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Conformational dynamics of a metallomesogen studied by2H-NMR spectroscopy
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In this work we present a quantitative analysis of both quadrupolar splittings and deuterium Zeeman and
quadrupolar spin-lattice relaxation times reported in the literature for two isotopomers of Azpac, an acetylac-
etonate derivative of the cyclopalladated 4,4’-bis~hexyloxy! azoxybenzene. Azpac-d4 is deuterated at the
aromatic rings and Azpac-d26 is deuterated on the alkoxy chains. The additive potential method is used to
model the splittings, while the derived spectral densities are interpreted using the decoupled model in conjunc-
tion with the Nordio model. The two side chains are assumed to be noninteracting and identical in their
conformations in order to limit the size of the transition rate matrix needed to describe correlated internal bond
rotations in the chains. Rotational diffusion constants and internal jump rate constants are derived for this
metallomesogen.

PACS number~s!: 61.30.Cz, 61.30.Eb, 64.70.Md, 76.60.2k
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I. INTRODUCTION

Metal containing liquid crystals, known as metallom
sogens@1#, are of interest because of their potential techni
applications. Peculiar characteristics of metallomesogens
their high transition temperatures, poor thermal stability, a
high viscosity. Hence, data concerning their physical prop
ties are scarce in the literature. Among metallomesogens
acetylacetonate derivative of the cyclopalladated 4
bis~hexyloxy! azoxybenzene~Azpac! is an exception, show
ing a nematic phase below 100 °C. Thus Azpac has b
extensively investigated to determine some physical pro
ties such as refractive indices@2#, elastic and viscosity con
stants@3#, dielectric permitivities@4#, and flexoelectric coef-
ficients@5#. Recently, deuterium NMR spectra were record
@6,7# in the nematic phase of two isotopomers of Azpac: o
deuterated in the positions 3 and 5 of both rings~Azpac-d4)
and the other deuterated in the hexyloxy chains~Azpac-d26)
and their interpretations were given. In addition, deute
Zeeman (T1Z) and quadrupolar (T1Q) spin-lattice relaxation
times were reported by us@7# for these isotopomers. Th
derived spectral densitiesJ1(vo) and J2(2vo) at vo/2p
546 MHz for Azpac-d4 were explained by the small ste
rotational diffusion model of Nordioet al. @8#, while those
measured in Azpac-d26 remained to be analyzed. It wa
noted that the quadrupolar splittings and relaxation beha
of the two alkoxy chains show distinguishable features
spite overlaps of some spectral lines in the2H-NMR spec-
trum. Although many studies of liquid crystal molecules
mesophases have been performed@9# using 2H-NMR spec-
troscopy, the molecules studied to unravel both the order
relaxation behaviors have a ‘‘single’’ side chain@10–14# or
several identical side chains@15#. Hence, Azpac presents a
interesting and challenging task for the decoupled mo
@16,17# to unravel the conformational dynamics. Inde
when both hexyloxy chains are considered simultaneou
the number of configurations available to Azpac is incredi
huge (.59 000) and simplifying assumptions must be ma
PRE 611063-651X/2000/61~2!/1559~8!/$15.00
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in fitting the quadrupolar splittings using the additive pote
tial ~AP! method@18# and the spectral density data in pa
ticular. This work represents our effort to quantitatively an
lyze all the NMR observables in Azpac-d4 and Azpac-d26.
The major assumption to limit the number of configuratio
to 243@10,14,15# is to make both chains (A andB) identical
and noninteracting for modeling the intermolecular poten
of mean torque, while transitions among different configu
tions can be described using one chain~chainA or B) only.
This makes the Azpac problem tractable and the results
presented in this paper.

