is due to Ihnebetween are presented in Tables 2 and 3.
methyl and ring protons and by assigning some of these resoWe wish to emphasize that one of the objectives of this stuc
nances certai®; could be roughly determined which aided iris to determine accuratg;, and structural parameters and thus
the identification of resonances in the main portion of thereciseD; are required. Because of the relatively poor resc
spectrum. Once a few resonances within the main portion lafion (linewidth ~ 50 Hz), possible correlations between
the spectrum were correctly assigned the spectrum was as@meD;, and sparsity of lines in the MQ spectra, g from
lyzed quickly. analysis of the MQ spectra are rather imprecise. Thus it
Again after the high-resolution spectrum of chlorotoluengrudent to analyze the complex high-resolution spectra. Sor
was fit and subtracted from the experimental spectrum, resgthe D;; from the MQ analysis differ significantly (e.g., from
nances from dichlorobenzene were easily identified (e.g., Figise data presented in Table 3, for Sample-Aylene in ZLI
1F and 1G). In Fig. 1H only a few resonances remain after thé32 theD,, andD s, differ by about 80 Hz and for Sample 5
fitted o-xylene,o-chlorotoluene, an@-dichlorobenzene spec- o-xylene in 55 wt% 1132/EBBA th® ,;, D,;, andD ,5 differ
tra are subtracted from the experimental one. The remaining up to 100 Hz) from those determined from the high
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TABLE 2
Fitting Parameters and RMS Errors from Analysis of High-Resolution and MQ NMR Spectra of Sample 13°

Parametér o-Dichlorobenzente o-Chlorotoluené o-Xylene® TCB
D., —1200.30(09) —1145.14(06) —1147.51(03) }1157.53] 198.59(01)
D.s ~163.97(11) —169.31(10) ~175.93(04) [-169.98] —
D, —84.76(21) —94.01(07) —101.17(06) £101.20] —
Dys — —102.17(04) —103.08(02) [-108.11] —
Dig — — —710.74(02) - 711.40] —
D, —649.78(21) —720.68(06) —774.72(05) [-789.86] —
D, — —170.79(11) — —
D2s — —83.95(04) —82.10(03) [-80.59] —
Dye — — —139.95(03) -144.10] —
Ds. — —1177.36(06) — —
Das — —144.66(03) — —
Dys — —718.62(03) — —
Dss — 1533.32(01) 1495.65(01) [1507.09] —
N 8.06 7.93(09) 7.52(07) [—] —
Jis 1.52 1.64 1.29(08) [—] —
Jia 0.35 0.29 0.55(10) [—] —
Jis — 0.40 0.47(05) [—] —
Jie — — —0.66(04) [—] —
Jas 7.45 7.54 7.20(10) [—] —
N — 1.47(11) — —
Jos — —0.60 —0.57(06) [—] —
Jog — — 0.27(06) [—] —
Jaa — 7.57(09) — —
Jas — 0.40 — —
Jus — —0.82(05) — —
Js.s — — 0.48(02) [—] —
(vo)' —2392.96(27) —2371.91(09) —2363.55(05) {-2363.6] —2317.02(02)
(v,)' —2480.69(29) —2441.83(09) —2432.16(06) [-2432.2] —
(vs)' — —2470.72(06) — —
(va)' — —2391.22(06) — —
(vs)' — 258.00(03) —204.36(02) [-207.5] —
RMS error 0.421 0.301 0.419[7.79] 0.028
Number of lines assigned 18 188 437 [23] 3

# For atom numbering refer to Fig. 3. Numbers in round brackets are standard deviations in the last two reported digits of varied parameters DEquiv.
are not reported.

® Dipolar couplings,J couplings, resonance frequencies, and RMS errors are in hertz.

¢J couplings are not varied during analysis of spectrum. Values taken from 53pf. (

¢ SomeJ couplings are not varied during analysis of spectrum. Values taken from 58f. (

®Values in square brackets are from the analysis of the 8-quantum spedtaouplings were set to zero for the MQ analysis.

"Frequency is referenced to an arbitrary zero and is increasing to high field.

resolution spectra. These discrepancies would have a sigrefie dissolved in ZLI 1132 and 55 wt% ZLI| 1132/EBBA. The
cant effect on the calculate®l,; and structural parameters. S, of o-chlorotoluene in EBBA were calculated using the
structure determined from the other liquid crystals. Calcule

IV. MOLECULAR STRUCTURE AND tions were performed using Eq. [ priori estimatesZ8), and
ORDER PARAMETERS a least-squares minimization routine NL2SN@9)( which
) minimizes the square of the difference between experiment
A. Calculations and calculated ;. Thea priori estimates are values of struc

Except foro-chlorotoluene, relative positions of the nuclefural parameters (taken from other studies) that have an as:
(Table 4) andS;, (Tables 5and 6) were calculated from aciated error and are adjusted in the least-squares routine; la
simultaneous fit to th®; determined for the solute in all threedeviations from thea priori estimates are discouraged by the
liquid crystals. Since the spectrum@ichlorotoluene in EBBA least-squares criteria.

