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We report on a deuteron NMR study of quadrupolar splittings and spin-lattice relaxationTiges
andT,7 as a function of temperature and at two different Larmor frequencies in the columnar phase
of hexakisf-hexyloxy)triphenylene(HAT6). The additive potential method is used to model the
quadrupolar splittings, from which the potential of mean torque is parameterized, and the order
parameter tensor for an “average” conformer is determined. The small-step rotational diffusion
model is used to find the rotational diffusion constabtsand D, for the spinning and tumbling
motions of the molecular core. It is found that is slightly larger tharD, in contrast with the
findings in calamitic liquid crystals. The decoupled model of Dong for correlated internal rotations
in the end chains is used for the first time in a discotic liquid crystal. Both jump constants for one-
and three-bond motions are nearly independent of temperature, while the jump constant for
two-bond motion is thermally activated. The rotational spdedandD, are some two orders of
magnitude slower than a typical charge hopping frequency between the aromatic cores of adjacent
molecules in the columns. Thus, to a migrating charge, the “lattice” appears static with disorder
being due to the instantaneous displacement of the cores with respect to each otH€98©
American Institute of Physic§S0021-9608)51210-X]

INTRODUCTION molecular hop. The transport of charges along the column is
dependent on the overlap eforbitals between adjacent aro-
The novel charge transport properties of the columnamatic rings, which is very sensitive to the distance of closest
phases formed by disk-like molecules such as the hexakis-approach and the relative reorientation of the rings and their
(alkyloxy)triphenylenes(HATn) are potentially exploitable time dependence. It is, therefore, important to have a detailed
in applications ranging from sensing devices to high-description of the molecular reorientational motion within
resolution xerograph§. These disk-like molecules are the columns.
stacked, with only short-range positional order, into columns |t js well knowrf that deuterium NMR spectroscopy can
which are arranged on a two-dimensional lattice, typicallyprovide detailed information on the orientational ordering
hexagonal(Figure 1. The fluctuations in columnar orders and dynamics in mesophases of liquid crystals. In particular,
are sufficient to suppress inhomogeneously distributed strugne can rely on theoretical models to extract relevant mo-
tural traps and give rise instead to a uniform "liquid-like” tional parameters from deuteron spin-lattice relaxation times.
dynamic disorder. A consequence of this is that the indi-The small-step rotational diffusion mo8éf has been suc-
vidual molecular columns can transport electronic chargeessfully used in liquid crystals to describe symmetric-top
with well defined Gaussian transﬁ‘s?’Charge carrier moE)illi— molecules reorienting in a potential of mean torque set up by
ties along the columng, can be as high as 16 ¢ V their neighbors. Deuterated HATmolecules have been
s ! and are typically 18 quicker than in the perpendicular gydied using proton and deuteron NMR by Luz and
direction? In HATG, 4, is about 10* cn? V™!s * and the  cq.worker&1-1more than 10 years ago. To expiirthe
intra- and inter-columnar distances atg=3.5 A and spectral densities of aromatic deuterons in HAT6, the Nordio
d =195 A, so that US'”Q“:eDtt/kBT w%6calculate the  modef was used and rotational diffusion constants for the
translational diffusion constant®,=5x10 cnf/s and  HAT6 molecule were derived. The quadrupolar splittings of
D} =5x10"° cnf/s for ionic diffusivity. The Iat'Ee7r IS WO the chain deuterons were modefedsing the so-called ad-
orders of magnitude smaller than the value B /S jitive potential (AP) method which was pioneered by
measured by NMRfor the molecular self-diffusion constant Marceljd® and extended subsequently by Emsley, Luckhurst,
perpendicular to the columnar axis. Thus, the charge carriebng siockley” This earlier attempt for the homologous se-
a positive hole, is carried from column-to-column by the jjes HATH unfortunately contained numerical errors and the
good fits were therefore fortuitive. In the present study, the
dAuthor to whom correspondence should be addressed. quadrupolar splittings are used to obfathe order param-
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dihedral angles =0, =112°). Thesep angles correspond

to thetrans (t) and two symmetriggauche(g™) states. The
gauchestates have higher energy in comparison to that of the
trans by an amoun€g,y. The potential energy(j,(2) of a
molecule in a conformation and a particular orientatiof)

with respect to the director is given by

U(J,Q)=Uin(j) +Uexd],Q), @

where the potential of mean torqué.,j,(}) originates
from the molecular field of its neighbors, amdl(j), the
internal energy, is assumed to depend on the numigy (
and not the location of thgauchelinkages in the chain, as
well asNg. 4+, the number ofy"g~ or g~g" linkages in

