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13C and'H NMR spectroscopy have been used to study the orientational order which develops when a
nematogenic compound, 4-pentyteyanobiphenyl (5CB), approaches the transition from the isotropic to
the nematic phase at,. The experiments yield values of field induced dipolar couplir’@éHi, between all

of the directly bonded carbon and hydrogen nuclei in the molecule?lb,ﬁg the geminal dipolar coupling
between protons in the first methylene group in the alkyl chain. The temperature dependence of these couplings
shows that in each case they follow a divergence behavior governdd-byt) 1, whereT* is a temperature
determined from the experimental data and which is close to but lessTthaBExperiments performed at
spectrometer field strengths of 11.75 and 18.79 T confirm the prediction that the induced couplings should
depend on the square of the applied field strength. It was found that, within experimentall&rieithe

same for each field-induced coupling, and tiigt — T* is the same at 11.75 and 18.79 T. It is shown that
the set of field-induced coupling®Dg,; obtained at a temperature close T can be used to derive a
conformer distribution for 5CB in the isotropic phase.

Introduction on nonmesogenic compounds dissolved in isotropic solvents,
) o . but this stimulated work on deuterated mesodensl dissolved
The molecules in all liquid crystalline phases have long-range go|tes in mesogenic solvehta the region close tdy where
orientational order which is dramatically reduced in magnitude e ransitional orientational order develops. However, there are
on entering the isotropic phaseTat but which does notvanish — g5me problems in realizing a wider application of deuterium
entirely! Some angular correlations between the molecules exist \MR for studying pre-transitional order. The most important
just aboveT, which decrease rapidly with increasing tempera- f these is that the spectral lines broaderais approached,
ture, defining the pre-transitional region, and are eventually I0st. \;nich combined with the small chemical shift range for
The extent of the pre-transitional ordering of the molecules can qeterjum leads to strongly overlapping lines which are difficult
be demonstrated by measurement of anisotropic properties ofi, geconvolute. A second, general problem is that the spectrum
t_he sample induced by the appll_catlon of el_ectrlc or magnetic yoes not yield the signs of the splittings and this leads to
fields. The_ measurement O.f optical properties of the Sa”_‘p'e' ambiguities in relating the magnitudes of th‘e/iB to the
S.UCh as blrefrmgencemir.,d, induced by eIeptnc ormagnetic — qecylar structure. The third disadvantage is that it has been
flelds' is the most sensitive way of revealing pre-.transmor?al necessary, so far, to enrich the molecules in deuterium to obtain
ordering, and they were the stimulus for developing theories spectra, although this may not be necessary with modern

for this phenomenoR.Thus, it was shown that values Afiing spectrometers in the future, particularly if deuterium cryoprobes

depend on the square of the applied field and Br-(T*) %, ; ;
whereT* is identified by Landatrde Gennes theory as being Z[Jir?de;r?é(;r.)ed enablingi spectra to be obtained at natural

the temperature at which a second-order transition to the liquid /4 present here an alternative NMR method, which is to
crystalline phase would occur if a first-order transitionTat use3C andH as the probe nuclei. Consider firs,t the NMR

had not taken place. There IS.jUS.t one vaIgerfnd that can spectrum of a singlé*C nucleus bonded to a group containing
be measured for a particular liquid crystalline sample at each Nw equivalent protons. The spectrum @t> T, will be
temperature, and so these experiments are not ab_lgto probe thﬁominated by the scalar coupliigen between the directly
effects of the molecular structure on the pre-transitional order. bonded carbon and hydrogen nuclei to produce a multiplet of
This became possible Whe_n it WS‘S shown t_hat magnetic field Nn + 1 lines. There may be further, smaller splittings from
induced quadrupolar splittingg\v;”, of nuclei such as deu- longer range couplings, which usually do not prevent a

terium, can be ob_served by NMR spectroscopy _when the static jyeasurement of the magnitudeldé. On approaching;, the
magnetic field By, is at least~9 T.3 The first experiments were splitiings will be modified to be
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Figure 1. Structure and labeling of the nematogen 4-pentyl-4 ’ k
cyanobiphenyl (5CB). Figure 2. Pulse sequence for the selective refocusing experiment
_(SERF). The first pulse is a 9@ulse $e|ective to resonance A, which
there will always be temperatures whédcn| > |1D(B3H|, S0 is coupled to B. The second pulse is a 1@@lse applied to both A