(Sample 3) was of poor quality, molecular parameters for Dipolar couplings within the methyl group and betweer
o-chlorotoluene were calculated usifly, from o-chlorotolt  methyl and ring protons are an average over the methyl rot
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TABLE 3

Liquid crystal

Solute Parametlr Merck ZLI 1132 55 wt% ZLI 1132/EBBA EBBA
Sample 1 Sample 2 Sample 3
o-Dichlorobenzene Di, —1182.09(05) —887.83(02) —791.22(03)
D —161.98(06) —113.68(03) —68.16(03)
D.. —84.41(11) —55.62(06) —16.93(18)
D,s —643.54(12) —427.11(06) —135.99(18)
(J12)° 8.06 8.06 8.06
(J.5)° 1.52 1.52 1.52
(J14)° 0.35 0.35 0.35
(J29)° 7.45 7.45 7.45
(vy)* —2160.66(15) —2334.90(08) —2436.27(23)
(v)* —2245.63(14) —2373.25(08) —2476.69(23)
RMS error 0.230 0.125 0.103
Number of lines assigned 19 20 14
o-Chlorotoluene Di, —1124.97(05) —910.64(05) —950.84(05)
D —166.82(09) —122.84(10) —91.58(28)
D.. —-92.91(07) —59.00(09) —20.37(28)
Dis —100.78(04) —68.02(05) —44.95(27)
D.; —712.98(06) —452.76(07) —153.44(27)
D, -168.91(10) —110.81(10) —60.99(29)
D,s —82.72(04) —61.45(05) —56.53(27)
Ds, —1159.40(06) —866.88(06) —810.02(06)
Das —142.29(03) —113.15(03) —120.61(28)
D.s —705.83(03) —573.11(03) —628.72(04)
Dss 1510.26(02) 1121.67(02) 1031.86(02)
Jis 8.24(08) 7.86(10) 8.15(31)
(J13)° 1.64 1.64 1.64
(J1.4)° 0.29 0.29 0.29
(Jr9)° 0.40 0.40 0.40
(J,3)° 7.54 7.54 7.54
N 1.62(11) 1.32(12) 2.04(20)
(J29)° -0.60 —0.60 -0.60
N 7.58(07) 7.55(09) 7.54(11)
(Js9)° 0.40 0.40 0.40
Jus —0.83(05) —0.97(06) —-0.77(07)
(v)* —2139.28(09) —2301.41(12) —2371.73(70)
(v)* —2206.71(09) —2333.93(12) —2420.63(69)
(v3)° —2234.88(06) —2365.16(06) —2457.61(08)
(va)* —2157.64(06) —2289.40(07) —2339.36(08)
(ve)* —19.02(03) —106.06(04) —193.17(04)
RMS error 0.309 0.337 0.379
Number of lines assigned 220 200 156
TCB D 195.81(04) 148.90(05) 131.33(01)
(vy)* —2084.23(09) —2232.41(13) —2317.31(01)
RMS error 0.091 0.131 0.002
Number of lines assigned 3 3 3
Sample 4 Sample 5 Sample 6
o-Dichlorobenzene Di, —1208.43(03) —987.27(06) —877.21(08)
D.s —165.02(04) —124.94(07) —74.47(09)
D.. —85.64(07) —60.29(15) —18.97(55)
D,s —655.06(07) —464.04(16) —143.58(54)
(J12)° 8.06 8.06 8.06
(J.5)° 1.52 1.52 1.52
(J14)° 0.35 0.35 0.35
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TABLE 3—Continued
Liquid crystal
Solute Paramet&r Merck ZLI 1132 55 wt% ZLI 1132/EBBA EBBA
(329)° 7.45 7.45 7.45
(vy)° —2562.42(09) —3495.31(19) —3682.95(68)
(v)* —2651.38(09) —3552.21(19) —3744.86(68)
RMS error 0.154 0.246 0.248
Number of lines assigned 20 17 12
o-Xylené D, —1157.11(03) {1083.9] —979.16(03) [-987.9] —968.23(03) [F967.2]

TCB

m-Dichlorobenzene

m-Chlorotoluene

D1,3

D1,4

Dis

Dl,B

D2,3

Dss

DZ,B

Dss

DS‘S

‘]1,2

Jis

J1,4

‘]1,5

Jig

Jos

‘]2,5

‘]2.8

JS,B

(Vl)d

(Vz)d

(Vs)d

RMS error
Number of lines assigned
Dis

(v)*

RMS error
Number of lines assigned

Di
Dis
D1,4
Do
(J12)°
(J19)°
(J1.9)°
(J2,0)°
(v)*
(Vz)d
(VA)d
RMS error
Number of lines assigned
D1‘z
D1,3
D1,4
Dis
D2,3
Do
Dss
D3,4
Dss
D.s
DS,S

—177.32(04) F177.0]
—102.07(05) [-90.8]
~103.89(03) [-79.6]
—716.87(02) [696.6]
—780.36(05) [-705.7]
~82.70(03) [-58.6]
—141.16(03) [156.3]
1508.17(01) [1425.5]
—252.05(01) [237.4]

7.50(06) [—]
1.50(06) [—]
0.54(09) [—]
0.44(05) [—]
—0.69(04) [—]
7.39(09) [—]
—0.86(06) [—]
0.37(06) [—]
0.42(02) [—]

—2534.15(05) 2533.7]

—2603.67(05) [2592.6]
—377.71(02) [369.7]

0.377 [9.18]
501 [22]
200.07(07)
—2486.79(17)
0.174
3

Sample 7
—1342.52(05)
—318.61(11)
—144.36(07)
—56.33(09)
8.10
2.00
1.80
0.40
—2339.57(08)
—2240.18(14)
—2022.96(10)
0.265
28
—1559.06(23)
—339.72(10)
—103.68(10)
—90.38(06)
—1249.99(30)
—44.05(07)
—72.88(07)
—168.14(09)
—177.47(10)
—919.22(03)
1655.06(02)

—140.23(04) [240.7]
~76.60(06) [-53.0]
—83.42(04) F90.5]
—619.37(03) [616.0]
—588.10(06) [-505.4]