M

R = OC_H .
e the chain
FIG. 1. Hexakign-hexyloxytriphenylene(HAT6) shown with coordinate o
systems used in the text, and a schematic view of its colurbhame- Uim(J)_ NgEt9+ NgigiEgi g+ )

sophase. Theseg™g™ or g g* linkages have higher internal energy

Eg+g+ because they bring parts of the chain near to one
another, the so-called “pentane effect.” The potential of
mean torque depends on the polar angles of the director in a
H‘lolecular frame that is attached to a particular rigid segment
sion equation. The decoupled moffeks used to deal with of the molecule. In_ t_he A.P method, it is assumeq t_hat the
molecule can be divided into a small number of rigid seg-

the dynamics of internal bond rotations. In this model, inter- ) . . : -
ments. Each segment is associated with an interaction tensor

nal rotations in a flexible chain are assumed to obey a mast g . . .
: . . iﬁat is independent of the conformation. The total interaction
equation and are decoupled from the overall reorientation o

. . tensor of a particular conformer is calculated by transforming
the molecule. A realistic geometry is used for HAT6 to gen- . . .
. . . . . the tensors from their segmental axis systems into a common
erate all possible conformations in one of the chains usin

the Flory model® Since the O—¢ bond is taket? to be on System and then adding them together to gilg(j,(2).

. .__The location of this common molecular frame is not critical,
the plane of the aromatic core, there are 243 conformaﬂongnd a convenient choice is a frame set on the aromatic core
in the chain. The transition rate matrix R, which describes

. ) S : of the molecule.
conformational changes in the chain, is a 24313 matrix In a deuterium NMR experiment. one obtains auadrupo-
and contains jump constatis,, k,, andk; for the one-, b ' 9 P

two- and three-bond motions in the chain. We use a globalfa.r s.pllttmgs for the methylene deutefsn(#=0) at theith

target approacfl to analyze all the spectral density data ats'te'

different temperatures and frequencies in the same fitting 3 0 i

procedure. This has been found to give reliable target model AVi:E%DF’z(C‘JS@)En: PnSbh

parameters in calamitic liquid crystals. The paper is orga- 3
nized as follows. A theory section outlines the required for-
mulae used to analyze the quadrupolar splittings and spectral
density data. This is followed by an experimental section on . ) .
the synthesis of deuterated HAT6 samples and on the NMphere q&h=(e*qQrh); is the quadrupolar coupling con-

method. The last section is on results and discussion. ~ Stant,Py(x)=(3x*~1)/2,© is the angle between the direc-
tor and the external magnetic field, aS@}) is a weighted

average of the segmental order param&fgrfor the G—2H

bond of the molecule with conformation. Now p,,, the
The constituent molecules of liquid crystake.g., Pprobability of finding the molecule with conformationin a

MBBA, HAT6) usually contain an aromatic core and one ormesophase, is given by

more flexible side chains. NMR studfesf order parameter 1

profiles in these molecules have revealed that the ordering of pnzzexp:— Uint(n)/kgT]Qn, (4)

their rigid segments varies with respect to each other and

with temperature. The AP method of getting a potential ofwhereQ,,, the orientational partition function of conforma-

mean torque for flexible molecules is outlined first. tion n, is

Marcelja® was the first to explicitly consider the alkyl chain

in calculating physical properties of liquid crystals. The ro- Q”:f exf —Uex(n,Q)/KsT]1dQ (5)

tational isomeric state modélis used to determine all of the

allowed conformations. Each molecular conformer is asandz, the conformation-orientational partition function, is

sumed as a perfectly rigid entity. In this model, the bond

lengths are taken t(_) be flxed._ Rotation about each carbon-— Z:z ext — U, (n)/ksT]Q, . (6)

carbon(C-0O bond in the chain may take one of the three n

eters (P,) and (S—S,,) for an “average” conformer.
These in turn determine at each temperature the orientin
potential @,g,a,,) % needed for solving the rotational diffu-

3 (i) (i)
=§qCDP2(cos)SC ,

THEORY
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In writing down Eq.(3), one sets the principal axis frame 10 0
(a,b,c) for the quadrupolar interaction with theaxis in the N
direction of the G-2H bond. For the aromatic deuterons Xeel 0 5 0 |,
(i=0), an value of 0.064 is assumed, and their splitting is 00 _1

2

given by
where X, and X, are the core and C-C interaction param-
Av0=§qE;OgP2(cos®)E on SBL? 2(32&?— 8250) _ eters, respectively. In a locél, 2, 3 frame where the 3 axis
is along the ¢-C;,; bond, the 1 axis is in the plane bisect-
(7) ing the HCH angle, and the 2 axis is chosen to complete a