The reorientation of molecules in liquid crystals can
described by the rotational diffusion model@8,19#. The
model assumes a stochastic Markov process for reorienta
in which each molecule moves in time as a sequence of s
angular steps caused by collisions with its surrounding m
ecules and under the potential of mean torque set up
them. Nordioet al. @8# considered reorientation of cylindri
cal, rigid molecules in uniaxial phases. Each molecule
characterized by a rotational diffusion tensor, normally d
fined in a frame fixed on the molecule. A number of mod
of increasing complexity has been proposed@20–24#. For
biaxial molecules like Azpac reorienting in uniaxial phase
the Tarroni-Zannoni model@22# seems in principle more ap
propriate. However, the tumbling motion of Azpac@7# was
estimated to be very slow (103 s21) and it is doubtful
whether the relaxation data can detect a nonaxial rotatio
diffusion motion in this case. Furthermore, the molecu
biaxiality of Azpac is found~see below! to be very small.
Hence, the Nordio model is used as before@7#. Internal ring
rotations of ringB about its para axis~see Fig. 1! can be
superimposed onto the reorientation of the molecule in
small step diffusion limit@25# or in the strong collision limit
@26#. As before@7#, the small step diffusion limit for free ring
rotations is used for ringB of Azpac.

Correlated internal rotations in flexible chains of seve
liquid crystals have been studied by measurements
2H-NMR relaxation times and successfully modeled@9–15#
1559 ©2000 The American Physical Society
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FIG. 1. Molecular structure of
Azpac showing various coordinat
systems used in the text. Sites
and 5 on ringsA andB are deuter-
ated in Azpac-d4. The long mo-
lecular zd axis makes a 1° angle
with the zN8 axis.
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using the decoupled model@16# in which conformational dy-
namics in the side chain is assumed to be independent o
orientation of the molecule. All possible configurations in
flexible chain are generated by the rotational isomeric s
~RIS! model of Flory @27#. In the time domain, a maste
equation is constructed to describe transitions among all c
figurations available to the molecule. The master rate eq
tion is solved as an eigenvalue problem by diagonalizin
rate matrix which contains jump rate constants for one- (k1),
two- (k2), and three-bond (k3) motions. A one-bond motion
involves rotation of the last carbon-carbon~C–C! bond in the
chain, while a two-bond rotation is defined as the rotation
the penultimate bond (C4-C5 in a hexyloxy chain! with all
the other C–C bonds in the chain remaining the same ex
the last one, which may or may not rotate. A three-bo
rotation is the interchanging of two alternate~i.e., next-
nearest-neighbor! bonds, which is the well known cranksha
motion in the chain. These elementary jump constants
phenomenological model parameters used to mimic inte
chain dynamics. It is noted that in our decoupled mode
single ‘‘average’’ rotational diffusion tensor is assumed.
other words, rotational diffusion tensors for different co
formers do not deviate substantially from each other. Thi
a consequence of a massive aromatic core in compar
with its side chain~s!. Order director fluctuations@9# are an-
other possible relaxation mechanism in liquid crystals,
their contributions are often negligible in the MHz regio
Our data were collected at 46 MHz, thereby making or
director fluctuations unnecessary in the present study.

The paper is organized as follows. Section II outlines
extension of the basic theory appropriate for analyzing b
the quadrupolar splittings and spectral density data in
nematic phase of Azpac. Section III describes results
discussion, while Sec. IV gives a brief summary.

II. BASIC THEORY

In this section we outline the necessary procedures
formulas for discussing the measured quadrupolar splitti
and spectral densities of motion. The molecular mean fi
theory based on the AP method has been well docume
@9,18# in the literature, while the decoupled model@9,11,16#
has been recently proposed. The geometry used to des
the C–C backbone of the alkoxy chains is identical to th
used before@28#, i.e., / CCH5107.5°, /OCC5/CCC
5113.5°,/HCH5113.6°. The dihedral angles for rotatio
of a C–C bond in the chain aref50,6112° for the three
RISs. These correspond to thetrans ~t!, and two symmetric
gauche(g6) states. Thegauchestates have higher interna
he

