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Deuterium and proton magnetic resonance data of fully deuterated, partially deuter-
ated on the rings and on the methyl groups, and fully protonated nematic para-azoxy-
anisole (PAA) are analysed self-consistently in terms of molecular structure, confor-
mation and orientational order using a single order parameter model. The values and
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temperature dependences of the nematic order parameter and of some conformational
averages are deduced. These results are discussed in the light of results obtained by
other methods: X-ray diffraction, quantum chemistry calculations, macroscopic meas-
urements. The influence of partial deuteration, density and temperature on molecular
properties is discussed in detail. A simple picture for the nematic phase is proposed.
A method and simple relations are given to analyse NMR data of PAA dissolved in
fluid anisotropic media.

1. INTRODUCTION

Nuclear Magnetic Resonance (NMR) is presently one of the most
accurate methods to obtain information concerning the molecular
structure, conformation and orientational order in liquid crystalline
media. However, geometrical and dynamical aspects are intimately
mixed and it is generally difficult to extract the separate information
from the data. _

In previous papers [1, 2, 3] we developed a model to interpret
quantitatively the relative temperature dependences of deuterium
magnetic resonance (DMR) splittings in the (fluid) smectic C, smectic
A and nematic phases of terephtal-bis-butyl-aniline (TBBA) [1, 3]
and in the nematic phase of para-azoxy-anisole (PAA) [2]. In this
model, the molecular motions are split into external and internal
motions, which are assumed to be uncoupled. The external motions
are pictured as uniform rotation around the long molecular axis, and
fluctuations of this axis about the director. The internal motions are
described as hindered rotations of molecular fragments around single
covalent bonds. An essential feature of this model is to assume that
some internal averages depend on temperature mainly as a conse-
quence of the variation of the molecular free volume [2].

In the particular case of PAA, which has extensively been studied
by DMR [4-8], the most recent study [5] convincingly shows that the
assignment of some DMR lines used in [2], but also in previous works
[7, 8], is incorrect. In addition, at variance with what is found for the
anisole molecule dissolved in nematic solvents, [9, 10], and assumed
in [2], the average conformation of the anisole moieties in nematic
PAA is probably not planar [4].

In addition to these results, analysis of DMR and PMR data from
methyl deuterated PAA (PAAdS6) and ring deuterated PAA (PAAdS),
using a method similar to that used for small molecules in a nematic
solvent, led the authors of [4] to a very unexpected conclusion: namely
that selective deuteration induces important changes in the molecular
geometry and/or alignment of PAA in the nematic state.
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In this paper, we reexamine most of the DMR and PMR data
concerning PAAd14, PAAdS, PAAd6 and normal PAA, in terms of
the model used in [2], taking into account the results of [4, 5] con-
cerning the assignment of lines and the conformation of the anisole
moieties. The aim is double: first to test more severely the model of
[2], and second to check the conclusions of [4] concerning the influ-
ence of selective deuteration. We find that the model can explain
self-consistently the whole set of data, with results which are basically
the same as those of [2] without the need of invoking significant
changes due to deuteration.

In section 2, we describe the experimental NMR results for all
samples. The theoretical expressions for the splittings and some de-
tails on the model are given in section 3. In section 4, we analyse the
data and give the results obtained concerning order parameter, struc-
tural angles and conformational averages. In section 5, we discuss
these results in detail: we give useful relations between splittings and
order parameter; we deduce the ortho-interproton distances, estimate
conformational angles and discuss the nature of the internal motions.
In section 6, these results are compared with relevant results obtained
by other methods and a simple picture for the nematic phase is pro-
posed. In the Appendix, we analyse the dipolar splittings between
ring deuterons and methyl protons of PAAdS.

2. EXPERIMENTAL RESULTS

NMR spectra were obtained using two pulsed NMR Briiker spec-
trometers: a WM 250 spectrometer working at 38.4 MHz for DMR
and a CXP 100 spectrometer, working at 75 MHz for PMR. Tem-
perature homogeneity in the samples was estimated to be ~0.5°C.
Spectra were taken in the whole nematic range by slowly cooling from
the isotropic phase, by steps of 1 to 3 degrees. Clearing point tem-
peratures T as measured in the NMR experiments are: 407.5 = 0.5
K for PAAd14, 408 = 0.5 K for PAAdS, 409 = 0.5 K for PAAd6
and 409 = 0.5 K for PAA.

Figure 1 shows a typical DMR spectrum of PAAd14. It is similar
to the published ones [5-7]. The correct [4, 5} assignment of splittings
is indicated, namely Avy, Av,, Ay, correspond to one anisole moiety
(say A), and Av,, Avs, Av;correspond to B. This notation for splittings
is the same as used in previous works [7, 2]. The lines corresponding
to deuterons (3',5') and (3,5) are split by dipole-dipole interactions
with deuterons (2',6") and (2,6) respectively. This defines two dipolar
splittings Av ;PP and Av 2 PP as indicated.
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FIGURE 1 38.4 MHz DMR spectrum of PAAd14 in the supercooled nematic phase.
The assignment of lines is that of references [4, S] but the location of the oxygen atom
of the azoxy moiety cannot be specified. The definition of the splittings is the same
as in references [2, 7], with the convention that Ay, corresponds to the broad line
underlying the sharp triplet corresponding to Av,.
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FIGURE 2 Idem as Figure 1 for PAAdS.