] . ] right-handed Cartesian coordinate system, thét vector
Now the order parameter for a particular directionn the ;o given by

conformermn may be evaluated in the principal,{/,z) frame

of Ugxd(N,Q) a
VCD: b ’ (11)
o c
Sii=> s cog o, (8)
a Where b=sin(ZHCH/2), c=cos(.CCH), and

N =1—b%—c2. A common molecular frame is picked with
whereS, ,, the principal components of the order matrix for the z,, axis perpendicular to the core plateee Figure J,

the conformem, may be written as and thex,, axis on the plane bisecting two of the six pendent
1 chains. Here we construct the total interaction tensor for
Sh=x( \/§<d§ L£0S24)n—(d2 ) HAT®6 by explicitly considering two chains as shown. All the
2 y

O-C, bonds are on th&yyy plane. The G,—O bonds are
included in the core when writing down thénaﬁ); also in-

9 cluded are the remaining four pendent chains. Furthermore,
the conformations of the two chosen chains are assumed to
be identical and non-interacting. These drastic assumptions

S;‘Z=<d§’0>n, are necessary to make the problem tractable. The orientation

of the q-zH vector in this frame is given by ¥y,

(\/—<d £052)+(df ),

and 6"} denote angles for the €?H bond between the "
k(=a,b,c) axis and a principal axm( X,¥,z). The con- Vep=RmaRiz j-15Vep, (12)
structed interaction tensdfe,(n,{2) is first diagonalized to  \hereR, _, ; is a rotation matrix that transforms between the
obtain the the interaction tensor componeX§y andX3.,  jth local frame and thej 1)th local frame. Thev¥, for
for the conformem. In the principal frame, the aromatic deuteron can easily be found for one of the six
N deuterons in the core. To obtain the direction cosine in Eq.
Uexd(n, Q) = = [ X3 5 o 6) + 2X5 A5 A §)cos 4] (10) (8), it is necessary to get the;€2H vector in the principal

frame of the total interaction tensor,
and(d3 on and(d3 £0S2)), can easily be obtained.

To constructUext(j Q) for the conformerj, one needs VEDsz MV'\C"D, (13
to know the geometry of the chain. The CCC, CCH, and
HCH angles are assunmédo be 113.5°, 107.5°, and 113.6°,
respectively. For the alkyloxy chain, the O—C bond is taken
to be identical to a C—C bond. However, the COC afigle
and OCC angle are set at 126.4°, and the internal energies ¢" ,6’_6 ﬁ+ Ry 1)\nﬁRM 1+ R}, l)\nBRM 5 (14

andE grg+ are used due to the presence of the oxygen.
Suppose that the aromatic core has an interaction teﬁ@or
and each C-C segment has an interaction tel%fgr To
write down these interaction tensors, care is needed to dis- Mag= 2, Riz-"Ri_1j€ 4R Y "Ry 3 (15
. . .. . . =2
tinguish between calamitic and discotic mesogens. If these
local interaction tensors are assumed to have cylindricahnd Ry ; and Ry, ; are rotation matrices for the two chains
symmetry, then the interaction tens(éj‘) for the disk-shaped which transform between the first local frames to the mo-
core can be written as lecular frame. We use E@4) and Egs(8)—(10) to evaluate

Av; or S [Egs.(3) and(7)]. For flexible molecules whose

where the rotation matriR,, \, contains the eigenvectors;)
obtained in diagonalizing the total interaction tensﬁ)rﬁ for
"each conformer. Novey, ; is obtained by

where

-3 0 O0 p, and SZB are known, it is possible to find a single confor-
X 0 - mationally averaged ordering matrix in a common molecular
a T2 frame and then to find its diagonal elements for the “aver-
0o 0 1 aged” conformet’?*in a mesophase.

The Tarroni—Zannon{TZ) model? is briefly surveyed
and the interaction tenseﬁfg for the rodlike C—C segmentis in order to write down the spectral densiti&g(mw) due to
now given by the core dynamics of HAT6. To evaluate the orientational
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correlation functions for the molecular core, one needs tQar M frame. /\; andx{) are the eigenvalues and eigenvec-
find the conditional probability by solving the rotational dif- 55 from diagonalizing a symmetrized transition rate matrix

fusion equation R. The last term in the above equation is due to a cross-term
1 0P(Qe|Qt) . contribution between internal bond rotations and the molecu-
PR r— =T'P(Qq|O1), (16)  lar reorientation.