—69.81(04) [13.4]

—121.96(04) [189.6]

1271.18(01) [1284.2]

—184.40(01) [183.0]

7.77(07) [—]
1.41(07) [—]
0.57(11) [—]
0.43(06) [—]
—0.73(05) [—]
7.50(10) [—]
—0.69(07) [—]
0.37(07) [—]
0.40(03) [—]

—3429.84(05) [3429.7]

—3500.48(05) [3507.6]

—1236.73(03) £1232.8]

0.413 [14.88]
427 [22]
164.55(01)
—3396.67(01)
0.011
3

Sample 8
—1122.42(05)
—275.32(11)
—99.39(07)
—26.31(10)
8.10
2.00
1.80
0.40
—2435.74(08)
—2328.10(14)
—2137.61(11)

0.262
26
—1247.31(56)
—287.14(14)
—80.27(18)
—77.53(10)
—1079.54(68)
—22.98(09)
—59.46(10)
—116.83(18)
—118.44(12)
—770.59(18)
1426.57(10)

—116.66(04) F115.2]
—54.33(07) [62.2]
—72.64(04) [-69.8]
—641.37(03) [638.2]
—419.47(05) [419.8]
—68.71(04) [76.4]
—125.94(04) [118.4]
1247.47(01) [1245.3]
—117.93(01) F119.5]
7.44(08) [—]
1.37(07) [—]
0.27(11) [—]
0.61(08) [—]
—0.74(05) [—]
7.46(10) [—]
—0.56(09) [—]
0.26(08) [—]
0.44(03) [—]
—3557.98(06) [-3556.7]
—3649.12(05) [3641.0]
—1376.92(03) £1373.6]
0.403 [3.02]
374 [24]
145.88(02)
—3566.11(04)
0.038
3

Sample 9
—1095.21(05)
—296.05(12)
—37.55(07)
32.63(10)
8.10
2.00
1.80
0.40
—3850.49(09)
—3677.43(14)
—3453.63(11)
0.270
26
—1144.35(36)
—303.61(12)
—54.05(11)
—83.24(07)
—1157.04(35)
19.81(08)
—50.72(14)
—54.63(12)
—12.42(12)
—798.88(04)
1531.65(03)
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TABLE 3—Continued

Liquid crystal

Solute Paramet&r Merck ZLI 1132 55 wt% ZLI 1132/EBBA EBBA
(J.)" 8.09 8.09 8.09
(319" 1.10 1.10 1.10
(J19)" 271 271 2.71
(Jio)" 0.00 0.00 0.00
(329" 7.53 7.53 7.53
(J20)" 0.39 0.39 0.39
Jos —0.05(14) —0.02(20) 0.57(27)
(330" 1.65 1.65 1.65
Jas —1.10(20) —-0.75(27) -0.50(27)
Jus —0.84(06) —0.42(09) —0.47(08)
(vy)° —2277.75(13) —2375.82(22) —3775.89(19)
(v)* —2198.39(10) —2290.13(14) —3620.80(12)
(va)° —2322.36(12) —2377.84(23) —3715.48(20)
(va)° —2005.36(07) —2106.64(09) —3397.48(08)
(vs)° —54.42(04) —91.77(06) —1401.47(06)
RMS error 0.350 0.426 0.409
Number of lines assigned 159 134 146
TCB D.s 205.51(02) 165.28(06) 142.13(06)
(vo)° —2137.15(05) —2234.33(14) —3586.12(15)
RMS error 0.046 0.148 0.158
Number of lines assigned 3 3 3
Sample 10 Sample 11 Sample 12
m-Dichlorobenzene D, —1288.85(03) —1029.43(02) —1151.31(05)
D.s —305.41(07) —252.94(05) —311.24(11)
Dy, —139.17(04) —90.88(03) —39.17(06)
Dy. —54.49(07) —23.63(04) 34.71(09)
(J12)° 8.10 8.10 8.10
(J.9)° 2.00 2.00 2.00
(J1.0)° 1.80 1.80 1.80
(J2.9)° 0.40 0.40 0.40
(v2)° —3057.83(06) —3684.85(04) —3842.65(08)
(v2)° —2962.75(09) —3583.56(06) —3661.69(13)
(va)° —2757.10(07) —3417.19(04) —3419.55(10)
RMS error 0.198 0.127 0.240
Number of lines assigned 31 28 26
—1080.34(03) —1211.96(07)
m-Xylene D., —1382.31(04) £1372.0] [—1139.49] [—1204.28]
Dis —334.82(27) 323.3] —263.28(21) [-284.55] —308.63(53) [-313.64]
Dy, —128.69(04) [-120.4] —95.53(03) [-96.28] —77.29(06) [-76.55]
D.s —99.84(04) [118.4] —78.03(03) [-82.87] —87.66(11) [-87.67]
Dig —225.32(03) [-198.9] —159.57(04) [155.71] —80.20(10) [-79.16]
D,., —38.93(07) [44.4] —25.50(06) [-21.86] 0.45(09) [1.31]
D.s —89.22(04) [97.9] —-67.51(03) [-68.98] —62.34(04) [61.60]
Das —884.83(01) [-885.2] —697.73(01) [744.20] —821.09(01) [-820.94]
Dss 1827.38(01) [1825.2] 1426.23(01) [1510.85] 1596.53(01) [1597.69]
Ds,g —127.65(01) F126.7] —100.66(01) [107.32] —118.42(01) [118.43]
Jio 7.69(20) [—] 7.24(17) [—] 7.06(40) [—]
Jis 1.03(12) [—] 0.87(08) [—] 0.72(99) [—]
Jia 1.70(08) [—] 1.87(07) [—] 1.76(11) [—]
Jis —0.55(08) [—] —0.48(07) [—] —0.20(22) [—]
Jig —0.70(06) [—] —0.70(08) [—] -0.97(24) [—]
Joa 0.53(13) [—] 0.46(11) [—] 0.63(17) [—]
Jos 0.30(06) [—] 0.32(05) [—] 0.31(08) [—]
Jus —-0.77(02) [—] —-0.71(02) [—] —-0.73(02) [—]
Jss —0.22(02) [—] —-0.22(01) [—] —0.30(02) [—]
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TABLE 3—Continued