Figure 2 shows a similar spectrum for PAAd8. The sample con-
tained a few percent of completely deuterated molecules as can be
inferred from the two small methyl deuteron doublets Av, and Av,.
This allows the measurement of the six DMR splittings as for PAAd14.
The lines corresponding to deuterons (2',6') and (2,6) are split by
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both dipole-dipole interaction with deuterons (3’,5’) and (3,5) and
by dipole-dipole interaction with methyl protons R}, and Ry, (4]. This
defines four dipolar splittings, Av$;”” and Av > as with PAAd14,
and Av3;P"3 and Av :PCH3, as indicated (see the Appendix).
Figure 3 shows the DMR spectrum of PAAd6. The central part
corresponds to the methyl deuterons which are split by dipolar in-
teraction with the neighbouring phenyl protons [4]. The four small
lines in the outer part of the spectrum correspond to phenyl deuter-
ons. High resolution PMR of this molecule in solution shows that

1=t

35 35

Y

L Eol

FIGURE3 Idem as Figure 1 for PAAd6. Only ~10% of the molecules are deuterated
on the rings as indicated.
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these lines should be assigned to deuterons in positions (3',5') and
(3,5) which are split by protons in positions (2',6') and (2,6) respec-
tively. This means that during the synthesis of this molecule, not only
the methyl groups, but also ~10% of the rings in the above mentioned
positions were deuterated. This permits the measurement of the two
quadrupolar splittings Av, and Av,, and of the dipolar splittings
Av 7P and Av 5P, as indicated.

Figure 4 shows typical PMR spectra of PAA (a) and PAAd6 (b)
at the same reduced temperature. Both exhibit a large doublet A’
and A, mainly due to dipolar interaction between orthoprotons, whose
lines show up some structure. In addition, PAA contains a central
feature to be attributed to the methyl protons. Such spectra are similar
to those published elsewhere (e.g. [11]).

3. THEORETICAL EXPRESSION OF QUADRUPOLAR AND DIPOLAR
SPLITTINGS

The theoretical expressions for the splittings have been derived in [2]
in the hypothesis where the internal rotations of the phenyl and
methoxy groups have C,, symmetry, assuming a planar most probable
conformation for the anisole moieties. Release of this last condition
only slightly changes the expressions of the methyl deuterons quad-
rupolar splittings by introducing a quantity 7,4, as indicated below.
The quadrupolar splittings associated with anisote moiety A are [2]:

3
Avi = Ec;*l -5 [Pz(cos uf, ) P(cos €,)
3 2 A in2
+ Zsm up, sin‘e, + T,y (1A)
AA__;;_A,S, P( A)P(O )
vr2 - 26)‘2 2 COoS u,z 3 C SEA

+ %sin2 uph sin’ e, - TA] (2A)

Av4

—% ca-S- [Pz(cos ud)P,(cos €,)

3
+ 1 sin? ud sin% e, - TAM] (3A)
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FIGURE 4 75 MHz PMR spectra of normal PAA(a) and PAAd6(b) at the same
reduced temperature T* = 0.955, recorded in the same experimental conditions. Note
the differences in shapes and peak positions.
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with
T, = {(cos 2{s) cos 24 (4A)

Tap = (cOs 20y 1) COS 2y (5A)

The dipolar splittings between spins in ortho-positions on the rings
are:

h 2
Av4PP = —51—3% Pycose,) - S = —Kip-S  (6A)
A

A,HD
Av dip

Il

—Kf, - S = _:_Z Kép - S (7A)

Similar equations labeled (1B) to (7B) can be written for moiety
B. In these expressions, the c; are quadrupolar coupling constants:
we shall use ¢,, = ¢,, = 185 KHz and ¢,, = 172 KHz as in [2]. The
u; are the angles of the various CD; bonds for the rings, and of the
O-Methyl bond for the methoxy group, with the corresponding in-
ternal rotation axes Oz, and Ozj, associated with each anisole moiety.
The sets (e,4,$,) and (e4,$4,,) are polar and azimuthal angles of the
long molecular axis Oz, in frames attached to the most probable ring
A and to the most probably methoxy group A. These frames are such
that the z axis is identical to Oz, and the x axis is in the symmetry
plane of the corresponding group. Similar definitions are used in
fragment B. A most probable molecular fragment belongs to a most
probable molecular conformation defined as a conformation such as
all dihedral angles between fragments correspond to minima of the
mean potentials hindering the rotations around these bonds. The
quantities ¥/, and ¥, ,, are the current angles describing the rotations
around Oz, of the ring and of the methoxy group, relative to their
most probable positions. Consequently (cos 2., and (cos 2U, ) are
motional averages which are related to the degree of uniformity of
the internal rotations (idem for B).

Most of these notations have been used in [2] and are illustrated
in Figure 5 where we show the sketches of a lateral view of one
anisole moiety and the view, along the para-axes of the rings (assumed
to be parallel), of one possible most probable conformation of the
PAA molecule.
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Pam

FIGURE 5 Sketch showing the definition of the various axes and angles which are
useful in the calculation of the DMR splittings.

a) Lateral view of one anisole moiety in a planar conformation

b) Top view along the para-axis of the rings assumed to be parallel, of the most
probable conformation.
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4, ANALYSIS OF THE DMR DATA
4a. Quadrupolar splittings

The six quadrupolar splittings Av; (i = 1 to 6) have been measured
for about 20 temperatures in the nematic phase, so that ~6 x 20 =
120 independent data are available for each experiment. According
to Egs. (1A) to (6B), the problem contains 5 temperature dependent
parameters, namely S, T,, T, T4, Tsy and 8 constant angles,
namely six u and two €; that is 5 X 20 + 8 = 108 parameters. A
general fit is possible in these conditions. However, the problem can
be considerably reduced by considering both order parameter results
and so-called “ratio-plots™ [12].

i) combining ¥C NMR and optical measurements, and using con-
vincing arguments concerning local field corrections and scaling fac-
tors, it has been shown [13] that for PAA, S is very well represented
in the whole nematic range, by the following empirical law

T Y
S=so<1——T—;> (8)

with S, = 1.13 = 0.03;y = 0.189 = 0.08 and T+ = Tx + 1.8 =
0.3 K where T, is the clearing point temperature.