that the magnitude ofAcy provides both the magnitude and and B resonances.
sign of 'Dg,. A second advantage is th&C chemical shifts .y
are large enough, particularly at high magnetic fields, that At temperatures more thar’ aboveTyi, the™=C lines show
spectral overlap is considerably less of a problem than for €vidence of long-range coupling, but this becomes unresolved
deuterium, although not entirely absent. Finally, it is possible & lower temperatures, and a Lorentzian line broadening of 2
to obtain spectra with excellent signal-to-noise for natural Hz was applied to increase the signal-to-noise ratio. Zero-filling
abundancéC so that tedious and costly isotope enrichment is ©f the ¥°C fids to 128 k was applied to increase the digital
not necessary. If longer-range couplings are resolved, either'®Solution. Two-dimensional (2D) selective refocusing (SERF)
scalar or induced dipolar, these may complicate the spectrumSPECtrwere obtained using the pulse sequence shown in Figure
but also yield more information. 2. The 2D SERF experiment was applied to the protons of the

Proton NMR spectra will also change for a liquid crystalline methylene group.attached to the phgnyl ring (note that in this
sample asT| is approached from above. Induced dipolar case, bOth selective pulses are applied to the A and B proton
coupllngsD i will affect the spectra, but in a more complex spins since the two methylene protons have degenerate chemical
way, which may require either more sophisticated experiments Sh'fts).' E'BURP.Z and RE'BURR shaped pulses were used as
or second-order spectral analysis. selective excitation and refocusing pulses, respectivdlige

o . . . . _length of the two selective pulses was 14.5 ms. Spectral widths

Field induced dipolar couplings can be observed in mesogenic . 390 40. and 150 Hz in Fg were used for spectrg recorded at

samples at fields as low as 9.4 T, but as the couplings should 1 o

. . . . 9.4, 11.75, and 18.79 T, respectively. A total of B4ooints
2
dgpend orBo .then ther.e IS an advant.age N using a field as were recorded with 8 scans each. A square cosine apodization
high as possible, provided that the line widths do not also

. ; ! was applied in both dimensions.
increase withBo. Experiments are reported here on the nem- PP

, . . Measurement of the Field-Induced Splittings.TheH and
atogen 4-pentyl-4cyanobiphenyl (5CB), whose structure is ) .
shown in Figure 1, at field strengths of 9.4, 11.75, and 18.79 °C spectra were assigned by a standard 2D HSQC experiment

T, which enabled the effect of field strength on the spectra to 2231 alezgflN’SIZESCUBALE,[EQpgg?gﬁizecﬁf;d :tt 22‘;1(-) 0}? 81 ot
be investigated. The main objectives of this paper are to P P bic p )

demonstrate that the induced couplings obtained can be use hown). Having assigned the spectral Ilnes,.the next step was
) " o record &3C spectrum at 9.4 T of a sample dissolved in CPCI
to test the molecular mean field theory of pre-transitional

i 1 inal 1
ordering, principally via the form of the temperature dependence to obtain the’H—1%C scalar coupling:H an_d °C spectra were
B .~ then recorded for pure 5CB at the three field strengths and over
of Dy, and also to show how they may be used to determine

. ; . R a range of temperatures in the isotropic phase. Figure 3 shows
the orlenta_tlonal order anq _conform._anonal distribution of the the carbon spectra of 5CB takenTat- Ty, of 0.2 and 13.6C
molecules in the pre-transitional region.

at 18.79 T. The carbon spectra are simple to analyze, and values
of *Acy are obtained from peak separations by fitting line
shapes.

NMR Spectroscopy.A sample of pure 5CB was obtained Figure 4 shows the triplet from the carbon at position 9 at
from Merck. It had a nematieisotropic transition temperature  the three field strengths, and also for the sample dissolved in
of Ty = 308.4 K. The different spectra were recorded at the CDCls. Note that the line widths in th€C spectra of pure 5CB
three field strengths. The three spectrometers used were a Brukeare broader than those for the CR8blution and they increase
DRX 400 MHz, a Varian Unity+- 500 MHz, and a Varian Inova  as Ty is approached. They do not, however, depend on the
800 MHz. In each case, the temperature was controlled by themagnetic field strength. The splitting#\cy; obtained atBg
standard equipment supplied by the spectrometer manufacturersvalues of 11.75 and 18.79 T are given in Tables 1 and 2,
These have a setting precision of 6CL A temperature gradient ~ respectively; the values measured at 9.4 T are not given: they
over the probe coil volume will produce a broadening of the are small, and obtained with poor precision.
spectral lines, and the observed line widths and shapes suggest Figure 5 shows théH spectra of 5CB at 18.79 T @t — Ty
that the gradients for each of the three spectrometers used wasf 0.2 and 13.6°C. The broadening of the lines a3 is
<0.05°C. approached is more important for proton than carbon spectra