Liquid crystal

Solute Paramet&r Merck ZLI 1132 55 wt% ZLI 1132/EBBA EBBA

(vy)* —2975.53(03) £2975.4] —3571.06(03) {3571.1] —3647.19(06) {3647.2]
(v2)° —2907.24(07) £2917.5] —3536.71(05) {3561.6] —3571.89(07) £3579.3]
(v2)* —2711.86(04) {2708.1] —3353.38(04) {3352.1] —3352.63(05) £3361.7]
(vs)* —767.40(02) [770.8] —1336.21(02) {1358.2] —1395.72(02) {1400.0]
RMS error 0.304 [5.85] 0.305 [10.01] 0.384 [11.48]
Number of lines assigned 402 [24] 501 [25] 440 [22]

TCB Dis 197.80(04) 151.74(05) 149.66(07)
(vy)° —2860.41(11) —3497.34(13) —3565.45(18)
RMS error 0.119 0.132 0.186
Number of lines assigned 3 3 3

# For atom numbering refer to Fig. 3. Numbers in round brackets are standard deviations in the last two reported digits of varied parameters.
® Dipolar couplings,J couplings, resonance frequencies, and RMS errors are in hertz.

¢ Parameters not varied during analysis of spectrum. Values taken from33gf. (

¢ Frequency is referenced to an arbitrary zero and is increasing to high field.

¢ Parameters not varied during analysis of spectrum. Values taken from3&gf. (

"Values in square brackets are from the analysis of the 8-quantum spedtaauplings were set to zero for the MQ analysis.

9 Parameters not varied during analysis of spectrum. Values taken from@&Rgf. (

" Parameters not varied during analysis of spectrum. Values taken from@&Rgf. (

tion; D; were calculated for each 15° rotation of the methydhould be “vibrationally corrected."The effect on the di-
group. Foro-xylene we used the Case Il rotational potentigdolar couplings from normal mode vibrations is calculate
and potential parameters reported by Burnell and Di8f);( using a Taylor expansion d; about the equilibrium po
the potential was expanded as a Fourier series about the rgition

tion anglesa; and «, of the two methyl groups

aD;
Dy =Df+ > (aal) (AS)
V = V4(1 — cos 3n,cos 3x_) + V,cos 6, ° ©
2
+ V4c0s Gu_ + Vg(1 — cos 6o, cos Gx_) + - - -, +%E(a Dii) (A8 + - - - [4]

982
(3]

B

whereD? is the dipolar coupling at equilibriung is thex’,

wherea, = o, + a,), a_ = ¥a;, — a,), andV; = 8.4,V, = Y', andz’ internuclear axes/Ad) is the average vibrational
1.21, V, = 1.55, andV, = 0.0 kJ/mol. The potential amplitude (anharmonic) in thé direction, and(A8? is
minimum «; = 0 (anda, = 0) is where proton 5 (and 10) ofthe corresponding mean-square amplitude (harmonic
the methyl group is in the plane of the benzene ring arkhe average structure determined by subtracting the co
adjacent to proton 4 (and 1) (see Fig. 3 for atom numberingjibutions from harmonic vibrations, the, structure, has
For o-chlorotoluene only the threefold potential is used, been established as a suitable physical basis for comp:
V., V,, andV, are fixed at zeroV, is fixed at 6 kJ/mol ing results 88—4J). The average , structures determined
(31, 32. For m-chlorotoluene the methyl group was modelefrom different techniques are usually in good agreemer
with a sixfold potentialV = V(1 — cos Gx)/2 whereV, is Wwith each other. A calculation o6, and ther, struc
fixed at 60 J/mol 1) and the minimum in the potential istural parameters (Tables 4, 5, and 6) was performed usil
where one proton is perpendicular to the benzene ring. For
m-xylene each methyl group was independently modeled with: i, this study molecules are in an anisotropic condensed phase; the anis
this same sixfold potential. ropy of the phase affects vibrational motions (orientational-vibrational corre

Since theDij are related tO(I’fB), molecular vibrations lations). Corrections have been calculated for simple molecules such as C

will affect the experimental observations. The effect dfd: acetylene34), benzeneds), chlorobenzenedp), and CHF (36). For
molecules with a larg&y;, the orientational—vibrational correlations will have

Vl_bratlons on t_he experlmenf[al data will be different f05 very small effect£0.2%) on the observeD; (35, 37. Normal mode bond
different experimental techniques. Therefore to compay@rations have a larger effect-¢.0%) on the observed; (37) and thus we
data determined from various experimental methods resuitse attempted to correct for these effects only.
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TABLE 4
Structural Parameters from Fits to Dipolar Couplings®
Parametér o-Dichlorobenzene o-Chlorotoluene o-Xylene m-Dichlorobenzene m-Chlorotoluene m-Xylene TCE