In [2], we showed that the values of S predicted by the model were
in good agreement with this relation. Here, in order to reduce the
number of parameters, we assume that S is given by Eq. (8) taking
for values of S,,, vy and T* — T, the above central values of [13].

ii) the “ratio plot” representation was first [12] introduced as the
consequence of the observation that in some liquid crystal phases, if
Av;, Av;, Av, are splittings associated with three inequivalent CD
bonds, the plot Av/Av, versus Av/Av, is a straight line within ex-
perimental accuracy. For PAA, since we have five different quad-
rupolar splittings (Av, and Av, cannot be discriminated) one can form
ten such independent plots. For our model, it is worth considering
the two plots formed with the three splittings associated with each
anisole moiety. Figures 6 and 7 represent Av,/Avg versus Av,/Avg
(associated with A) and Av,/Av; versus Avs/Av; (associated with B)
for PAAGJS, and it is observed that these curves are indeed very good
straight lines. Looking at Egs. (1A) to (3A) (and 1B to 3B), it is
easily seen that, for the model, perfect linearity simply means that
T, is proportional to T,,, (and T to Tgy,). We thus have:

Tape = Ny - T4 (10A)
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T T —_—
L 5 6 7 AV[,
AVe

FIGURE 6 ‘Ratio plot” Av,/Av, versus Av, /Ay, associated with anisole moiety
A. The full line is the theoretical straight line Eq. (11A) calculated using the
values of the parameters found in the fit and the following signs for the splittings:
Av, = —Av], Ay, = ——Av;"2, Avg = Avd.

and a similar equation for B, where A4 and A are two new constant
parameters.
A straightforward calculation shows that we have for A:

3
in2 A 2 g A —- —_ in2 yA4 an A4
Avp  sintuf - Ay sinfuld + 2()\A 1) sin® uf) sin® uy,

Av4 . . 3 . .
moosinfug — hysin’ug + 5()\,, — 1) sin® u7, sin’® up,
A mn2 A — qn? A4
Avy, 30;4 sin® uy, — sin® uf)
C— _r
Av4

. 3 . .
T sin® uf - hgsin® up + 3 (A4 — 1) sin® uy sin® uj,
(11A)
and a similar equation for B.
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BV, A
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3
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FIGURE 7 Idem as Figure 6 for anisole moiety B.

Taking into account (i) and (ii), we are left in the analysis with
only two temperature dependent parameters T, and Tg, and ten
constant parameters namely six u, two € and two A; that is 2 X 20
+ 10 = 50 parameters to be determined with ~120 data.

This problem was solved in a very similar manner as in {2]. The
question of the signs of the splittings was first considered [2]. Ob-
viously, the ring deuteron splittings Av,, are all negative, since the u,
are significantly larger than the “magic angle” 54.74°. The sign of
the methyl splittings is less obvious. In [2], we were forced to assume
that they are also negative, and it can be shown that this was a
consequence of the assumption that the most probable anisole moie-
ties were planar. Since the mean dihedral angles o4, and agzs be-
tween the rings and corresponding methoxy groups are probably rather
large [4], the sign should be reversed, namely the Av,, are probably
positive.

With this choice of signs, very good fits were obtained for both
PAAd14 and PAAGJS data, for some values of the 50 parameters. In
order to test the self-consistency of the analysis concerning S, we
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0.85 0.90 095 T* 1

FIGURE 8 Nematic order parameter values obtained for the fit of the model to the
quadrupolar splittings, versus reduced temperaturc: +: from data of PAAd14; 0: from
data of PAAdS. The full curve represents Eq. (12).

have fixed the parameters to the found values and tried to change §
in order to improve the fit. After several trials, we found that the fit
can be only slightly improved. Fitting the new values of S with Eq.
(8) taking S,, vy and T* as parameters, yields:

T 0.187
S = 1.1237 (l - —TT) (12)
with T+ = 409.39 = (.10 K for PAAdS and 408.83 + 0.14 K for
PAAdI4.

These values found for S,, vy and T are well inside the error bars
showing that the model predicts the same values of the order param-
eter as optics and 1*C NMR [13] within experimental accuracy. Figure
8 shows the best fitted values of S versus reduced temperature 7* =
T/Tg, (Ty = T* — 1.8 K) as well as the theoretical curve given by
Eq. (12).
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We now give the values of the structural and conformational pa-
rameters found in the fits, for PAAd8 and PAAd14 (between par-
enthesis for the latter).