te

n-
a-
a

f

pt
d

re
al
a

-
is
on

t

r

n
h
e
d

d
s

ld
ed

ibe
e

energyEtg(CCC) in comparison to that of thetrans state.
When the chain contains ag1g2 or a g2g1 linkage, an
additional internal energyEg6g7(CCCC) is added becaus
these linkages bring parts of the chain near to one anot
the so-called ‘‘pentane’’ effect. The rotational minima abo
the O–C1 bond of the hexyloxy chains were also taken to
0, 6112° and a value of 124° was adopted for/COC. Etg8
andEg6g78 are used due to the presence of the oxygen in
chain. We set Etg52400 J/mol, Etg8 52750 J/mol, and
Eg6g75Eg6g78 56500 J/mol. These internal energies a
comparable to those used for 6OCB@14# and theEtg andEtg8
values are about a factor of 2 smaller compared with th
used in 8OCB@29#. The O–C1 bond was fixed on the ring
plane for each chain to give 243 conformations. As me
tioned before, the two hexyloxy chains are identical in co
formation and only one chain is considered explicitly so th
the Azpac molecule has a total of 243 different configu
tions at any time. However, it is known that the molecu
fragment formed by the Pd atom and the coordinated gro
~the acetylacetonate ligand and the phenyl ringA) is planar
and rigid, and the angle (u) formed between the ring par
axes is about 7°; a dihedral angle (f) of about 41° is re-
ported between the planar fragment and the phenyl rinB
@30#. As a result, one must consider bothf5141° and
241° in fitting the observed quadrupolar splittings. F
spectral density calculations, we found that the differen
for f5141° and241° are minimal. This is probably due t
our assumption@7# of free ring rotations in modeling the ring
B data. Hence, spectral density calculations were perform
only for f541°.

In modeling the quadrupolar splittings (Dn i) of the Ci
deuterons, the segmental order parameters are calcu
from

SCD
( i ) 52Dn i /3qCD

( i ) , ~1!

whereqCD
( i ) is the quadrupolar coupling constant for thei

deuterons and is taken as 165 and 185 kHz for methyl
and ring deuterons, respectively. In the AP method, the
tential energyU( j ,V) of a molecule in a conformationj and
a particular orientationV with respect to the director is give
by

U~ j ,V!5U int~ j !1Uext~ j ,V!, ~2!

where the potential of mean torqueUext( j ,V) originates
from the molecular field of its neighbors, andU int( j ), the
internal energy, is assumed to depend on the number (Ng)
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and not the location of thegauchelinkages in the chain, as
well asNg6g7 , the number ofg1g2 andg2g1 linkages in
the chain

U int~ j !52~NgEtg1Ng6g7Eg6g7!. ~3!

The factor of 2 is to account for two hexyloxy chains
Azpac. In the principal axis (a,b,c) frame of the nuclear
quadrupolar interaction and lettingSaa

n,i be the segmental or
der parameter of the Ci –D bond ~along thea axis! of the
molecule with conformationn, one has

SCD
( i ) 5 (

n51

243

peq
(n)FSaa

n,i1
h ( i )

3
~Sbb

n,i2Scc
n,i !G , ~4!

where h ( i ), the asymmetry parameter of the electric fie
gradient, is defined by

h ( i )5~qbb
( i )2qcc

( i )!/qaa
( i ) , ~5!

with qaa
( i )5qCD

( i ) , and peq(n), the equilibrium probability
which specifies fraction of molecules in the conformationn,
is given by

peq~n!5
1

Z
exp@2U int~n!/kBT#Qn , ~6!

with Qn , the orientational partition function of conformatio
n, being given by

Qn5E exp@2Uext~n,V!/kBT#dV, ~7!

andZ, the conformation-orientational partition function, b
ing given by

Z5(
n

exp@2U int~n!/kBT#Qn . ~8!

For the methylene deuterons,h50 is a good approximation
while for the ring deuterons,h is taken as 0.04@31#. Now the
order parameter for a particular directionk in conformationn
may be evaluated in the principal (x,y,z) frame of
Uext(n,V),

Skk
n,i5 (

a

x,y,z

Saa
n cos2uak

n,i , ~9!

whereuak
n,i denote angles between thek(5a,b,c) axis and a

principal a(5x,y,z) axis for the Ci –D bond, andSaa
n , the

principal order parameters of thenth rigid conformer, can
easily be evaluated@32#. Of course, the constructed intera
tion tensorUext(n,V) using the AP method must first b
diagonalized to find the principal (x,y,z) frame for confor-
mationn.