[(C1-C2) {n 1.3799(15) 1.3849(30) 1.3751(59) 1.4039(05) 1.3846(12) 1.3991(42) 1.39

v 1.3793(13) 1.3839(34) 1.3764(62) 1.4041(06) 1.3857(14) 1.4013(34) —
r(C2-C3) n 1.4025(15) 1.3982(23) 1.3820 1.4039(05) 1.3818(12) 1.3991(42) 1.3908

{v 1.4001(13) 1.3938(26) 1.3820 1.4041(06) 1.3830(14) 1.4013(34) —
[(C3-C4) {n 1.3799(15) 1.3890(30) 1.3751(59) 1.3921(06) 1.3880(12) 1.3884(23) 1.39

v 1.3793(13) 1.3909(33) 1.3764(62) 1.3920(06) 1.3889(15) 1.3896(22) —
r(C4-C5) {n 1.3822(16) 1.3840(30) 1.3771(58) (1.3872) 1.3901(12) (1.3941) 1.3908

v 1.3826(14) 1.3836(34) 1.3764(62) (1.3872) 1.3904(15) (1.3930) —
(C5-C6) n (1.4050) (1.3850} (1.3880} (1.3872y (1.3860} (1.3941y 1.3908

{v (1.4054} (1.3839} (1.3924} (1.3872% (1.3870} (1.3930} —
r(C6-C1) {n 1.3822(16) 1.385 1.3771(58) 1.3921(06) 1.382 1.3884(23) 1.3908

v 1.3826(14) 1.385 1.3764(62) 1.3920(06) 1.382 1.3896(22) —
r(C1-H1) {n 1.0819(15) 1.0754(30) 1.0732(18) 1.0846(05) 1.0860(12) 1.0793(41) 1.09

v 1.0826(13) 1.0753(33) 1.0726(19) 1.0847(06) 1.0886(14) 1.0776(33) —
[(C2-X) {n 1.0890(15) 1.0830(36) 1.0912(59) 1.0913(06) 1.0898(12) 1.0898(44) 1.73

v 1.0883(13) 1.0842(39) 1.0944(60) 1.0912(06) 1.0899(14) 1.0916(36) —
[(C3-H3) n 1.0890(15) 1.0909(35) 1.0912(59) 1.0846(05) 1.0838(12) 1.0793(41) 1.09

{v 1.0883(13) 1.0909(39) 1.0944(60) 1.0847(06) 1.0845(14) 1.0776(33) —
[(CA-X) {n 1.0819(15) 1.0733(19) 1.0732(18) 1.7855 1.5096(22) 1.5139(20) 1.7326

v 1.0826(13) 1.0726(21) 1.0726(19) 1.7855 1.5140(26) 1.5193(20) —
[(C5-X) n 1733 1.5202(48) 1.5288(20) 1.0911(06) 1.0860(12) 1.0913(22) 1.094

{v 1.73% 1.5250(53) 1.5294(21) 1.0910(06) 1.0915(15) 1.0883(21) —
[(C6-X) {n 1.733 1.75F 1.5288(20) 1.7355 1.746 1.5139(20) 1.7326

v 1733 1.75F 1.5294(21) 1.7355 1.746 1.5193(20) —
((C7-H5) {n — 1.1051(18) 1.1054(20) — 1.1014(07) 1.1083(09) —

v — 1.1037(20) 1.1045(18) — 1.0942(09) 1.1006(09) —
F(C1C2C3) {n 119.54(07) 119.10(26) 118.97(13) (12059) 120.77(10) (121.02) 122.00

v 119.65(06) 118.69(34) 118.97(14) (120.65) 120.85(12) (120.84) —
F(C2c3ca) {n 119.54(07) 118.94(19) 118.97(13) 118.40(06) 119.63(13) 118.75(28) 118.00

v 119.65(06) 119.57(30) 118.97(14) 118.37(06) 119.84(15) 119.17(23) —
F(c3cacs) {n 121.01(12) 122.00 122.24(15) 122.40(11) 119.67(19) 121.34(26) 122.00

v 120.86(10) 122.00 122.35(16) 122.34(11) 119.55(22) 120.19(22) —
Z(CAC5CH) {n (119.43§ 117.50 (118.78} (117.80} (118.72) (118.78} 118.00

v (119.48Y 117.50 (118.67Y (117.89} (119.06} (120.42y —
+(C5C6C1) {n (119.43§ 121.40 (118.78} 122.40(11) 121.50 121.34(26) 122.00

v (119.48) 121.40 (118.67) 122.34(11) 121.50 120.19(22) —
F(C6C1C2) {n 121.01(12) (121.04) 122.24(15) 118.40(06) 119.69(16) 118.75(28) 118.00

v 120.86(10) (120.83) 122.35(16) 118.37(06) 119.16(19) 119.17(23) —
Z(C2C1H1) {n 121.10(14) 121.86(48) 120.00(48) 120.67(06) 120.33(17) 120.43(80) 121.00

v 120.99(12) 121.50(54) 120.36(50) 120.83(07) 120.61(22) 120.32(62) —
£(C3C2X) {n 120.46(12) 119.96(33) 118.82(19) 119.70(03) 118.78(11) 119.48(45) 119.00

v 120.33(10) 119.72(43) 118.85(20) 119.67(03) 118.61(12) 119.57(35) —
F(C2C3H3) {n 120.46(12) 119.65(24) 118.82(19) 120.67(06) 121.30(11) 120.43(80) 121.00

v 120.33(10) 118.71(36) 118.85(20) 120.83(07) 121.29(13) 120.32(62) —
F(C3C4x) {n 121.10(14) 119.64(12) 120.00(48) 118.75 120.34(13) 119.50(27) 119.00