A Since HAT6 hasA y<0, the columnar axe&irectors
where the symmetrized diffusion operaloiis given by Eq.  are aligned perpendicular to the magnetic field. The mea-
(14) of Ref. 10. The rotational diffusion tensor in the mo- suredT;; andT;q give J;(®,90°) andJ,(2w,90°). These
lecular frame contains principal diffusion elementscan be calculated in terms ofl,(Mw,0°)=J,(Mw)
D,=D,, D,=D,, and D,=D,,. Now [ is written in (M=0.1.2) as follows:

terms of p=(D,+D,)/2, e=(Dy—D,)/(Dx+Dy), and _ 1 . _

n=D,/p. For HAT6, the asymmetry parameter for rota- J(l')calc(w,90°)=E[Jg)(w)JfJ(z')(w)], (20
tional diffusione is zero. Therefore, the TZ model reduces to

the Nordio modél (which hasD,=D,=D, , D,=D,, and (rcalc . 0 0

a,,=0). In general, the orientational correlation functions  J2 (20,90 ):g‘]o (2‘”)+§J1 (2w)

can be written as a sum of decaying exponentidls

1 .
g (O]
gr2nnn’(t):; ('Bann’)Kqu—(aann')Kt], (17) * 8J2 (200). (21)

. Substituting Eqs(18) and(19) into the above equations, the
)k /p, the decay constants, are the eigenvalues L :
measured spectral densities in our experiments can be calcu-

lated.

2
where (@,

and (Bzmnn,)K, the relative weights of the exponentials, are

the corresponding eigenvectors from diagonalizinglthma-
trix whose elements are formed using a Wigner basis set.
The solutions of the rotational diffusion equation involve EXPERIMENTAL METHOD
ranks () up to 40 in the basis set, since the order parameteé
(P,) of HAT®6 is rather high. In the above equation, the
projection indices if,n") in the molecular frame are equal
due to uniaxial symmetry of the HAT6 molecule.

We first consider spectral densities for the case wher
the director is along the magnetic field. The spectral densities Perdeuterated hexan-1-¢600 mg; 4.3 mmal 1 was
for the ring (Cy) deuterons of HAT6 arise from molecular added drop wise to a vigorously stirred solution of hydrobro-

ynthesis:
2,3-(dy3)Hexyloxy-6,7,10,11-tetrahexyloxytriphenylene

gerdeuterated 1-bromohexane 2

reorientations and are given by mic acid (2.49 g; 48% w/y and concentrated sulphuric acid
3772 (426 mg. The mixture was refluxed for 6 h, cooled and
IO (me)=—(a%)2> [d2(Bum.0)]> carefully poured onto watef50 ml). The aqueous mixture
n was extracted with diethyleth¢2x 50 ml), and washed con-
(B2 k(@) secutively with sodium hydrogen carbonate solui{s@ mi),
omanTKA Tmon’K (18  water(50 ml) and again sodium hydrogen carbonate solution
K (Ol%nn)ﬁﬂLmzwz (50 ml) the organic layer being dried over anhydrous mag-

where theBy o angle between the &H bond and the mo- nesium sulphate. Filtration, and solvent evaporation at RT
lecularzy, axis is taken to be 90°. In the decoupled model,yielded deuterated 1-bromo-hexaf@60 mg; 85% 2 as a
the spectral densitie{)(mw) of the G methylene deuter- dark brown liquid which was used in its crude state for the
on(s) are given b§ next step.

: 37 NN .
ID(Me) = —— (qi))2 d2. (g
m (M) 2 (dco zn: 12'1 |Z’1 no(Bw.Q) 1,2-Dihexyloxy-4-iodobenzene 3

X exH — inaf\i.)'Q]Xfl)Xf”Iz Iodine' monochlqride{GO 0 was slowly added to a vig-
' orously stirred solution of 1,2-dihexyloxy benze(i#2.5 g;
(,Brznnn)K[(arznnn)K+|/\j|] 0.216 mo} in chloroform (200 m) at 0 °C. After stirring at
= [(a%nr;)K+|/\j|]2+m2w2 room temperature fol h the solution was decanted and

washed with aqueous sodium metabisulfite. Evaporation of
- the organic layer produced a crude product which was dis-
+ ——(qLp) 28mo( P2)? tiled under reduced pressure to give 1,2-dihexyloxy-4-
2 iodobenzene (69.1 g, 79% as a dark brown oi(bp 240—
N N 260 °C at 40 mmHp®* 'H NMR (CDCl) 6: 7.09 (s, 1H,
X2 12 A BXX NN (19 ArH), 7.05(d, 1H, J= 8.5 Hz, ArH), 6.50(d, 1H, J=8.5 Hz,
=1 1=1 ArH), 3.97 (t, 4H, J=7 Hz, OCH), 1.81(m, 4H, J=7 Hz,
whereN=243,q{}, =165 kHz, 8(}', andaf;, are the polar OCH,CH,), 1.33-1.49m, 12H, CH). 0.97(t, 6H, J=7 Hz,
angles of the G-?H bond of the conformer in the molecu- CHy).