The proton spectra were obtained with 8 acquisitions on because it leads to a loss of spectral resolution making it
16 384 points, and 64 for the carbon-13 spectra on 16 384 points.difficult, if not impossible, to extract values d‘DiEf for most
Proton irradiation was not used during the acquisition period, sites in the molecule. There may also be an increase in
because thé3C—!H couplings are required. Irradiating the complexity of the multiplet pattern of the GHyroups as the
protons between acquisitions is usually used even when not usednduced dipolar couplings increase in magnitude. This is clearly
for decoupling, to improve the signal strength by the NOE effect. seen for the methylene group at position 9 (resonance at 2.6
This was not done here since it can lead to an unacceptableppm). AtT — Ty = 13.6°C the spectrum is a triplet, which is
amount of sample heating. an example of “deceptive simplicity”. These methylene protons

Experimental Section
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Figure 4. 13C spectra of the carbon 9 of 5CB for a sample (a) dissolved

TTies 40 13 3o s 1w s in CDCl; at 9.4 T, for pure sample in the isotropic phase clos&nio
(ppm) at field strengths of (b) 9.4, (c) 11.75, and (d) 18.79 T. The vertical
lines illustrate how the splitting increases with increasing the field. A
Figure 3. (a) Aliphatic part, and (b) aromatic part of 200 MHC Lorentzian line broadening of 1 Hz was applied to increase the signal-
spectra B, = 18.79 T) of 5CB afl — Ty, of 0.2 and 13.6C. to-noise ratio.

. . . TABLE 1: Splittings Acp; (in Hz) Obtained at a By
are not magnetically equivalent and to describe correctly the vajue of 11.75 T for Different Shifted Temperatures
spectrum it is sufficient to consider them as the'Art of an T— Twin°Ca
AA'MM' spin system, if we consider coupling to only tfie i 2 3 6 7 9 10 11 12 13
methylene group. The spectra depend on the coupling constantar T
“Jan = 2w, Jam = Daw, “Jaar, @nd*Iuw, and the AAand 7.1 162.1 165.7 156.9 156.8 126.8 1252 123.7 1257 1248
MM" parts should each consist of 10 lines. However, the 51 162.2 165.8 157.0 156.9 127.6 125.4 123.8 126.2 125.0
spectrum of the methylene protons at the position 9 appears as3.1 162.4 166.0 157.0 156.9 128.0 125.7 124.4 126.2 125.2
a simple 1:2:1 triplet because of a particular combination of 2.9 162.4 166.0 157.1 157.0 128.4 1257 123.9 126.4 125.1

the values of the coupling constants and chemical shifts. When 2-; 12%-2 igg-g ig;i ig?i ggi igg’-g 132'(2) igg-g iggé
the induced dipolar couplings become appreciable compared23 1625 1660 1572 157.1 1282 1259 1251 126.4 1254

with the scalar couplings, then the total couplings may no longer 1 1625 1661 157.2 157.1 128.7 126.2 124.8 126.6 125.3
be such as to produce deceptive simplicity, and a more complex1.9 162.6 166.2 157.2 157.1 128.7 126.3 125.4 126.7 125.3
multiplet results. This is clearly seen in Figure 5 for the 1.7 162.6 166.1 157.2 157.1 128.6 126.4 124.8 126.9 125.3
methylene group at position 9, which evolves from a tripletinto 1.5 162.7 166.2 157.3 157.2 129.3 126.3 124.6 126.7 125.4

. . . 3 162.8 166.4 157.3 157.3 129.6 126.9 125.9 126.8 125.8
an ill-resolved doublet-like structure. One way of changing the 11 1630 166.4 1573 157.3 1299 1272 1258 127.1 1261

spin system for such a methylene group is to do a 2D selective g g9 1632 166.5 157.4 157.5 130.2 127.3 125.8 127.1 126.1
spin—echo experiment (SERE)When all selective pulses are 0.7 163.2 166.7 157.4 157.5 131.3 127.5 126.3 128.0 126.3
applied on the methylene protons, the spétho sequence 0.5 163.6 166.9 157.6 157.6 132.3 128.2 126.3 128.0 126.4
refocuses the chemical shifts and all couplings to nonresonant9-3 164.0 167.2 157.9 158.0 133.8 128.8 127.4 128.8 126.8
spins, and converts the spin system to an orientedsgin 1 164.5 167.7 158.3 158.2 135.5 130.3 128.6 129.2 127.4
system, which gives a doublet with separati@3. The result 2 The letteri refers to the carbon position according to the labelling

of such a SERF experiment done at 800 MHz on the C of Figure 1.