(1) structural angles u:

il
il

A
u,l

57.86° (57.88%); uf, = 56.91° (56.88%); uh = 56.80° (56.78°)

uy = 56.85° (56.83%); u?,

"

56.22° (56.23°); uB = 57.60° (57.58°)

(i1) inclinations of the internal rotation axes Oz, and Oz on the
long axis Oz,:

e, = 15.10° (15.10°); €5 = 15.61° (15.61°)

TA B

’

~0.4- #8"

-0.8-

085 0.90 095 T* 1

FIGURE9 Conformational parameters T, and T, obtained from the fit of the model
to the quadrupolar splittings, versus reduced temperature. In fact 7, and T are
undiscernable on the figure so that we have put T, = Ty = T,,. +: from data of
PAAdI4; 0: from data of PAAJS.
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(iii) conformational constants A, and Ap:
Ay = —0.526 (—0.526); Ap = —0.526 (—0.526)
(iv) the conformational averages T, and T are shown in Figure

9. In fact, for both samples, we found T, =~ Tz = T, so that only
T .5 is shown for PAAd8 and PAAd14.

231A

1L

10

0.90 095 T* 1

FIGURE 10 Normalized splittings Av/S versus reduced temperature for
i = 1,2,4,5 (phenyl deuterons); Av, are the experimental quadrupolar splittings and
S is given by Eq. (12). +: PAAd14; ®: PAAdR; 0: PAAd6. The full line corresponds
to calculated values for PAAdS.
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The overall quality of the fit is characterized by the mean square
deviation d;, between experimental and calculated splittings [2]. This
deviation is 16.7 Hz for PAAdS8 and 27.6 Hz for PAAd14, both of
the order of the experimental uncertainty. It is also pictured in Figures
6 and 7 where the full straight lines are calculated using Eqs. (11A,
11B) taking into account the correct signs of the splittings.

Figures 10 and 11 show all the quadrupolar splittings which could
be measured with the three deuterated samples used, versus reduced
temperature. Calculated values are also shown for PAAdS. We have
chosen to divide the data by S, given by Eq. (12) in order to emphasize
the temperature dependence of the conformational quantities T, Tp,
T 4r, Tpy- In the present case, the opposite variations for ring and
methyl Av,/S come from the different signs of 7 ,, T relative to T,,,,
Ty, as illustrated by the negative values of A, and A4 found in the
fits (Egs. 10A, B).

1=3 ;N;
(= '
LS54 #

S

<

|
n
o
L]
+ 4

+ *

w
un
L
W
1
+

o

_Xj__———_
\J

0.85 0.90 095 T*

FIGURE 11 Idem as Figure 10 for i = 3,6 (methyl deuterons).
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4b. Dipolar splittings

In addition to the quadrupolar splittings, all the dipolar splittings
were also measured. Av3;”” and Av 3,P” could be measured on both
PAAd14 and PAAJS spectra (Figures 1 and 2). Figure 12 shows the
results of the measurements using PAAd14 data, and it is seen that,
although the experimental precision is relatively poor, we definitely
find that Av ;PP > AvEPP. The precision is worse with PAAd8
spectra especially for A, but the results for both samples are com-
pletely consistent with one another.

Av 3P and Av 5;F'P were measured on PAAJ6 spectra (Figure 3)
and are shown in Figure 13. The precision is much better here and
the results confirm the nonequality of the two dipolar splittings. Fit-
ting Eqgs. (7A, B) to the data, where § is given by Eq. (12), taking
K#p, K&p and T+ as parameters yields K5, = 2137 * 4 Hz, K%,
= 2029 =+ 6 Hzand T* = 410.20 = 0.10 K. The full lines in Figure
13 are the theoretical curves calculated using these values. From Eqgs.
(7A, B) we can deduce K{, and K&,. With v,/vp = 6.5123, we
obtain K3, = 328 Hz and K%, = 312 Hz. The full curves in Figure

A
250- A\

8,0D

* BV

2004
150 |

: —

0.85 0.90 0.95 1 T

FIGURE 12 Dipolar splittings Av,”° and Av52P measured on PAAd14 spectra
(Figure 1) versus reduced temperature. The full curves are theoretical as predicted by
the model (see section 4b for details).
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12 are the theoretical curves calculated using these values in Egs.
(6A, B). Again the temperature dependence is well reproduced and
the agreement in absolute values is very good for A, only fair for B.
The systematic deviation of ~5% for B is probably due, to a large
extent, to the difficulty in pointing accurately three small peaks non-
symmetrically superimposed on a broader line (Figure 1).

Dipolar splittings between ring deuterons and methyl protons were
deduced from PAAd8 DMR spectra (Figure 2). Figure 14 shows the
results versus reduced temperature. Although the A splitting meas-
urements become very imprecise for 7% > 0.95, we find, to experi-
mental accuracy

ADCH3 ~ Ay B,DCH
Av 3P = Av G 03 (13)

Concerning the temperature dependence, we have tried to fit to
the B data an equation of the form

AvEDCHs = KB, - S (14B)
(K Hz]& Ay AHD
dip
e B,HD
1.54 +++-+.+*+\::._.\.\.\ + Avdlp
+_ ° o~
T
N ,,;-\.\
\t‘.é"
. +e
1 4,;
\
+
05 T T l: —>
0.85 0.90 0.95 1 T

FIGURE 13 Dipolar splittings Av 7> and Av%/” measured on PAAd6 spectra
(Figure 3) versus reduced temperature. The full curves are Egs. (17) and (18) where
S is given by Eq. (12).
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where § is given by Eq. (12}, taking Kg% as single parameter. A
goad fit is found for Kgms = 665 + 2 Hz, as can be seen in Figure
14 where the full curve is calculated using this value. This result means
that although the conformational averages Ty and Tg,, vary signifi-
cantly with temperature (cf. Figure 9), this does not affect the mean
dipolar interaction between phenyl deuterons and methyl protons.
This result is a consequence of the relative rigidity of the anisole
moieties (cf. the Appendix).