In calculating the ringB quadrupolar splitting, it is neces
sary to explicitly consider internal ring rotations, i.e., to a
erage the splittings from the two nonequivalent deuteron
the ring due to rapid 180° ring flips. Of course, this is n
done for ringA as it is part of the group coordinated to th
Pd atom. The anglebR,Q

B between the C–D bond and ringB
in
t

para axis is taken as 61°, while thebR,Q
A angle between the

C–D bond and ringA para axis is taken to be 63°. Thes
choices can only be rationalized by the improved fittings
static and/or dynamic observables, since the nominal va
for /CD in a phenyl ring is 60°. The larger value for ringA
could probably be justified by the presence of the Pd ato
Indeed we found that the fits of our relaxation data we
hardly affected by makingbR,Q

A 561.5° at the carbon 3 site
This was not the case for its corresponding quadrupolar s
ting. We label the two hexyloxy chains as chainA and chain
B on the ringA and ringB, respectively. To calculate ring
splittings, the direction cosines in Eq.~9! must first be deter-
mined. To this end, a common molecular frame is neede
constructUext(n,V). Although the choice of this common
frame is not crucial, we find that the (xN ,yN ,zN) frame at-
tached to ringB is convenient~see Fig. 1!. The direction
cosines for the (a,b,c) axis system of each ring C–D bon
in the (xN ,yN ,zN) frame can easily be obtained and those
Eq. ~9! are then obtained through a transformation from
common frame to the principal (x,y,z) frame. Besides the
ring /CD angle, the direction cosines for ringA deuterons
involve f, and/oru. The angleu between the two para axe
is taken to be 6° in this study.

To constructUext( j ,V), it is assumed that each conform
can be divided into a small number of rigid segments. Ea
segment is associated with an interaction tensor that is in
pendent of the conformation. Suppose that the aromatic c
including the Car-O bonds has an interaction tensoreab

(a) and
each C–C~or O–C) segment has an interaction tensoreab

(c) .
By assuming both local interaction tensors to be cylindrica
symmetric, only two interaction parametersXa and Xcc are
needed inUext(n,V), whereXa andXcc are for the core and
a C–C bond, respectively. In a local~1,2,3! frame where the
3 axis is along the Cj -Cj 11 bond, the 1 axis is in the plan
bisecting the HCH angle, and the 2 axis is chosen to co
plete a right-handed Cartesian coordinate system, the
vector VW CD is easily found. To obtain this vector in th
(xN ,yN ,zN) frame, for chainB

VW CD
B 5RN,1R1,2•••Rj 21,jVW CD, ~10!

and for chainA

VW CD
A 5RN,N8RN8,1R1,2•••Rj 21,jVW CD, ~11!

whereRj 21,j is a rotation matrix that transforms between t
j th local frame and the (j 21)th local frame, andRN,N8 is a
rotation matrix that transforms between the local chainA
frame (xN8 ,yN8 ,zN8 ) to the common frame. To obtain the d
rection cosines in Eq.~9! for chain deuterons, Eqs.~10! and
~11! need to be multiplied from the left byRp,N where the
rotation matrixRp,N contains the eigenvectors (rW i) obtained
in diagonalizing the total interaction tensoreab

n for each con-
former. As the two chains are identical and noninteracti
eab

n is simply given by

eab
n 5eab

(a)1RN,N8RN8,1l2b
n RN8,1

21 RN,N8
21

1RN,1l2b
n RN,1

21 ,
~12!
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where the first term is for the molecular core, the second
third terms are for chainA and chainB, respectively, and

lab
n 5(

j 52

7

R1,2•••Rj 21,jeab
(c)Rj 21,j

21
•••R1,2

21 . ~13!

A similar approach in constructingeab
n has been used befor

@15#. Finally, we use Eqs.~6!–~11! to computeSCD
( i ) in Eq. ~4!

separately forf5641°, and the calculatedSCD
( i )calc is given

by

SCD
( i )calc5

1

2
@SCD

( i ) ~f541°!1SCD
( i ) ~f5241°!#. ~14!