methylene protons is shown in Figure 6, where it is seen that ) )

the projection on the F1 axis is indeed a doublet; the small Results and Discussion

central peak arises from imperfections in the RF pulses. The The molecules of 5CB are flexible by virtue of rotations about
SERF experiment allowed the temperature dependence ofponds, and they can be considered to exist in a set of rigid
DE,, to be obtained, as shown in Figure 7. conformations. A biaxial molecule in theh conformation in
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TABLE 2: Splittings *Acy; (in Hz) Obtained at By Value of

18.79 T for Different Shifted TemperaturesT — Ty, in °C?
i 2 3 6 7 9 10 11 12 13

13.6 162.3 165.7 157.0 157.2 127.4 127.0 125.7 126.2 124.9
11.6 162.3 165.8 157.3 157.3 127.7 126.9 126.1 126.3 125.0 ~50
9.6 162.3 165.8 157.3 157.4 128.2 127.1 126.5 126.6 125.1
7.6 1625 165.9 157.4 157.4 128.6 127.4 126.6 126.7 125.3
5.6 162.7 166.1 157.5 157.6 129.4 1279 127.1 126.9 125.5 a

4.6 1629 166.2 157.8 157.6 129.8 128.2 127.8 127.1 125.7
3.6 163.1 166.3 157.7 157.8 130.7 128.8 128.5 127.6 126.1
3.1 163.2 166.5 157.9 158.0 131.2 129.1 128.5 127.6 126.4
2.6 163.5 166.7 158.1 158.2 132.2 129.5 129.1 128.1 126.4 0
24 163.6 166.8 158.2 158.2 132.5 129.8 129.2 128.4 126.7
2.2 163.6 167.0 158.3 158.3 133.0 129.9 129.7 128.5 126.7
2.0 163.9 167.0 158.5 158.4 133.4 130.6 129.8 128.5 126.7

1.8 163.9 167.2 158.6 158.5 133.9 130.6 130.2 129.0 127.0

1.6 164.2 167.3 158.7 158.7 134.6 131.0 130.6 129.2 127.3
14 164.4 167.6 158.9 158.9 135.2 131.6 131.5 129.5 127.4
1.2 164.7 167.8 159.2 159.1 136.2 132.1 132.0 129.8 127.8

1.0 165.1 168.0 159.4 159.4 137.6 132.9 133.0 130.4 128.1 %0
0.8 165.6 168.5 159.8 159.7 139.4 134.0 134.1 131.1 128.7 Hz
0.6 166.1 169.1 160.4 160.3 141.6 135.6 135.9 132.1 129.3 N,

0.4 167.2 170.0 161.2 161.0 145.7 137.8 138.8 133.7 130.6 ppn 6 4 2

0.2 168.3 171.2 162.1 161.9 149.9 140.9 140.9 1354 131.8

. 1 T — (oo

aThe letteri refers to the carbon position according to the labelling Figure 6. 800 MHz*H SERF spectrum of 5CB &t — Ty = 0.2°C.
of Figure 1. T-Twt
(in °C)
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Figure 5. 800 MHz'H spectra B, = 18.79 T) of 5CB afl — Ty of A
0.2 and 13.6C. 136
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the presence d,, the magnetic field of the NMR spectrometer, (H2)

will experience a magnetic torque giveni§y°
Figure 7. Projection on F1 of the 2D SERF spectrum at various values

U"mag(ﬂn,yn,n) = _(1/2)BOZ[X2,OCZ,O(ﬁn) + 2X2,2cz,z(ﬂn’7n)] of T— Tnat18.79 T.

2
@ where the expansion coefficient , describe the strength of

where they),, are components of the anisotropic part of the the anisotropic intermolecular potential.

molecular magnetic susceptibility tensor in irreducible form, and ~ The infinite expansion is approximated by restricting the

the Com(Bn,yn) are second-rank, modified spherical harmoiics; summation to terms with = 2 to give

fBnandyn are polar angles made 1By in the principal frame of

the tenso”. . . UnolBr V) = —€5,6Co fBr) = 265 Co ABrvn)  (4)
The molecules also interact with each other such that, by

analogy with molecules in liquid crystalline phases, a local

director can be defined, and the anisotropic potential of a

molecule in the average field of all its neighbors is

where it has been assumed that the principal axes for the

interaction tensoe" are collinear with those of". Note that

the second term on the right-hand side of eq 4 is nonzero only

for biaxial molecules. For a molecule with a positive anisotropy
n _ n of the diamagnetic susceptibility, the local directors are aligned

Uno(Br¥m) = ZeL,mCL'm(ﬁ”’y”) ®) along Bo. In this case the total anisotropic mean energy,

m

even U;‘u”(ﬂn,yn,n), is

00
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UlunBa?n) = UnoBo¥nl) + Upad Bo¥nl)
= —{e) o+ (U2Bsad CodlBr) — {265+ Bous 2 CodBu¥)

Merlet et al.