For PMR, the detailed calculation of line shapes is rather compli-
cated [11]. However, we have tried the same fit as before to the
splittings A and A’ as defined in Figure 4. Figure 15 shows their
variation versus reduced temperature and the full curves are the best
fits of functions of the form

A=Kyg'S: A =Kpyy-S (15)
[Hz]A . AVADCHs
dip
500- e . AV ctjsi,DCH3
: 4y P
T
3
*\1
400+ T
\+3+
\
A

|

|
3004 |
0.85 0.90 0.95 1 7%

FIGURE 14 Dipolar splittings Av 3,°<"3 and Av 5”3 measured on PAAJS spectra

(Figure 2) versus reduced temperature. For A, it cannot be measured for 7* > 0.93.
The full curve is Eq. (14B) with Kf,, = 665 Hz and § given by Eq. (12).

>
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FIGURE 15 Variation of the main splittings A and A’ as defined in Figure 4a, b
versus reduced temperature. The full curves are Eqs. (19) for A and Eq. (20) for A’
where § is given by Eq. (12).

where S is given by Eq. (12). The best fits are found for Ky, =
19.92 = 0.02 KHz and K};; = 23.83 = 0.06 KHz. In both cases,
the temperature dependence is well reproduced.

5. SUMMARY OF THE RESULTS

5a. Influence of deuteration

The first point to be noticed is that the model can explain self-con-
sistently all the DMR data analysed above, concerning PAAd14,
PAAdS, PAAd6 and PAA with the same values of the structural and
conformational parameters, provided one renormalizes properly the
temperature scale to the clearing point temperature, as prescribed
by theory [14]. This is particularly illustrated in Figures 10 and 11
which show that the Av/S are the same for all samples studied. The
slight, but definite, discrepancy which exists for Av, and Av, is due
to experimental uncertainty rather than to the model. The reason is
that, although the measurement yields Av, = Av, (because the cor-
responding lines cannot be discriminated on PAAd14 and PAAdS
spectra) one measures accurately Av, with PAAd14 and Av, with
PAAGJS. These two splittings have no reason to be identical, being



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:52 20 February 2013

340 A.J. DIANOUX et al.

associated with deuterons with different environment belonging to
different rings. Careful examination of Figures 1 and 2 shows that
Av, is slightly larger than Av,. This is confirmed by PAAd6 data as
seen in Figure 10, and by the model since calculated Av, are in average
larger than calculated Av,. The small differences in the values of the
structural angles u; found in the fits using PAAd14 and PAAJS data
mainly come from the fact that we force Av?, to be equal to AvE
in the former case, and the reverse in the latter case; and clearly
these two situations are not equivalent.

At this stage of the discussion, it can thus be concluded that, at
variance with what is claimed in [4], partial or complete deuteration
does not induce any measurable change in molecular geometry and/
or alignment of PAA in the nematic state. Using the present results,
we have verified that the lineshape analysis of the PMR spectrum of
PAAd6 made in reference [4], which is essential for the conclusions
of [4] is not valid. (See also [11].) This will be detailed elsewhere.

5b. Nematic order parameter

The above analysis has shown that optical and NMR methods yield
the same values of the nematic order parameter S. This proves that
the model proposed is, at least, an operational model to determine
S from quadrupolar and dipolar NMR splittings.

This may be very useful when using PAA as a probe in fluid anis-
otropic media (e.g., a nematic polymer [15—17] or mixtures of ne-
matics) to deduce quantitative information on the degree of orien-
tational order. More specifically, when using PAAd14 as a probe,
one can use Egs. (1A) to (6B) where the structural parameters are
practically known, to analyse the quadrupolar splittings, (Figure 1)
and/or the following relation:

AvjPP/Hz = 328 - S (16)
to analyse the dipolar splitting associated with anisole moiety A.

With PAAdS8 (Figure 2), the procedure is identical for the quad-
rupolar splittings. One can also use the dipolar splittings to deduce
further information, but the D—D splittings are rather imprecise,
and the D—CH3 splittings depend on the actual mean conformation
of the anisole moieties, which may depend on the molecular envi-
ronment (cf. the Appendix).

With PAAd6 (Figure 3), the quadrupolar splittings Av, and Av,
can be used as above. However, the dipolar splittings give more direct
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information on § via the two relations

Av4HD[Hz = 2137 - S (17)
AvEHD/HZ = 2029 - § (18)

Finally, for PMR (Figure 4), one can probably use with some
confidence the following two relations:

A/KHz = 19.92 § (19)

I\

A'/KHz

i

23.83 § (20)

for PAAd6 and PAA respectively.

5¢. The structural parameters

Strictly speaking, the angles u, and u,, are not structural angles, but
rather mean angles between chemical bonds and the effective internal
rotation axes Oz, p (Figure 5). The €, p are the inclinations of these
axes on the long molecular axis Oz,. It is observed that despite the
relatively large magnetic inequivalence of the various deuterons, as
revealed by the DMR spectra, the actual structures of the two anisole
moieties are nearly the same, since the angles u do not differ by more
than 1°, and the € by 0.51°.

Using the values of €4 and e, K%, and K%, and combining Egs.
(6A, B) and (7A, B), one can deduce the distances r, and ry between
orthoprotons of the rings. The result is r, = 2.493 A and
rg = 2.530 A, to be compared with » = 2.48 A in benzene.

These values of angles and distances are essentially the same as
those found in other works [2, 6, 7, 9] and will not be commented
further here.