4328 J. Chem. Phys., Vol. 108, No. 10, 8 March 1998 Shen et al.

3,3 ,4,4' -Tetrahexyloxybiphenyl 4

1,2-Dihexyloxy-4-iodobenzenél6 g; 0.04 mol 3 was
intimately mixed with copper powd€B0 g) and heated care-
fully to 270 °C where an exothermic reaction took place
causing the temperature to rise to 310 °C. After cooling the

90y 6754545, 4

mixture was extracted with dichlorometha(8x 50 mi), fil-

tered through celite, the solvent was evaporated and the resi- =27 —=2t —kt

due crystallized from ethanol(50 ml) to give
3,3 ,4,4 -tetrahexyloxybiphenyk5.5 g, 50% 4 as a white
crystalline solidmp 68—70 °G.°*H NMR (CDCl;) §: 7.13
(m, 4H, ArH), 6.90(d, 2H, 39 Hz, ArH), 3.97(t, 8H, J=7
Hz, OCH,), 1.81m, 8H, 37 Hz, OCHCH,), 1.33—-1.49m,
24H, CHy), 0.97(t, 12H, =7 Hz, CH;).

1,2-Di(d5-hexyloxy)benzene 5
Perdeuterated hexylbromi@®60 mg; 3.39 mmogI2, cat-

echol (170 mg; 1.54 mmol6 and anhydrous potassium car-

bonate(500 mg were stirred in refluxing ethan¢20 ml) for

72 h. On completion, the mixture was decanted onto wate

(20 ml), extracted with dichloromethar(@x 20 ml) and the
solvent evaporated to give 1,2(dj;-hexyloxybenzene5
(313 mg; 67% as a clear colorless liquidH NMR (CDCl;)

5. 6.88(s, 4H, ArH).

2,3-Di(d ;3-hexyloxy)-6,7,10,11-
tetrahexyloxytriphenylene 7

Anhydrous iron(lll) chloride (680 mg was added to a
vigorously stirred solution of 1,2-@l;s-hexyloxybenzene
(313 mg; 1.03 mmol5 and 3,3,4,4-tetrahexyloxybiphenyl
(560 mg; 1.02 mmol 4 in dry dichloromethang25 ml).
After 1 h the mixture was poured onto metharfdD ml)

A

5
%
AquT
f
t 5T,

e T
10000 0

R T T
20000 -10000 —20000 Hz

FIG. 2. A typical deuteron NMR spectrum of chain-deuterated HAfR@

peak assignments are labeled by carbon numbers in the) erarthe modi-
fied broadband Jeener-Broekaert pulse sequence.

NMR

We determined the discotic-isotropic transition tempera-
ture T, of our samples by means of NMR signals. The chain-
deuterated sample exhibitedTa=99.4 °C, while the ring-
deuterated sample &.=100.4 °C. When comparing the
NMR data of these samples, we scaled the temperatures to
give a commonT, of 99.9 °C. TheT,; and T,4 of the
methylene and ring deuterons were measured as a function of
temperature at two Larmor frequencies. The HAT6 molecule

and the resultant precipitate filtered-off. The crude residudS Schematically shown in Figure 1 and the peak assignments

was purified by column chromatograpfsilica, light petro-
leum: dichloromethane (1:1)] to give 2,3-did
13-hexyloxy)-6,7,10,11-tetrahexyloxytriphenylené26 mg;
60%) 7 as a white solid(K 69 °C D 99 °C ).2% (Lit K-D 68
°C, D-199 °0). 'H NMR (CDCl) &: 7.83(s, 6H, ArH), 4.23
(t, 8H, OCH), 1.94 (m, 8H, OCHCH,), 1.41-1.56(m,
24H, CH,), 0.93(t, 12H, CH).

Ring deuterated HAT6

2,3,6,7,10,11-Hexahexyloxy-1,4,5,8,9,12-
hexadeuterotriphenylene

2,3,6,7,10,11-Hexahexyloxytriphenyléhe (1 g; 1.2
mmol) and deuterated trifluoroacetic acid.1 m) were
stirred in deuterated chlorofornfl0 ml) for 72 h. On

for the chain-deuterated sample are shown on the represen-
tative spectrum in Figure 2. A home-built superheterodyne
coherent pulse NMR spectrometer was operated for deuter-
ons at 15.1 MHz using a varian 15 in electromagnet and at
46.05 MHz using a 7.1 Tesla Oxford superconducting mag-
net. The sample was placed in a NMR probe whose tempera-
ture was regulated either by an external oil bath circulator or
by air flow with a Bruker BST-1000 controller. The tempera-
ture gradient across the sample was estimated to be better
than 0.3 °C. Ther/2 pulse width of about 3.8s was pro-
duced by a ENI power amplifier. Pulse control and signal
collection were performed by a General Electric 1280 com-
puter. Fourier transformation and data processing were com-
pleted by Spectral Calc and Micro Origin softwares on a
IBM-PC computer. Broadband Jeener-Broekdé+B) exci-
tation sequencéFigure 2 was used to simultaneously mea-