v 120.99(12) 119.69(13) 120.36(50) 11875 120.55(15) 119.96(21) —
+(CAC5X) {n 118.99 118.88(14) 119.94(24) (121.09) 120.43(19) (120.60) 121.00

v 118.99 118.65(16) 119.03(25) (121.05) 120.09(22) (119.78) —
F(C1C6X) {n 118.99 116.90 119.94(24) 118.75 119.30 119.50(27) 119.00

v 118.99 116.90 119.03(25) 118.75 119.30 119.96(21) —
Z(CXCTHS) {n — 110.48(23) 110.21(23) — 110.67(09) 110.98(12) —

v — 111.73(26) 111.53(24) — 111.78(11) 111.73(15) —
RMS errof 0.5630 0.5148 0.7022 0.2372 0.2989 0.2204 —
RMS errof 0.4914 0.5667 0.7337 0.2385 0.3466 0.2281 —
A priori estimate% i i k I m n c
r(C1-C2) 1.3760(02) 1.38200(025)  1.38700(015) 1.4040(02) 1.38500(025)  1.40400(015) 1.3
r(C2-C3) 1.3960(02) 1.38500(025)  1.3820 1.4040(02) 1.38300(025)  1.40400(015)  1.3908
r(C3-C4) 1.3760(02) 1.38300(025)  1.38700(015) 1.3920(02) 1.39000(025)  1.39200(015) 1.3
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Parametér o-Dichlorobenzene  o-Chlorotoluene o-Xylene m-Dichlorobenzene m-Chlorotoluene m-Xylene TCE
r(C4-C5) 1.3850(02) 1.39300(025) 1.38800(015) 1.3873(02) 1.39000(025) 1.3873(02)  1.3908
r(C5-C6) 1.4078(02) 1.38990(025)  1.3978(03} 1.3873(02) 1.38510(025) 1.3873(02) 1.3908
r(C6-C1) 1.3850(02) 1.385 1.38800(015) 1.3920(02) 1.3820 1.39200(015)  1.3908
r(C1-H1) 1.0870(02) 1.08000(025) 1.0820(01) 1.0850(02) 1.08500(025) 1.08500(015) 1.0
r(C2-X) 1.0840(02) 1.0800(03) 1.0820(01) 1.0910(02) 1.0910(02) 1.0910(01) 1.73
r(C3-H3) 1.0840(02) 1.0800(03) 1.0820(01) 1.0850(02) 1.08500(025) 1.08500(015)  1.0¢
r(C4-X) 1.0870(02) 1.08000(016) 1.0820(02) 1.7355 1.51200(045) 1.51200(025) 1.73
r(C5-X) 1.7330 1.5100(04) 1.5260(015) 1.0910(02) 1.09100(025) 1.0910(01) 1.094
r(C6-X) 1.7330 1.75T 1.5260(015) 1.7355 1.7460 1.51200(025) 1.7326
r(C7-H5) — 1.09600(025) 1.0960(01) — 1.09880(025) 1.09880(015) —
¥L(C1C2C3) 120.30(05) 119.65(05) 119.60(05) 121.10{(05) 121.100(055) 121.100(0Z5) 122.00
¥(C2c3c4) 120.30(05) 119.75(05) 119.60(05) 118.10(05) 119.000(055) 118.100(025)  118.0
<L(C3CA4C5) 119.90(02) 12Z0 121.20(01) 122.30(05) 119.000(055) 122.300(025) 122.00
¥L(C4AC5C6) 119.80(08) 117.50 120.00(05) 118.10(05) 118.570(055) 118.100(025) 118.00
¥(C5C6C1) 119.80(08) 121.40 120.00(05} 122.30(05) 121.50 122.300(025)  122.00
L(C6C1C2) 119.90(02) 119.70(05)  121.20(01) 118.10(05) 120.23(04) 118.100(025) 118.00
¥L(C2C1H1) 120.28(02) 120.15(05) 119.50(03) 120.70(05) 120.700(055) 120.700(025) 121.0
¥(C3C2X) 120.10(05) 120.18(05) 120.40(05) 119.45(05) 119.450(055) 119.450(025)  119.0(
L(C2C3H3) 120.10(05) 120.13(05) 120.40(05) 120.70(05) 120.700(055) 120.700(025) 121.0
¥(C3C4X) 120.28(02) 119.40(01) 119.50(03) 118.75 121.100(055) 121.100(025)  119.00
$(CA4C5X) 118.99 119.90(05) 120.00(05) 120.95(05) 120.950(055) 120.950(025) 121.00
L(C1C6X) 118.99 116.90 120.00(05) 118.75 119.30 121.100(025)  119.00
¥ (CXCT7HS5) — 111.00(04) 110.90(02) — 111.120(025) 111.12(01) —

2 Refer to Fig. 3 for structure and atom numbering of molecules. Bond distar)desX and bond angles¥) in degrees. In the least squares fit to experimenta
dipolar couplings the weight given to each dipolar coupling is (1/€tr@here the errors are reported in Table 3.
® parameters which are indicated with “n” are calculated with no vibrational corrections to dipolar couplings and parameters indicated withc¢ulzaeel ca

with vibrational corrections.

¢ Structural parameter not adjusted. From RB8)(
¢ Dependent parameter is calculated from the bond angles and lengths of the carbon skeleton.

¢ Parameter not adjusted during fit.

"RMS error in hertz between calculated and experimental dipolar couplings.
9 RMS error in hertz between vibrationally corrected and experimental dipolar couplings.
" For the least squares fitting routine the weight associated with {hori estimates is (1/errof)where the errors are reported in brackets.