5d. Conformational parameters

The main result concerning the conformation of PAA in the nematic
phase is the finding that 7, and Ty are the same to a very good
approximation and that their values are negative. Since the (cos2{")
are essentially positive quantities, Eqs. (4A, B) and the results pic-
tured in Figure 9 show that |b,| and |bg are larger than 45°. In
particular, at low temperature in the nematic phase where T, ~ Ty
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~—0.7, these equations show that we necessarily have

67" < by, by < 9P 21)

The other important result is the finding that T,,, (resp. Tgy,) is
proportional to T, (resp. Tp). This proportionality reflects a con-
straint for the conformation and/or dynamics of the anisole moieties.
The simplest constraint is to assume that, on the time scale corre-
sponding to the internal rotations described by the current angle ',
each anisole moiety is rigid (see also the Appendix). Rotation of the
anisole moieties as a whole around the N—& bonds is then described
by the single angle ¥’ (or ¥},) and implies that we have (cos2y’) =
(cos2¢sp). Combining Egs. (4A, B), (5A, B) with (10A, B) yields

cos2bap = A4 COS2d 4 (22A)

and a similar Equation for B.

On the other hand, ¢, and &, ,, are related to the dihedral angle
a4 between the ring and the corresponding methoxy group (cf.
Figure 5). In the Appendix, we show that a,,, = 35.5°. The only
possible relation between ¢,, and ¢4, which satisfies both condition
(21) and Eq. (22) is

bapy = b4 — uy (23A)

A similar equation holds for B.

Solving simultaneously Eqs. (22) and (23) withh; = Az = —0.526
yields &, = &gy = 69° and b, = bgy = 33.5°. The dihedral angle
a between the two rings can also be deduced. From Figure (5b) it is
seen that

a=m— by — by (24)

From the above values of ¢, and ¢z, we obtain o = 42°. In fact,
Eq. (24) is rigorous only if the para-axes of the rings A and B are
strictly parallel. Since this is probably not the case [2], this value of
o may be off by a few degrees. Preliminary attempts to simulate the
PMR spectrum of PAAd6 suggest that « is probably slightly smaller
~36°.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:52 20 February 2013

CONFORMATION AND ORIENTATIONAL ORDER OF PAA 343

6. DISCUSSION

6a. Consequences of the model and comparison with other results

The above analysis has provided a number of results concerning the
molecular properties of PAA in the nematic phase. Since these results
are a direct consequence of the model, it is important to discuss if
they are physically reasonable by comparison with results obtained
by other methods.

The order parameter predicted by the model is the same as that
deduced from optical and *C NMR measurements yielding a first
support to the model. A stronger support is provided by the finding
concerning the structure, conformation and internal motions. The
fact that the rotations around the N—d¢ bonds are ““easy”” and much
‘“‘easier” than around the &—O bonds is consistent with quantum
chemistry calculations concerning the isolated molecule [18]. These
calculations indeed show that the barrier height around the N—¢
bonds is smaller than 1 kcal/mol (=kzTx), whereas the barrier around
the ¢—O bonds is significantly higher. This may explain the rather
rigid character of the anisole moieties (as implied by the model) on
the time scale of the rotation around the N—¢ bonds. Since the
barrier around N—¢ is low, in the nematic phase, this rotation is
expected to be mainly governed by the intermolecular potentials.
These potentials necessarily decrease as the molecular free volume
(i.e. the temperature) increases, and the corresponding rotations be-
come more and more uniform. Mathematically, this means that the
(cos 24’y and consequently |7, 5| decrease with increasing tempera-
ture, as observed. Assuming that ¢, and ¢ remain constant and
equal to 69°, {cos 2¢s'} is found to vary from ~0.94 at low temperature
(pure  flips correspond to (cos2ys’) = 1) to ~0.31 near the clearing
point. The temperature dependence of (cos2¢") is pictured in Figure
9 since (cos2y’) is proportional to |T, gl.

It is interesting to compare the variation of T, 5 with that of the
molar volume [19], reproduced in Figure 16. It is seen that both
quantities vary first slowly at low temperature, then more rapidly as
the clearing point is approached, as expected from the above dis-
cussion. A more quantitative check of this particular point would be
the following: if the molar volume is kept constant, e.g by applying
pressure on the sample [20], then the (cos 2{’) should exhibit a much
weaker temperature dependence since the free volume does not change,
and kzT varies very little over the whole nematic range. In other
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FIGURE 16 Molar volume of nematic PAA versus reduced temperature (extracted
from reference [19]).

words, ratios of splittings should be nearly constant or equivalently,
curves in Figures 10 and 11 should be nearly horizontal straight lines.

Another consequence of the low barrier around the N—d bond is
that rotation of the anisole moieties and rotation of the azoxy-group
need not occur on the same time scale. Existence of easy rotation
around the N—¢ bond was first invoked in [21} to explain the ap-
parent discrepancy between quasi-elastic neutron scattering and di-
electric relaxation measurements, which show that the correlation
time for rotation of the rings is much shorter than for the azoxy-
group. Conversely the relative rigidity of the anisole moieties is also
supported by neutron quasi-elastic scattering which shows that the
correlation times for rotation of the rings, and of the methoxy groups
are the same [21].

The values of the dihedral angles between molecular fragments are
also of interest for the discussion. Since the density of the nematic
phase is intermediate between that of the solid and gas phases, we
expect that these angles, whose values are important in the deter-
mination of the molecular volume, have also intermediate values.
For the dihedral angles «,,, and agz, between rings and methoxy
groups, their values are 12 and 32° in the solid phase [22] and 90° for
the isolated molecule [18], to be compared with o4, = a g, = 35.5°
found in the present study. Concerning the dihedral angle o between
the two rings, the discussion is delicate since the two rings are not
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adjacent. However, we reasonably expect that its value is not smaller
than in the solid phase, namely o,y;q = 22.4° [22] to be compared
with < 42° found here.