completion the mixture was poured carefully onto deuteratedureT,; andT,o. The data manipulation has been detailed
methanol(20 ml), cooled to 0 °C and the resulting precipi- elsewheré® The pulse sequence was modified using an ad-
tate filtered off to give 2,3,6,7,10,11-hexahexyloxy- ditional monitoringw/4 pulse to minimize any long-term in-

1,4,5,8,9,12-hexadeuterotriphenylet¥0 mg; 75% as an
off-white solid. (K 69.5°C D 99.7 °C ). (Lit K-D 68 °C,
D-199°C). [M* (833]. H NMR (CDCl,) &: 7.83(s, 1.5H,
ArH), 4.23 (t, 12H, J7 Hz, OCH), 1.94 (m, 12H,
OCH,CH,), 1.41-1.56(m, 36H, CH), 0.93(t, 18H, J=7
Hz, CHy).

stability of the spectrometer. This pulse was phase-cycled to
have a net effect of subtracting the equilibrium magnetiza-
tion (M,) signal from the J-B sequence. Signal collection
was started 1Qus after each monitoringr/4 pulse, and av-
eraged over 1024-4096 scans at 46 MHz and 2048-8192
scans at 15.1 MHz depending on the signal strengths of the
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FIG. 3. Plots of segmental order parameters as a function of temperature in ) ) ) )
the columnar phase of HAT6. Square denotes the aromatic sites, open afidG. 4. Plot of experimental Zeeman spin-lattice relaxation rates versus the
closed circles denote ;Cand G, respectively, while open and closed tri- temperature in the columnar phase of HAT&.and (b) are for data at 15.1

angles denote C , and G, respectively. The solid curves are the theoretical and 46 MHz, respectively. Circle denotes the aromatic sites, open and
predictions using the additive potential method. closed triangles denote,Cand G, respectively, while open and closed
squares denotesC, and G, respectively. The dashed lines are drawn to aid

the eyes.
various resolvable peaks. For the spectrum with very small
guadrupolar splittings, a larger value of pulse interval\,\_)mtS were obtained by UsinBy,=3.7 k/mol,E[,=1.9 k/
(=10 ws) was required to maximize the quadrupolar ool andE...-=E'. =10 ng/moI TheE, gvalue is
der, comparing.to Fhe typical value of5u ). De;pite using losed to t?]ég:/alug_uged in the calamitic gquuid crystal
broadb.and exmtaﬂoq of quadrupolar order.,.dlffe.rent sets 0 OCBZ but it is not clear why theE{g should be smalier
relaxation delays with appropriate repetition times Werepon that used in 60CB. An optimization routifie

used. This was due to a large spread in the magnitude of t%MOEBA) was used to minimize the sum squared effror
relaxation times for various deuterong;; and T,o were in fitting the splittings

derived from a least-squares fit of the susft), and differ-
ence,D(t), of the component areas of the quadrupolar dou- i i
ence.b P duadrup =3 (sthl-Ists™e? 22

S(t)cexp( —t/Ty1z), where the sum over includes G to C; and aromatic deu-
D(t)xexp —t/T1q). '_[It_egons. Thef values are of the order of 16 (see Tgblg)l. .
e calculated segmental order parameters are indicated in
The subtraction of theM.. signal in the pulse sequence Figure 3 as solid lines. Note thatv; and Av, were aver-
meant that the above simple exponential equations could be
used. The experimental uncertainty in these spin-lattice re-

laxation times was estimated to be5%. The quadrupolar R T

splittings of the aromatic site deuterons and chain deuterons 1000 o >*" ® i F E

were determined from NMR spectra obtained by Fourier © It ®)

transforming the free induction decd¥ID) signal after a o~ . vus | :***»*,\ 1

/2 pulse, and had an experimental error of better than "o | Fm T

+1%. As seen in Figure 2, the doublet splittings fromp C ~ -

and G sites are not resolved. Thus the spin-lattice relaxation [ ¥oa g 1 Fowevone.. ]

times at these sites cannot be measured separately. — Py EW,,LFﬁ ]

oo

RESULTS AND DISCUSSION 'Bﬁﬂgewﬂ"”“ 1
Figure 3 shows the experimentafl), versus the tem- TS Lk B 2 1

perature. The temperature dependencies of the measured re- f ¥ " 1 ,r-"’.‘ ]

laxation ratesT ;- andTl_Q1 are summarized in Figures 4 and 370 360 350 340 330 37o£;éo 350 340 330