The induced dipolar couplin@{j‘B(T) between nuclei andj in
conformationn at temperaturd is given by

= _Xg,OCZ,O(ﬁn) - zxg,zcz,z(ﬂm?’n) (5)

The molecules will have a degree of orientational order relative
to the magnetic field direction, and for second-rank interactions
such as the dipolar coupling, only the second-rank order
parametersf:rz"m, are required, and these are given by

DT = —K; C}/m;,°0 (15)
where Cﬁ-‘ is an order parameter for the direction along the
vector rj,, and mijn3D is an average over small-amplitude
vibrational motion. The constatg; is

_ K./Hz = ugy.y:n167° (16)
27 T . 0

om= (U4n) [ dy, [i sinB, B [Co : .

exp{ - Ugun{ﬁnvymn)/kBT}] (6)

In the isotropic phasdJrs‘un(ﬁn,yn,n)/kBT < 1 so that the
exponential may be truncated §& — UZ,{Bn,ynn)/ksT}, and
the orthogonality of theC, m(Bn,yn) leads to the simple result

Com= X3,/ (5keT) 7
The angles9j, and ¢, describe the orientation afj, in the

Note that this simple result means that eq 3 can be regarded agrincipal frame of the molecular order tensor.
being exact rather than an approximation. The observed induced dipolar couplings are averages over

WhenT > Ty, €3, < Bz, and X5, = (1/2)Bo5 ., and all of the conformations
the induced ordering is that for a single molecule. When 5 B
T is close toTy, the conditione; ,, > Bo%;3,, is approached, D;(T) = Zp(naT)Dij (T
and now the conformational order parametég% are domi- n
nated by the magnitude of the anisotropic, intermolecular
interactions.

Temperature Dependence of the Induced Dipolar Split-
tings. To understand the temperature dependence of the induced
ordering, and hence of the dipolar couplings, it is necessary to

and is independent of.
_ Transforming to the principal axis frame for the order matrix
C" gives
Di%(T) = —(K;/@5,0[C3 «3 cos 6, — 1)/2+
((3/2))°CY, sir’ 6, cos2¢;,] (17)

ijn

(18)

The probability,P(n,T) that the molecule has conformation
at temperaturd is given by

PNT)=Q*' f exp[~Ugu(BnynN)/ks T] sin B, dB,, dy,,

propose a relationship between the interaction coefficients, (29)
es» and the order parameter§,,. The coefficients must )
vanish when the orientational order vanishes, and so the simplesi"’Ith
form for this relationship #s° . '
n n =n n =n Q = z f exp[_Utotal(an’yn'n)/kBT] Smﬂn dﬂn dyn (20)
€20~ Uppo Co 01 Uz G 8) n
62 ,= ngo ég ot ngz Cg , ©) U ia(Bryn), the total mean potential for conformey is the

anisotropic potentialg,{Bn,ynn) plus Uin(n), the energy of
the conformer which is independent of orientation, and which
is determined by the bond rotation potentials. Thus

UPotal(ﬁn'Vn’n) = Ugum(ﬁan/n’n) + Uint(n)

The temperature dependence i'f(T) can be obtained by

using eqs 1618, but it is more useful to consider first how the
complex expressions involved may simplify. The complexity
stems from allowing for the biaxiality in the ordering of the

The coefficientsuym, depend on the nature of the anisotropic

intermolecular force®® We will also invoke the standard

approximations of the molecular mean field theory 21)
_ _ 112

oo = Usao = (U0 Unz) (10)

which together with eq 7 leads to the relationships

A [inurz]oo(XS,z - /lanzlo) + 5kBTX2,O] Bo2

11 individual conformers. If the biaxiality can be neglected, then
2,0 2. ( )
’ 50ks T(T — T™) the simple result is obtained
o — [Wodnka,0 — %2.2) + SKax5 511 By’ (12) DE(T) = Aij{Xg,o-Pz(COSGi?)} By’ 22)
22 50k, 2T(T — T™) ! T-T
whereT™ is with
T = § P(n,T =T U,y /5 23
T = W1+ 2,3/5k (13) 2 ) UzodSkg (23)

and is the temperature at which a second-order transition to thepo proportionality constam{ 5 ,P2(cos6)} is an average
nematic phase would occur if the first-order transitionTgt ; WX20" 2505 7)) ;

p A over all conformations, and depends ioandj, but T* is the
had not taken place, where same for all couplings. Note that all of the couplings are directly
proportional toBy?. The effect of biaxial ordering is in principle