Further tests for the model may be imagined. Besides the pressure
experiment which would provide a general check, specific conse-
quences of the model can be tested. For example, the changes in the
degree of uniformity of the rotations of the rings around the N—¢
bonds can be tested by a detailed analysis of the PMR line shapes of
PAAd6. In Figure 4b, it is seen that the two lines of the main doublet
are split into two ill-resolved lines of different intensities, mainly
because of dipolar interactions between protons of different rings [11,
23]. This feature tends to smear out as temperature increases, all
things being equal. In a situation where the dihedral angle o between
rings is smaller than 45°, as has been found, this decrease can be
qualitatively explained by assuming that the rotation of the rings
becomes more and more uniform. A quantitative study of this prob-
lem will be published elsewhere and contrasted with the analysis of

[4].

6b. Comments on the analysis of reference [2]

It is now interesting to understand why the results concerning S, 7,,
Ty of reference [2] were found to be essentially the same as in the
present work despite the fact that a wrong assignment of lines, and
an incorrect assumption concerning the most probable conformation
of the anisole moieties, were used. The reasons are simple: (i) we
have seen that although for DMR the two anisole moieties are mag-
netically inequivalent, both the structure and the internal rotations
are nearly the same. Consequently, it is of little importance for the
model that a specific deuteron belongs to one or another fragment;
this is taken into account by only slightly changing the value of the
corresponding structural angle u;, since all u; are equal within 1.7°.
(ii) in addition to be nearly equal, these angles are also very near the
“magic angle” (54.74°). Thus, changing u4-Z into a symmetrical value
with respect to this angle and simultaneously changing the signs of
T,y and Tgy, does not change the absolute values of the methyl
deuteron splittings Avii-? (Egs. 3A, B). The results of reference [2]
and of the present work correspond to these two symmetrical situ-
ations. The present data with PAAd8 concerning AvZ; <3 now ex-
cludes the possibility of reference [2] where the anisole moieties were
planar. Finally, the theoretical calculations of [18] as well as the
present study clearly show that the variations of T, 5 are mainly due
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to variations of (cos 2¢') rather than to ¢, and ¢5. In [2], it was not
possible to draw any conclusion concerning this point. We estimated
there the maximum variation of ¢, and ¢y, and thus of a (cf. Eq.
24), assuming that (cos2y’) was constant.

6¢c. A picture of nematic phase

The model and the obtained results allow us to propose a picture for
the nematic phase of PAA, concerning the various molecular motions.
On a short time scale, presumably the neutron time scale (~10-1! s),
the anisole moieties are rigid and rotate around the N—d& bonds. The
C,, symmetry of these rotations probably reflects the fact that they
are governed by the interaction between phenyl rings of neighbouring
molecules, as suggested by the structure in the solid phase [22]. On
a longer time scale, the phenyl rings also perform individual T flips.
On the same or even larger time scale, collective motions should be
invoked. As suggested by X-ray diffraction [24], the basic entity to
be considered is an ensemble of several neighbouring, parallel mol-
ecules which define a ““‘cage” in which each molecule is able to reo-
rient. The axis of this cage, which defines the long molecular axis,
can be identified with the local nematic director of the continuum
theories. Rotation around the long axis probably corresponds to re-
orientation of the molecules as a whole in their respective cages.
Although the local structure has probably low symmetry, since the
medium is fluid and uniaxial, an effective cylindrical symmetry is
produced by exchange between neighbouring molecules on the time
scale of lateral self-diffusion (~1071 s) [21]. Finally, on a longer
time scale (~10~% s) the local director fluctuates about the main
director mainly due to hydrodynamic modes. All these motions are
fast on the DMR time scale (~10~°s) [25].

This model where a nematic is composed with only one kind of
molecule (the most probable conformation) is consistent with those
used to analyse X-ray diffraction [24] and light scattering [25,26] data
of nematics. It is different from other models used in connection with
NMR [27,28] where a nematic is pictured as a mixture of a large
number of different conformations, generally those of the isolated
molecules, which exchange between themselves via the internal ro-
tations. These kinds of models are a priori more general since sep-
aration between external and internal motions is not made, but the
choice of the conformations to be considered is somewhat arbitrary.
In the present model, the single conformation is not assumed a priori,
but is deduced from the data.
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7. CONCLUSION

In conclusion, the present study has confirmed that the simple model
presented in {2] can describe self-consistently a large number of NMR
data concerning the PAA molecule in the nematic phase. The de-
duced information concerning the structure, conformation and order
is physically reasonable and in agreement with results obtained by
other methods. This model provides a method to analyse similar data
when PAA is used as a probe in other fluid nematic media [17]. A
number of constant coefficients have been determined and useful
relations between dipolar splittings and order parameter have been
produced. The central feature of the model is the existence of easy
rotation of the anisole moieties around the N—¢ bonds, which is
supported by both theoretical calculations and independent experi-
ments. The main consequence of this is that the degree of uniformity
of these rotations is mainly governed by the intermolecular potentials,
i.e. the molecular free volume. No measurable influence of deuter-
ation on the molecular structure and/or alignment need to be invoked
to explain all the data considered.
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APPENDIX

The fine structure of doublet Avs, associated with deuterons D, and
Dy of anisole moiety B (Figure 2) is easily explained. Dipolar inter-
action with the three equivalent (due to fast rotation [29]) methyl
protons, splits each component into 4 equidistant lines with relative
intensities 1:3:3:1, separated by Av5 <2, Dipolar interaction with
deuterons D5 and Ds (non equivalent to D, and Dy) further splits
each of these lines into three (nearly) equidistant lines with (nearly)
relative intensities 1:1:1 separated by AvZ,”P. Both effects superpose.
In a situation where Av5P " ~ 2A4vE PP each component is ulti-
mately split into 9 lines of relative intensities 1:1:4:3:6:3:4:1:1, as
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observed in Figure 2, where it is easy to point the corresponding two
splittings. (idem for moiety A).