By fitting the measured segmental order parametersSCD
( i ) to

Eq. ~14! at each temperature, the interaction parametersXa
and Xcc can be determined. Furthermore, the order para
eters^P2& and ^Sxx2Syy& for an ‘‘average’’ conformer of
the molecule can be evaluated@9#. In solving the rotational
diffusion problem of a ‘‘rigid’’ molecule, Nordioet al. @8#
used a second rank potential of mean torqueU(b),

U~b!

kBT
5a20S 3

2
cos2b2

1

2D , ~15!

whereb is the angle between the molecular long axis and
director. The above potential is specified by the second r
coefficienta20, which can be determined from a knowledg
of the nematic order parameter^P2&.

The spectral densityJm(mv) may be evaluated by Fou
rier transforming the autocorrelation functionGm(t),

Jm
( i )~mv!5

3p2

2
~qCD

( i ) !2E
0

`

Gm~ t !cos~mvt !dt, ~16!

whereGm(t) may be expressed in terms of the Wigner ro
tion matrix Dmn

2 (V) in the fluctuating spin Hamiltonian

Gm~ t !5^Dm0
2 @VLQ~0!#Dm0

2* @VLQ~ t !#&, ~17!

where the angle brackets denote an ensemble average an
Euler anglesVLQ(t) specify the orientation of the principa
axes of the electric-field-gradient~EFG! tensor~theh param-
eter is set to zero here! with respect to the laboratory fram
whosezL axis is defined by the external magnetic field. T
evaluateGm(t), one needs to transform the EFG tens
through successive coordinates@9# to allow for possible in-
ternal rotations and overall reorientations. For ringA of Az-
pac, there is no internal motion, and its deuterons would o
sense the rotational diffusion of the molecule as a whole~i.e.,
diffusive motions of the long molecularzd axis, see Fig. 1!.
From our previous study, thezd axis was found@6# to lie
between the two para axes and make an angle of 1° with
para axis of the more ordered ringA. We assume the sam
axis system to diagonalize the rotational diffusion ten
with principal elementsD i and D' , which are the rotation
diffusion constants about thezd axis and of thezd axis, re-
spectively. According to the Nordio model, the spectral d
sities for deuterons at sites 3 and 5 in ringA are given by
~using the notation of Ref.@22#!
d
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Jm
( i )~mv!5

3p2

2
~qCD

(R)!2(
n

@dn0
2 ~bd,Q

( i ) !#2

3(
k

~Cmnn
2 !K~Fmnn

2 !K

~Fmnn
2 !K

2 1m2v2
, ~18!

wherem and n represent the projection indices of a rank
tensor in the laboratory (zL) and molecular (zd) frames, re-
spectively;Fmnn

2 /D' , the decay constants, are the eigenv
ues of the rotation diffusion operator (G) matrix and
(Cmnn

2 )K , the relative weights of the decaying exponentia
are the corresponding eigenvectors;i 53A or 5A for the deu-
teron at carbon 3 or carbon 5 site. Nowbd,Q

(3A)5bR,Q
A 21° and

bd,Q
(5A)5bR,Q

A 11°. Note that theG operator contains explic
itly the orienting potential and the rotational diffusion co
stantsD i and D' . For the deuterons on ringB, the above
equation must be modified to include internal ring rotatio
with a diffusion constantDR . The resulting spectral densitie
for ring rotations in a small-step diffusive limit are given b

Jm
(B)~mv!5

3p2

2
~qCD

(R)!2(
n

(
mR

@dmR0
2 ~bR,Q

B !#2@dnmR

2 ~u8!#2

3(
K

~Cmnn
2 !K@~Fmnn

2 !K1mR
2DR#

@~Fmnn
2 !K1mR

2DR#21m2v2
, ~19!

whereu85u21°. Finally, to treat correlated internal rota
tions in chainsA andB, one should realize that both chain
behave the same way in their respective local (xN8 ,yN8 ,zN8 )
and (xN ,yN ,zN) frames under our assumption of identic
chains. A further coordinate transformation to th
(xd ,yd ,zd) frame makes the final spectral densities for t
deuterons on chainA and chainB different. Thus, the relax-
ation behaviors of the two hexyloxy chains are slightly d
ferent simply due to a geometric factor. According to o
decoupled model, the spectral densities for the methyl
deuterons in chainB are given by@10#

Jm
(p)~mv!5

3p2

2
~qCD

(p)!2(
n

(
j 51

243 U(
l 51

243

dmN0
2 ~bN,Q

(p) l !dnmN

2 ~u8!