5. The relaxation rates measured at 46 MHz are similar to T (K)

those reported in the literatuté except our values for the
aromatic deuterons are slightly lower and the values for theiG. 5. Plot of experimental quadrupolar spin-lattice relaxation rates versus
C, deuterons show slightly different temperature behaviorsthe temperature in the columnar phase of HAT#.and (b) are for data at

In fitting the segmental order profiles we had inputted vari-15'1 and 46 MHz, respectively. Circle denotes the aromatic sites, open and
! closed triangles denote,Cand G, respectively, while open and closed

! !
ous values OEtg J Etg J Eg:gi ) and_Egrg: . We found that squares denotesC, and G, respectively. The dashed lines are drawn to aid
the calculated\ v; and Av, were different and the best re- the eyes.



4330 J. Chem. Phys., Vol. 108, No. 10, 8 March 1998 Shen et al.

TABLE I. Model parameters derived from the analysis of quadrupolar splittings at different temperatures in the
columnar phase of HAT6. The interaction parametéfsand X, are in units of kJ/mola,q,a,, are dimen-
sionless second rank coefficients in the orienting potential which is used in the rotational diffusion equation.

T(K) Xa ch <P2> <Sxx7 Syy> Ay 102a22 lO?’f
364.9 17.3 0.145 0.848 0.00101 -7.0 —10.5 1.5
362.1 17.9 0.136 0.855 0.00087 -7.3 —10.0 15
359.2 18.5 0.124 0.862 0.00073 —-7.6 -9.3 1.4
355.4 194 0.111 0.869 0.00059 -8.1 —-8.4 1.4
351.6 20.4 0.098 0.878 0.00046 —8.6 -7.5 1.3
347.8 21.2 0.085 0.884 0.00037 -9.0 —6.6 1.3
344.0 222 0.072 0.890 0.00028 -95 —-5.7 1.2
340.2 23.1 0.058 0.896 0.00021 —10.0 —-4.7 1.2
336.4 241 0.050 0.902 0.00016 —10.6 —4.1 1.1

aged for comparison with the experimental values. We summatic site (=0) and decrease monotonically along the chain
marize in Table | some of the derived parameterstothe methyl group. At 336.4 K and 46 MH%;(2w,90°) of
Xa:Xce (P2).(Six—Syy) 820 and a,. As seen in Table I, Gy is slightly less than that of £ We model the spectral
(Sxx—Syy) is vanishingly small indicating that the HAT6 densities by using Eq$18)—(21). In particular, we take ad-
molecule is essentially a uniaxial molecule. vantage of the fact that the target parameters of the model
The relations between the relaxation raf@seasured vary smoothly with temperature by simultaneously analyzing
with the director at 90° with the field directiprand the data at all temperatures. From individual target analyses
spectral densities as given by the general relaxation theorgnalyze the data at each temperaiuvee found that the ro-

are tational diffusion constants and the jump constlpntobey
TIQl=3J1(w,90°), 23 simple Arrhenius-type relations, giving
T17=31(0,90°) +4J5(2w,90°). (24) D, =Dlexf - E,/RT], (25)
From the results of Figures 4—5 and the above equations, the Dy= Dﬁ’exp[ - EL/RT]’ (26)
spectral densities of the aromatic and aliphatic deuterons ko=Kdex] — E';Z/RT]. 27)