In order to calculate AvZP<"3, we have to perform a three step
calculation. (i) first we have to calculate the dipolar splitting of deu-
terons D, and D, due to a proton M moving (uniformly) on a circle
of center P, as sketched in Figure 17, (ii) we must average for rotation
of the anisole moiety as a whole around the N——d¢ bond and (iii) we
must further average this splitting for exchange between D, and Dy
which are magnetically equivalent due to = flips of the ring. For the
first step, we have, for deuteron D, (and similarly for D)

5, = _hvuyp P »(cos )
b2 2 |D,MP

(A1)

where 7, is the angle between D,M and the long axis Oz, and Ay, yp/
2% = 36.884 KHz.A® The bar stands for average over rotation on
the circle of radius PM. Choosing reference frames and defining
symbols as indicated in Figure 17, with x, in the plane of the ring
and z along the para-axis, Px' in the plane (z5, OP) and z' along

X z'
0 Y
2 {
C \\ S
B3 T;(’B °

C1 0 Zg
G

FIGURE 17 Sketch of anisole moiety B defining the various symbols which are useful
in the calculation of 8,, in Eq. (Al).
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OP, the components of any vector are easily calculated. In the x,
yr. Zp frame, we have

(i) for D,P and D¢P

Xp,p = d;8in 0,08 ot gy, — d3sin B, + dysin(6, + 0) (A2)
Xpep = d;8in 0, COS gy, + d;sin B, — d,sin(6, + 65) (A3)
Yoo = Ypgp = d,sin 6, sin oy, (Ad)

zD2p Zpgp = —dcos8; + d, — d;c08 8, + dcos(9, + 6;)  (AS)

(ii) for PM
Xpp = PCOSUB cosag,, COSY — psinog,, sing (A6)
Ve = pcosul sinag,, cosy + pcosag,, sinls (A7)
Zpy = —psinuE cosys (A8)

where ag;, is the dihedral angle between the ring and methoxy group
of B. The values of the various distances and angles are:

dy = OC; + C;P = 1.431 + 0.363 = 1.794 A,
d, = C,O = 1.352 A

dy = C,C, = 1.394 A, d, = C,D, = C,D, = 1.084 A (all these
values are deduced from [18], p = PM = 1.032 A (from [29)), 6, =
T o= Uy o= 122.40° 0, = 120°, 8, = (w/3) + uf, = 116.22°, ¢, =
15.61° (deduced from the present study).

For the second step of the calculation, introducing the most prob-
able frame xg, y7, 2% with 2z = z, such as (xp, xg) = i, we have,
for vector D,M (and similarly for D M)

XPom = Xp,ya €08 Yg + Yo Sin Up (A9)
YBom = Xpya SiNUg — Yp,u cosig (A10)

ZDm = Zpym (Al1)
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In this fixed frame, the polar and azimuthal angles of the long axis
Oz, are just €z, ¢p.

Averaging for the rotation described by Y is performed using a
function of C,, symmetry (required by the model) of the form

1
p(bp) = — CXP (y'cos 20p) (A12)

where Z is a normalisation contant and where y', or equivalently the
parameter (cos 2{sp) defined as

1
Cos20p) = 2 | cosduppp any (A1)

describe the degree of uniformity of this rotation.

For the third step, we must average the splittings obtained with D,
and D. Thus, the theoretical expression of the splitting 8% 2¢#3 jg
ultimately a function of the parameters oy, ¢ and (cos 2, namely:

8B-DCH3 (0. b, {COS20j))

1
= 3 Joomy B0z + 809 PUE) dUy  (AL4)
This expression was evaluated by numerical integration over ¢ and
U for various values of the parameters. It turns out that its numerical
value is practically independent of both ¢ and (cos2yy) but is a
strong function of ag,,. This is illustrated in Figure 18 which shows
the values of 8% 2¢H3 versus (cos2¢p) for a fixed value of ¢y and
various values of ag,,. The independence with {cos 2¥) is completely
consistent with experiment which shows that, contrary to the quad-
rupolar splittings, the dipolar splittings Av2;“#3 depend on temper-
ature via S only (Eq. 14), and implies that in the nematic phase oy,
(and a,,,) is practically constant. The value of this angle can be
estimated from Figure 18. Since § = 1 in this calculation, putting
38-PCH3 = KBy, = 665 Hz (cf. Eq. 14B), we find agy =~ 35.5° =
Oy

Besides the fact that the most probable angle ap,, is temperature
independent, the model also implies that on the time scale of the
rotation described by {}, the anisole moieties are rigid. Indeed, a
more complicated calculation permitting independent rotations of the
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FIGURE 18 Theoretical variation of 8% 2% given by Eq. (A14) versus {cos2 Us,)
for various values of ag,,, and &z = 69°. For other values of ¢,, the curves are the
same within less than 1%.

ring and of the methoxy group around Oz predicts an important
dependence of 8523 with {cos2s;), which is not observed.

In conclusion, analysis of the dipolar splittings between ring deu-
terons and methyl protons provides a test for the model and permits
the determination of the dihedral angle between rings and methoxy
groups.
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