3exp@2 imNaN,Q
(p) l #xl

(1)xl
( j )U

3(
K

2
~Cmnn

2 !K@~Fmnn
2 !K1ul j u#

@~Fmnn
2 !K1ul j u#21m2v2

, ~20!

wherebN,Q
(p) l andaN,Q

(p) l are the polar angles of the Cp–D bond
of the conformerl in a local (xN ,yN ,zN) frame andu8 is the
angle between thezN andzd axes~i.e., 185°).l j andxW ( j ) are
the eigenvalues and eigenvectors obtained by diagonali
the symmetrized transition rate matrix of the master r
equation. A similar equation to Eq.~20! can be written for
chainA by changing (xN ,yN ,zN) to (xN8 ,yN8 ,zN8 ) andmN to
mN8 . u8 now represents the angle between thezN8 axis and the
zd axis~i.e.,u851°). Equations~18!–~20! are used to mode
the derived spectral densities from Azpac-d4 and Azpac-d26.
At each temperature, there are six motional model para
eters. These areD i , D' , DR and the three jump rate con
stantsk1 , k2, andk3.
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III. RESULTS AND DISCUSSION

The experimental details have been reported before@6,7#.
Unfortunately, the NMR relaxation data collected in Azpa
d26 did not cover the same wide temperature range as Az
d4. Since we want to interpret both the splittings and spec
densities from these samples, we are limited to a nar
temperature range of about 7° nearTC(5368 K! when con-
sidering the relaxation data of Azpac. Figure 2 shows
quadrupolar splittings as a function of temperature in
nematic phase of Azpac-d4 and Azpac-d26. Mean field cal-
culations of segmental order parameter profile at each t
perature according to Eq.~14! were carried out to model th
observed quadrupolar splittings in Fig. 2. An optimizati
routine ~AMOEBA! was used@33# to minimize the sum
squared errorf,

f 5(
i

~ uSCD
( i ) u2uSCD

( i )Calcu!2, ~21!

where the sum overi includes all the methylene deuterons
C1 to C5 from both chains, as well as ringA andB deuter-
ons. Thef values at different temperatures are of the orde
331023. The fits to the quadrupolar splittings are shown

FIG. 2. Plots of quadrupolar splittings versus the temperat
Solid and dashed curves represent fits for chain~or ring! A and
chain ~or ring! B, respectively.~a! Azpac-d26: closed squares
circles, up triangles, and down triangles denote C1

A,B , C2
B , C3

A(C4
B),

and C5
A,B , respectively. Open up triangles, squares, and diamo

denote C2
A , C4

A , and C3
B , respectively. The calculated curve

~drawn through theoretical points! starting from the top are for C1
A ,

C1
B , C2

A , C2
B , C3

A , C4
A , C3

B , C4
B , C5

A , and C5
B , respectively. Note

that the experimental splittings of C3 and C4 are reversed from
those predicted by the theory.~b! Azpac-d4: squares, triangles, an
diamonds denote C5

A , C3
A , and C3,5

B , respectively. The calculate
curves starting from the top are for C5

A , C3
A , and C3,5

B , respectively.
-
c-

al
w

e
e

-

f

Fig. 2 as solid and dashed curves for chain~ring! A and chain
~ring! B, respectively. It should be noted that the previo
assignment ofDn4.Dn3 @7# is not predicted by the theory
here. The incorrect prediction of splittings at C3 and C4 has
occurred in previous mean field calculations for other liqu
crystals@14,28#. In addition, the peculiar temperature beha
ior of ring A splittings is not reproduced. This could perha
be explained by a slight temperature effect on the distort
of the ring A structure. In the temperature range where
study the relaxation behaviors, the fits are quite good,
evidenced in Fig. 3 forT-TC55 K. The derived̂ P2& values
are comparable to those obtained previously based on
Azpac-d4 data only@6#, and the derived interaction param
etersXa andXcc are sufficiently accurate for evaluating th
equilibrium probabilityPeq(n) needed to describe chain dy
namics below. We plot̂P2& and ^Sxx2Syy& for an ‘‘aver-
age’’ conformer of the Azpac molecule, as well asXa and
Xcc versus the temperature in Fig. 4. The molecular biax
order parameter̂Sxx2Syy& is found to be quite small, mak
ing Nordio model a good approximation for describing m
lecular reorientations.