(14) to produce deviations from the behavior predicted by eq 22,

— n n
An = UzpdUzgg
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Figure 8. Temperature dependence olt)asd, the peak separation

. .. _Figure 9. Temperature dependence of the induced splittihgy for
measured by the SERF experiment for the methylene protons at position -
9in the alkyl chain in 5CB. The point® are forBo = 18.79 T, and the G position, at 11.75 T (open) and 18.79 T (closed symbols). The

the ©) are forBo = 11.75 T. The curves are best least-squares fits to curves are best fits to eq 25.

eq 24. temperature approach&g;, the mean anisotropic potential given
TABLE 3: Values of ayy and T* Obtained by Fitting 3DZ,, by eq 5 becomes dominated By, (Bnynn). This has the
to eq 24 at Field Strengths of 11.79 and 18.89 T same form as that used to describe the mean anisotropic potential
for a molecule in the nematic phase, except that now the
Bo/T 11.79 18.89 . s . .
aun/Hz K1 14.2+ 0.4 414+ 1.4 truncation of the infinite expansion of eq 3 at the terms vluth_
T*IK 307.79+ 0.03 307.58+ 0.04 = 2 can be regarded as being exact, rather than an approxima-

) . tion. U .(Bnynn) becomes
with a more complex dependence on temperature, but retaining

the dependence of all of tHa® on B2 n =y" .

FiguFr)e 8 shows the templérature dependencenfy3 the Yiotalin ") = Uo7 + Vi) (6)
splitting determined from the SERF experiments for the pair of \yhen the mean potential is expressed in this way, it is possible
methylene protons at the chain position. The values obtained {5 gptain the conformational distributioR(n,T) by fitting
for ann and T* by fitting the data for B, to eq 24 are given  observed to calculated data, but it also possible to determine
in Table 3. Piso(n,T), which is defined as

3DHH = aHH/(T o T*) (24) Piso(an) = Qi3071 exp[_Uint(n)/kBT] (27)

The values of g4 are predicted to be dependent Bg, and
their observed ratio of 2.2 0.2 is in good agreement with the
expected value of 2.6. o 1.

The splittings'Acn measured from th€C spectra all follow Qiso Z expl-Uin(n)/kgT] (28)
the relationship

with

1 Piso(n, T) is the conformational distribution for an isotropic
Acp=al(T—b)+g (25)  distribution of the molecules at temperat(fteFor 5CB in the
nematic phaseP(n,T) and Piso(n,T) are substantially differ-
to good precision, as illustrated in Figure 9 for the—l ent1314Thus,P(ttt, T = 286 K), the probability of the conformer
splitting. with a fully extended chain was determined to be 0.42
The values obtained fas, b, andc; are given in Table 4. (normalized over 27 chain conformations), whereas the value
Figure 10 shows the rati@(18.79 T)&(11.75 T) for both HH determined foPiso(ttt, T = 286 K) was predicted to be 0.31, a

and C-H data. The slope of the plot in Figure 10 is 2:90.1, reduction by a factor of 0.75. The interesting question arises as
with an intercept of—0.3 + 0.6, which compares with the to whetherP(n,T) obtained for the molecules in the isotropic
expected values of 2.6 and 0. The mean valuegypf T* are phase from the data seBi?(T) will be equal to Piso(n,T)

0.63+ 0.01°C for the data obtained &, = 11.75 T, and 0.6  obtained from the nematic phase data, making allowance for
+ 0.1°C for 18.79 T, and there is no evidence, therefore, for the difference in temperature.

a dependence diy; — T* on the magnetic field strength. The The conformational probabilities for the pre-transitional region
values found here are significantly smaller than that of°@9 will be derived from the values dDiEj‘('D in the same way as
obtained from field-induced deuterium quadrupolar splittings was done for the nematic phase data, using the same theoretical
at 9.4 T} and from Kerr constant measurements, using a DC model and the same molecular geometry. Thus, the additive
electric field, of 1.1+ 0.3 °C.}2 Note that the values df, are potential (AP) model is used for the conformational dependence
in all cases within experimental error equal*fler; measured  of the interaction coefficients; ., in eq 2 to give

for the isotropic solution in CDGI '

~ Structure and Conformation from Induced Couplings. It = zEZ,p(j)Dp,mz(an) (29)

is possible to use values ﬁfija(‘l') to determine the conforma- m

tional distribution and orientational order of the molecules in

the pre-transitional region in a manner analogous to that usedwhere e,,(j) is a contribution tOG;m from the jth rigid,

for molecules in the liquid crystalline phase. Thus, as the molecular fragment, whose orientation to a molecular reference
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TABLE 4: Values of a, b, and ¢; Obtained by Fitting *Acin Splittings to eq 24 for Spectra Obtained at 11.75 and 18.793T