"r, structure from Ref.g3).
! Structure from Refs.54) and 66).
¥ Structure from Refs.30) and 67).
"r, structure from Ref.g8).

" Structure taken from Ref5@) and m-dichlorobenzene5g).
" Structure taken fronm-dichlorobenzene5@).

a version of the least-squares routine modified to include tharameters using priori estimates and vibrationally and non-
subroutine VICO 42, 43, which corrects for the nonnegli- vibrationally corrected;. The relative values of the proton

gible effects of normal mode molecular vibrations by
using Eq. [4]. Mean square amplitudéss®) were calcu
lated using the program MSAV44) from normal mode
vibrational analysis using force constants from Refb) (

and @46).

B. Molecular Structure

ting procedure.

coordinates reported in Table 4 are from simultaneous fits
the D; obtained in three different liquid crystals for each
molecule except foo-chlorotoluene. The use of more than one
liquid crystal provides extra independent equations to the fi

Unfortunatelyr, structural data for onlp- andm-dichlo-
robenzene could be found in the literature. Even though tt

One of the goals of this study is to report accuidtewhich a priori estimates for the other molecules were obtaine
in turn could be utilized when examining statistical theorie§iom a combination of data from various other studies, it i
SinceD;; are products of order and geometric parameters, iti®teworthy that most of the calculated structural value
essential when determining accur&@g to carefully consider (vibrationally and nonvibrationally corrected) do not differ
the molecular structure. Thus we have determined geomegi®atly from thesea priori estimates. However, there are
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TABLE 5
Order Parameters from Fits to Dipolar Couplings®
Liquid crystal
Solute Order parameter Mercek ZL11132 55 wt% ZLI 1132/EBBA EBBA
Sample 1 Sample 2 Sample 3
o-Dichlorobenzene s, [N 0.17132(67) 0.13099(50) 0.12676(45)
{ v 0.17232(59) 0.13180(44) 0.12773(39)
Se - S, {n 0.34056(38) 0.24319(25) 0.16231(12)
* "1v 0.34343(33) 0.24525(22) 0.16369(11)
o-Chlorotoluene S, { n 0.16600(56) 0.13327(45) 0.14387(50)
v 0.16984(64) 0.13654(51) 0.14767(56)
S, — SW{ n 0.34678(39) 0.24827(27) 0.18577(39)
v 0.35486(64) 0.25419(31) 0.19101(44)
s, {n —0.00037(16) 0.00468(15) 0.01128(25)
“1v —0.00125(67) 0.00363(59) 0.00949(78)
TCB S, n —0.26436 —0.20103 —0.17730
Sample 4 Sample 5 Sample 6
o-Dichlorobenzene Su{ n 0.17527(69) 0.14611(56) 0.14081(50)
\Y 0.17630(60) 0.14702(49) 0.14189(44)
Se - S, {n 0.34743(38) 0.26802(30) 0.17843(14)
* "1v 0.35038(33) 0.27028(26) 0.17995(12)
o-Xylene Szz{ n 0.16646(71) 0.14369(61) 0.14859(61)
v 0.16956(76) 0.14637(65) 0.15138(66)
Su— S, { n 0.35394(46) 0.28468(34) 0.24869(22)
v 0.35912(49) 0.28877(36) 0.25212(24)
TCB S, n —0.27012 —0.22217 —0.19696
Sample 7 Sample 8 Sample 9
m-Dichlorobenzene Szz{ n 0.05755(18) 0.02678(16) —0.03363(16)
v 0.05809(18) 0.02702(17) —0.03399(16)
S, — SW{ n 0.48431(25) 0.39784(22) 0.36841(22)
v 0.48777(25) 0.40067(22) 0.37099(23)
m-Chlorotoluene S, { n 0.04365(20) 0.02255(17) —0.01916(17)
v 0.04561(25) 0.02374(21) —0.01930(20)
S - S, {n 0.48878(33) 0.40026(28) 0.38199(29)
* "lv 0.49674(40) 0.40663(33) 0.38766(34)
sz{ n 0.02617(30) 0.01539(28) 0.00259(35)
v 0.02632(35) 0.01583(32) 0.00369(41)
TCB S, n —0.27747 —0.22314 —0.19190
Sample 10 Sample 11 Sample 12
m-Dichlorobenzene S, { n 0.05581(14) 0.02422(10) —0.03567(15)
v 0.05633(15) 0.02444(10) —0.03605(15)
S, — SW{ n 0.46513(24) 0.36476(19) 0.38717(23)
v 0.46846(24) 0.36740(20) 0.38989(24)
m-Xylene s, {n 0.03912(46) 0.02550(35) —0.00036(34)
v 0.03921(37) 0.02557(28) —0.00047(28)
Se — S, {n 0.48225(64) 0.37482(51) 0.41029(61)
* "lv 0.49831(55) 0.38034(44) 0.41663(52)
TCB S, n —0.26706 —0.20488 —0.20207

@ For axis definitions see Fig. 3. For corresponding structural parameters refer to Table 4. Numbers in round brackets are standard deviatiomaan the
reported digits of varied parameters.