Figure 5 reproduces the spectral densities of Azpac ve
the difference in temperature fromTC . Some sinusoidal
variations in the spectral density data are not real and t
simply reflect relatively large experimental uncertainties.
deed smoothed data are used as experimental values
model fittings. To model spectral densities from the core a
chain deuterons~excluding the methyls!, AMOEBA was
used to minimize the mean-squared percent deviation (F) in
an individual target analysis~i.e., analyzing one temperatur
at a time!,

F5(
k

(
m

F Jm
(k)calc~mv!2Jm

(k)exp t~mv!

Jm
(k)exp t~mv!

100G 2

, ~22!

where the sum overk includes all methylene and ring dat

e.

ds

FIG. 3. Plot of experimental quadrupolar splittings vs calcula
quadrupolar splittings of Azpac-d4 and Azpac-d26 at 363 K.
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and m51 or 2. The fitting quality factorQ in the spectral
density calculations is given by the percent mean-squa
deviation

Q5

(
k

(
m

@Jm
(k)calc~mv!2Jm

(k)exp t~mv!#2

(
k

(
m

@Jm
(k)exp t~mv!#2

3100.

~23!

Since the2H-NMR signals from carbon 3 of chainA and
carbon 4 of chainB are completely overlapped, making sep
rate determination of their individualT1’s impossible and the
calculated spectral densities for these two sites are quite
ferent, averages of the calculatedJ1’s and J2’s from these
two sites are used to compare with the observed spe
density values. At each temperature, there are 26 spe
densities~with some of them being identical due to spect
limitations! to derive the six motional parameters. We fou
that theQ values are better at the low temperature end t
those nearTC , varying from 1.4% to 6%. The poorQ values
are mainly due to rather scattered ringA data obtained nea
TC ~e.g., at 365 K,Q54%). Indeed when better spectra
density data are available and in particular over a wider te
perature range, a global target analysis@34# could be carried
out. The fits to the spectral density data are shown in Fig
as solid@for chain~ring! A] and dashed@for chain~ring! B]
curves. As seen in this figure, the predicted differences in
spectral densities at the corresponding sites of chainA and
chainB as well as for carbons 3 and 5 in ringA are in general

FIG. 4. Plots of interaction parametersXa ~closed squares! and
Xcc ~open squares!, as well as order parameters for an avera
conformer^P2& ~closed circles! and^Sxx2Syy& ~open circle! vs the
temperature.
d

-

if-

ral
ral
l

n

-

5

e

quite small, and may be impossible to discern experim
tally. Figure 6 shows the site dependences ofJ1(v) and
J2(2v) at 361.7 K and their calculated values using the d
coupled model. On the whole, the available spectral den
data from Azpac-d4 and Azpac-d26 are reasonably fitted with
our simplified motional model for a nematogen having tw
side chains of same lengths. Thus it would appear justifia
to use the major assumption of identical configurations
the two noninteracting side chains in Azpac. Figure 7 su
marizes the rotational diffusion constants and jump consta
at several temperatures examined in the present study.
cause of the narrow temperature range, it is impossible to
a handle on their temperature dependences. For exampleD i
is essentially independent of temperature and theDR values
for ring B are around 13109 s21 as found in other liquid
crystals@9#. As expected,D i.D' . It is, however, interest-
ing to see that bothD i(.23107 s21) and D'(325
3106 s21) are at least an order of magnitude smaller than
conventional rodlike liquid crystals@9#. We note thatD i and
D' could only be estimated previously@7# based solely on

e
FIG. 5. Plots of spectral density data at 46 MHz for Azpa

Closed and open symbols representJ1(v) and J2(2v), respec-
tively. ~a! Squares, up triangles, and circles denote ring data at C3,5

B ,
C3

A, and C5
A , respectively. Diamond and down triangle denote ch

data at C3
B and C5

A,B , respectively.~b! Squares, up triangles, circles
diamonds, and down triangles denote chain data at C1