H HH H
32

carbon;i Bo/T al/(Hz K™% bi/K c/Hz cwi/Hz (all & 0.4)
2 11.8 1.9+0.1 307.79 0.05 161.83t 0.05 162.1
18.8 5.1+ 0.2 307.82£ 0.02 161.8A4 0.04
3 11.8 1.5+ 0.1 307.82£ 0.06 165.53t 0.04 165.5
18.8 4.0+ 0.1 307.91+ 0.02 165.42+ 0.03
6 11.8 0.64+ 0.08 308.85+ 0.05 156.89+ 0.03 156.9
18.8 4.1+ 0.2 307.83£ 0.03 156.85t 0.05
7 11.8 1.2+ 0.2 307.7+ 0.1 156.64+ 0.06 156.7
18.8 3.8+0.1 307.84+ 0.02 156.94+0.03
9 11.8 6.4+ 0.6 307.83£ 0.06 126.2+ 0.2 126.2
18.8 17.55+ 0.05 307.86+ 0.02 126.18t 0.06
10 11.8 3.7+04 307.82t 0.06 124+ 0.1 125.5
18.8 10.2+£ 0.2 307.91t 0.02 126.18t 0.06
11 11.8 47+ 14 307.6+ 0.2 123.0+: 0.4 124.6
18.8 12.7£ 0.6 307.82£ 0.04 125.1+ 0.2
12 11.8 3.1+ 0.6 307.7+ 0.1 125.5+ 0.2 125.4
18.8 7.4+ 0.3 307.84+ 0.03 125.74+ 0.06
13 11.8 2.+ 0.5 307.6+ 0.2 124.4+ 0.1 124.4
18.8 5.9+ 0.3 307.79£ 0.04 124.58t 0.07

aThe values ofJci obtained from the spectrum of 5CB in CRGIre shown in the last column for comparison with values;of

50 an energy differenc&g and conformers with other values of
¢r are neglected. Rotation about the-d89 bond is taken to
have 2-fold symmetry with minima &k = 90° and 270, which
correspond to the plane €&€9—C10 being orthogonal to the
attached ring plan®.Only these two conformations of ring and
chain are considered to be populated. The bond lengths and
angles are chosen to be those used previously for the study of
5CB in the nematic phasé.

The mean internal energyin(n) is assumed to have the form

40 1

30 1
a(18.8 T)
20 1

Uni(M) = NyEyg + 3 (EE)" (A + A)Iry)™* (30)

1<)

where Ng(n) is the number of gauche configurations in con-
a(11.8T) formern. The summation in eq 30 was taken only over hydrogen
Figure 10. Ratio ofa values obtained from the temperature depend- atoms, and only those which are separated by four or more

ences oDB,, andAc (labeled with the positioi) at values o, of bonds. The parametesandA; are given the values optimized
11.75 and 18.79 T. to fit the data for 5CB in the nematic phas&(= 0.15 kJ mot?,

Ay = 0.85 A), which give a significant contribution 1din(n)
only for severely sterically hindered conformers.

The data set used for the nematic phase was the quadrupolar
splittings, Av;, obtained for a sample deuterated in each chain
position, and in the attached phenyl ring. The mean ring
quadrupolar splittingl/>(Avs + Av;), and the five quadrupolar
splittings for the alkyl chain deuterium nuclei were used to
obtain a common value dfy = 3.28 kJ mol* for each bond
rotation in the alkyl chain. A similar data set for the pre-
transitional region at — Ty = 0.2°C was chosen as the mean

ecc for a C—C bond in the aliphatic chain; of the ring dipolar coupling$!Deyng = (1/2)(D¢e + D),

ecn for a C—H bond in the aliphatic chain. plus the five values o]lDEHi for the alkyl chain, and these were

The structure and orientation relative to the reference axesmatched to values calculated by varyig ex — €y, €cc, and
Xyzof the Cyany|ated ring affect the values derived Jﬁrand €CH; with E[g fixed at 3.28 kJ moit. The calculated and observed
exx — €y but they do not need to be taken into account values of'D¢,; are given in Table 5.
explicitely. This is a consequence of thig, symmetry of the The agreement is excellent, which is strong support for the
inter-ring bond rotation potential. method used to derive conformational distributions and orien-

The potential energy for rotation about each of the chain tational order in both liquid crystalline and isotropic phases.
C;—C,+1 bonds, through an anglg, withr = 9—11is assumed  Note too, that, as expected, for the isotropic pH®el = 308.6
to have minima at, = 0° (trans), and:112 (+gauche), with K) = Piso(n, T = 308.6 K). A similarly good agreement between

frame is described by the Wigner matlﬁ)g,mz(gj”). For 5CB
the rigid fragments, and their interaction tensor contributions,
€2p(j), are chosen to be the following:

€zzandex — €y for

CNo C--»> 2z
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TABLE 5: Observed Values of D2, at T — Ty = 0.2°C both interactions the largest effect of vibrational motion in each
Compared with Those Calculated Using the AP Method with conformer of the molecule will be to average the orientation of
Eyg Fixed at 3.28 kJ mol™ the C-H or C—D bond relative to the principal axes of the
1DE,/Hz order matrix of that conformer. The effect of vibrational motion
position observed calculated on Dy is probably of a different magnitude from that on the
- C—H couplings, since now the dominant effect will come from
rng 2.58£0.05 2.57 low-frequency modes which change both the orientation and
9 11.75+ 0.05 11.80 itude of th
11 7.90+ 0.05 7.86
12 4.85+ 0.05 5.11 Conclusions
13 3.604+0.05 3.50

The advantages of using NMR spectroscopy to study pre-
observed and calculated values Hbg, is obtained for  transitional ordering was first demonstrated using deuterium as
temperatures up t& — Ty = 1.4 °C. the resonant nucleds.In contrast to the “classical” experiments,

The calculated value oD, for 308.6 K is 0.77 of that  the NMR experiments can explore the effects of molecular
observed, and a similar difference holds for other temperatures.symmetry and flexibility. However, the need to deuterate the
Including this coupling in the fitting process for the pre-transition mesogenic molecules has severely limited the application of this
data, while keeping the same geometrical parameters as useg@nethod. It is clear from this study on 5CB that usiig and
for the nematic phase does not change appreciably the agreemeriH as the resonant nuclei gives the same information as
between observed and calculated values of'®g;, and so deuterium on pre-transitional ordering of molecules, but without
does not change the conclusion that tR€—H couplings the need of isotope enrichment, and so the method can be
observed in the isotropic phase provide strong support for the applied in principle to any liquid crystalline sample.
method used to derive conformational distributions and orien-  The values Oﬂ:)iB obtained from these experiments can be
tational order in both liquid crystalline and isotropic phases. ysed to test predictions for the temperature dependence of these

It is interesting to speculate on why the observed and couplings, and most importantly the data at temperatures close
calculated values of thBy},,, are in poor agreement. The most  to Ty, may be used to derive the conformational distribution of
probable reason is that the geometry of the fragment requiresthe mesogenic molecules in the isotropic phase. The data

- - analyzed here for 5CB show th&s,(n,T) obtained from

H qguadrupolar splittings in the nematic phase is virtually identical
;"/H with P(n,T) obtained from magnetic field induced-E1 dipolar
1N couplings in the isotropic phase. This gives strong support to
c the theoretical models used to analyze data obtained on liquid
u H crystalline phases which yield(n,T), and predictPiso(n,T).

The present study has been on a representative nematogen,
adjustment. However, includingy,, into the data set used to  but the NMR experiments demonstrated here can be applied to
obtain the structure (and hence of the conformational distribu- any liquid crystalline sample. In particular, it will be very
tion) raises the problem of the effect on dipolar and quadrupolar interesting to extend these studies of field induced dipolar
couplings of vibrational motion. The model being tested here couplings to mesogens which have a high degree of molecular
for obtaining the conformational distribution uses quadrupolar flexibility such that in the liquid crystalline phase there is
splittings for the nematic phase, and-8 dipolar couplings predicted to be a very large difference betwd?®n,T) and
for the isotropic phase. The dipolar couplings are related to Piso(n,T), this work is currently underway.

Ceni the average over all conformations of the order param-  The magnitude of the field induced couplings depend@eh

eter for the G-H bond (cf eq 15): and although it is obviously an advantage to use a spectrometer
N _ operating at the very highest fields available (at the moment
Deri = —KenCeni (31) this corresponds to static fields of21 T), useful data can also

o ] ) be obtained at lower fields, such as 11.75 T for the 5CB
The quadrupolar splitting for the same sitey;, is related to compound.

biaxial

Ccpi, Which is assumed to equélcw, and also toCAa™, a
biaxial order parameter, averaged over all conformations, of axes  Acknowledgment. The experiments at 800 MHz were done

orthogonal to the bond direction, by on the spectrometer at the Institut de Biologie Structurale in
3. N2 Grenoble. We are very grateful to Dr. Martin Blackledge for
Av, = ECCDiqCDi + (5) Cbc'g;"a'AqCDi (32) arranging for our first experiments done there and to Dr. Adrien

Flavier for technical assistance.
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