® Order parameters which are indicated with “n” are calculated with no vibrational corrections to dipolar couplings and parameters indicatednaith *
calculated with vibrational corrections.

some exceptions; it is difficult to ascertain the nature of thEarameters, the error associated with the resulting structure
discrepancies but it is most likely due to the inaccuraciesfficult to determine. Bond angles are probably not accurate
with the a priori estimates. better than 0.2° and CH bond distances to 0.01 A. Thus tf

Since we used priori estimates from the structures of othestatistical uncertainties (68% confidence level) reported in T:
molecules and sinc®;; are products of order and geometricle 4 are optimistic.
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TABLE 6
Order Parameters for Solutes in Sample 13 from Fits to Dipolar Couplings®

Order parametér o-Dichlorobenzene o-Chlorotoluene 0-Xylene TCB
s, (N 0.17412(69) 0.16894(57) 0.16503(71) —0.26812
{ v 0.17514(60) 0.17286(65) 0.16811(76) —
Se— 5[ " 0.34494(42) 0.35172(40) 0.35116(46) —
* y{ v 0.34785(37) 0.35990(65) 0.35628(49) —

s (" — —0.00017(16) — —

{ v — —0.00108(69) — —

# For axis definitions see Fig. 3. For corresponding structural parameters refer to Table 4. Numbers in round brackets are standard deviatiomadn the
reported digits of varied parameters.

® Order parameters which are indicated with “n” are calculated with no vibrational corrections to dipolar couplings and parameters indicatecnaith *
calculated with vibrational corrections.

C. Order Parameters If it is assumed that the two groups of disubstituted benzen
sib/%\/e similar sizes and shapes and that the short-range inter

Itis generally accepted that anisotropic short-range repul ) :
forces are primarily responsible for the orientational orderirighs are the same for the_ group ofdisubstituted and the
ame for the group ob-disubstituted benzenes, then any

of liquid crystals, i.e., forces which can be related to sizél e
shape, and conformation of the moleculd®,(47—53. Con- differences among th®,; within the groups are a result of the

troversy has arisen over the importance of anisotropic lond@nd-range interactions. As an example, we examineshe
range interactions5-8). The spectra in this paper have beeMalues determined in the three liquid-crystal samples employ:
recorded in such a manner that g obtained can be used toin this study. In the 55 wt% mixture, th8,, within the group
explore various models for the anisotropic potential. In mar§f m-disubstituted molecules and within the groupoediisub-
previous studies solutes dissolved in the same liquid crys&ituted molecules are all approximately equal (Fig. 4). Thi
were in different sample tubes; thus to examine $jeof the has also been observed in previous studies withptidésub-
molecules an orientational scaling parameter was required &ituted and monosubstituted benzen8p gnd is taken as
each solute to account for different sample conditidnsl@— evidence that all long-range interactions are negligible in th
17). In this study several solutes are codissolved in the samarticular liquid-crystal mixturel(2).
sample (similar to the sample preparation described in Ref.In the component liquid crystals tif, are dispersed. This
(17)); Sg: among these solutes can be directly compared-witis most likely due to the influence of long-range electrostati
out scaling. TheSg, calculated both with and without vibra interactions, especially those arising from the solute molecul
tional corrections are reported in Tables 5 and 6. quadrupoles interacting with the charge distribution on othe
molecules 8, 12). A detailed quantitative analysis of the aniso-

H7
H6 Hr H8 H9 Hé
(o8] a a a o 025
A [T SRAAREREESEEEERsss nans (i)
H5 H10 15 - L] m—d]i;ihloz;’ollaenzene g C g o—d%;ihlmt"oll)enzene -
u 4 m-—chlorotoluene b o-—chlorotoluene
H1 H1 H4 m H4 H1 5 0.05 '_K\\.\m—xylene _: :__ O o-xylene _:0_2
9 3 o ] & . 1
H3 H2 H3 H2 H3 H2 T b . e
ﬁ : 3
N ~ [ ]
H4 PV ST RS PRI P R S PN FRUE T FEEEE A
' 0 20 40 60 80 100 0 20 40 60 80 100
Cl Cl wt% EBBA wt% EBBA
FIG. 4. Scaled nonvibrationally correcte8}, of o- and m-disubstituted
H3 Hi benzenes. The scale&®}, for o-dichlorobenzene in samples 1, 4, and 13, in
H2 samples 2 and 5, and in samples 3 and 6 coincide. The s&letbr

m-dichlorobenzene in samples 7 and 10, in samples 8 and 11, and in samg

H5 9 and 12 coincide. Note that th8,, of m-disubstituted benzenes are all

H a Cl approximately equal in the 55 wit% ZLI1132/EBBA mixture. This is also
|Ly apparent for th@-disubstituted benzenes. Note that, due to overlap of spectr
x H3 H1 lines, all solutes could not be dissolved in the same sample tube. Thus |

4 solutes in different sample tubes, t8g values were scaled using the ratio of

TCB dipolar couplings from samples 4, 5, or 6 to TCB dipolar couplings in the
FIG. 3. Coordinate system and atom numbering of solute molecules. sample of interest.
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tropic intermolecular potential using the vibrationally correctetl

Sg: will be presented in a subsequent publication.
12

13
V. SUMMARY

14
In this paper we have determined spectral, orientational
order, and structural parameters (including vibrationally cots
rectedS;;) for o- andm-disubstituted benzenes codissolved ine
various liquid crystals. Resonance frequencies &npdor o- 17
and m-xylene were estimated by analyzing the 8Q spectra
using a modified version of the least-squares fitting routirié
which could adjusS,,, structural parameters, andy; inde-
pendently. With this modified version of the program the tim&
required for analysis was greatly reduced. More accurate ré8
onance frequencies arid; were then determined with the?!

original MQ program and used as initial estimates when accu-
% G. Bodenhausen, Prog. NMR Spectrosc. 14, 137 (1981).

rately determining spectral parameters from the high-resolutif)
spectra. After the high-resolution spectra were fit, the calct?

d
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