A,B , C2
A,B ,

C3
A(C4

B), C4
A , and C6

A,B , respectively. Solid curves denote calc
lated J1(v) and J2(2v) in chain ~ring! A, while dashed curves
denote calculatedJ1(v) and J2(2v) in chain ~ring! B. The pre-
dicted curves in~a! ~drawn through theoretical points! from the top
are ringJ1(v) of C3,5

B , C5
A , and C3

A , ring J2(2v) of C3,5
B , C5

A , and
C3

A , chainJ1(v) andJ2(2v) of C3
B and chainJ1(v) andJ2(2v) of

C5
A,B , while in ~b! from the top down are forJ1(v) of C1

B and C1
A ,

J2(2v) of C1
A and C1

B , J1(v) of C2
B and C2

A , J2(2v) of C2
A and

C2
B , J1(v) of C3

A(C4
B), J2(2v) of C3

A(C4
B), J1(v) of C4

A , and
J2(2v) of C4

A .
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the ring data of Azpac-d4. As demonstrated here, the inclu
sion of both the ring and chain data in an individual targ
analysis can remedy this difficulty. The jump consta
k1 , k2, andk3 behave similar to other liquid crystals studie
so far. Again the three-bond motion (k3.631016 s21) is the
fastest internal motion. To illustrate the error limits in ea
of the model parameter, we use the data at 361.7 K.
error limit for a particular model parameter was estimated
varying the one under consideration while keeping all ot
parameters identical to those for the minimumF value to
give an approximate doubling in theF value. We found that
any lowerD' value (D'53.153106 s21) did not affect the
fits and its upper error limit was 7.753106 s21. The error
limits for D i ranged between 1.33107 s21 to 3.0
3107 s21. In estimating the error limits fork3, no upper
limit could be found as the fits were insensitive to valu
higher than 5.631016 s21. Its lower error limit was 5.2
31013 s21. The error limits fork1 were 1.531012 s21 and
6.131012 s21, while those fork2 were 731011 s21 and 3
31012 s21. Finally correlations among various model p
rameters are addressed@35#. The correlation coefficient be
tweenD i andD' is 0.93 and between one of these withDR

is very small. The correlation between one of jump consta
and eitherD i or D' is between 0.2 and 0.3, while betwee
one of these jump constants andDR is zero. Correlations
between pairs of jump constants are in the range of 0.
0.85.

FIG. 6. Variation of the spectral densitiesJ1(v) ~closed sym-
bols! andJ2(2v) ~open symbols! with the deuteron position in the
nematic phase of Azpac (T5361.7 K!. Triangles and circles denot
data from chains~rings! A and B, respectively. Solid and dotte
lines are predictions for chain~ring! A, while dashed and dot
dashed lines for chain~ring! B. Note that the chain data at thi
temperature were obtained by extrapolating the experimental d
t
s

e
y
r

s

ts

–

IV. SUMMARY

A quantitative analysis of both the quadrupolar splittin
and spectral density data from two isotopomers of the m
allomesogen Azpac is reported in this work. The propos
motional model is used to account for a rodlike liquid crys
molecule having two identical chains like Azpac. Indeed
reduce the number of possible configurations in Azpac b
in the AP method and decoupled model for conformatio
dynamics, the two side chains are assumed to take the s
configuration for the purpose of fitting the quadrupolar sp
tings, and only one chain~either theA or B chain! is consid-
ered explicitly for explaining the deuteron spin relaxation
Azpac-d26. As a result, Azpac has 243 conformations a
the transition rate matrix has the dimensions 2433243 and
can be handled in a reasonable computing time. It is fo
nate and surprising how well the assumption works for A
pac. Relaxation data at a different frequency when availa
may serve as a further check. The derived motional par
eters, though over a small temperature range, are physic
plausible and represent new physical properties obtained
metallomesogen. We hope that this paper would stimu
further NMR work, in particular relaxation measurements,
this class of metal containing liquid crystals.
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FIG. 7. Plots of rotational diffusion constantsD' ~closed
squares!, D i ~closed circles!, andDR ~closed triangles!, as well as
jump constantsk1 ~open squares!, k2 ~open circles!, andk3 ~open
triangles! vs the temperature in the nematic phase of Azpac.
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