could be determined. These are summarized in Figures 6 and

7. To show the site dependence of spectral densities, we pl&f Egs.(25—(27), the global parameters are pre-exponentials
them in Figure 8 for two different temperatures. TheD}, D}, k3, and their corresponding activation energies
J1(©,90°) andJ,(2w,90°) are in general largest at the aro- E5, Ej, Egz. For convenience, the diffusion and jump rate
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FIG. 6. Plots of experimentdbymbols and calculatedlines) spectral den-  FIG. 7. Plots of experimentdbsymbols and calculatedlines) spectral den-
sities of HAT6.(a) and (b) are for data obtained at 15.1 and 46 MHz. The sities of HAT6.(a) and(b) are for data obtained at 15.1 and 46 MHz. The
closed symbols denotel;(w(,90°), while the open symbols denote closed symbols denotd,(wy,90°), while the open symbols denote
J,(2w,90°). The triangles represent data fog, @vhile the squares and J,(2w(,90°). The circles represent data for,@vhile the squares represent
circles represent data at the aromatic sites agpd&Spectively. data at G_,.
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FIG. 9. Plots of(a) rotational diffusion constants aril) jump constants as
a function of the reciprocal temperature. Solid lines defibten (a) andk,
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Carbon number
FIG. 8. Plots of spectral densities as a function of carbon positidmat Agdain the calculated spectral densities fog énd G are
351.6 K and(b) 336.4 K. Circle denotes,; (w,,90°), and square denotes the quite different. However, we have averaged the calculated
correspondingl,(2w0,90°). Open and closed symbols denote data at 15.1spectral densities at these two sites in our minimization. Be-
and 46 MHz, respectively. The dashed_and solid lines denote theoretice&ause the ring);(w,90°) is larger than all the other spectral
predictions at 15.1 and 46 MHz, respectively. densities, we have adopted the strategy to first minimize the
sum squared errdi.e., Q). As the global fit appeared to be
. insensitive to theE, value, we have chosen to derive nine
pre-exponentials are n.ot u;ed as global para_mefcers. R":rmﬁ’lrobal parameters from a total of 432 spectral densities with
E.qs.(25)—(27) are r'ewntten n terms of the actlv’anor} ENer- several inpu€, values. There was hardly any change in the
gies and the diffusion and jump co_nstaﬁl§ » Dy, k_2 at Q value when varyings; between 10 and 30 kJ/mol. Thus
Tmax=364.9 K. W_hen such _a_rela_tlon dqes not_ exist for 4ye have chosen the vallig; =30 kJ/mol, simply because it
target parameter likk; or ks, it is still possible to introduce was slightly larger than the deriveEﬂ; of 22.0+ 0.6 ka/mol.
an interpolating relation linking its values at various tem- By minimizing Q, a better fit of the ring data was achieved.
peratures. Ak, and k3. are weak_ly temperature dependent, We then used tk,1e derived motional parameters for the mo-
we model them by a linear relation: lecular reorientation, and minimizdg using only the meth-
ki=k{ —ki'(T—Tmnav, (28)  ylene data to get the jump constants. We summarize the ro-
"o . tational diffusion constants in Figure 9a. It is interesting to
Where the glqbal parametek$, e’md ki ,(' =lor 3).are OPt note from this figure that the rotatgiJonaI diffusion cons@@tg
mized. /The Idlffu/smn constanﬁal_, Dy aﬁd the jump con- s larger tharD, in the entire columnar phase of HAT6. This
sFantskl, Kz, ks at .Tmax were first obtained from an -|nd|- is quite different from calamitic liquid crystals in which the
vu_ju.alltar_get anaIyS|s. Again AMOEBA was used in Ourspinning motion is much faster than the tumbling motion.
minimization to fit th? s_pectral density data. The SUMThe jump constank; is essentially independent of the tem-
squared percent erré is given by perature k;=5x10'"s™1) and describes the fast one-bond
Jieale mey 90°) — J0 (mw, 90°) motion of the last C—C bond in the chain. Thgandk; are
F=> > > > 5 given as a function of temperature in Figure 9b. As seen in
koo dom Jm (Mw,90°) the figure,k; decreases very slightly with decreasing tem-
2 perature. Although jump constants have been obtained in
x100| , (29)  several calamitic liquid crystafit is difficult at present to
make comparison among them or with those obtained here.
The activation energy for the two-bond motionl:‘l§2=83.6
kJ/mole. Its error limits range between 39 kJ/n(@r 13%
increase irF) to 88.7 kJ/mol. The error limit for a particular
global parameter was estimated by varying the one under
consideration while keeping all other global parameters iden-
33,22 [0 me,90°) — 1) (mw,90°) ]2 tical to those used for the minimui (or ?), to give an
= o) 12 approximate doubling in th€ value (e.g.,E;) or in theF
222 [ dy (Mw,90°) ¢ value(e.g.,k; ,Ezz). When the target parameter becomes in-
X 100. (30 sensitive in the calculation, a lower % increaseRnwas

k

where the sum ovek is for nine temperaturesy for two
frequencies, for five methylene deuterongand aromatic
deuterons and m=1 or 2. The fitting quality factoQ is
given by the percent mean-squared deviation
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used. Now the pre-exponentials in Eq&5—(27) are Finlay are gratefully acknowledged. We also acknowledge
D=7.05x10"° s !, D9=3.17x10"s™!, and kJ=1.1 the Engineering and Physical Sciences Research Council of
X10°° s™1. The uncertainty iD} is 5.6-8.5<10'°s * and  Great Britain for the award of research studentships to A.W.
in DY is between 5 10''s™! and 1.1x10"*s™%. We note  and P.S.M., and Dr. B. Movaghar for helpful discussion on
that at the lowD?] limit, the D;/D, ratio is about 2. The  the mechanism of charge transport in discotic liquid crystals.
error limits for k; are between 1:810°*s™* and 1X10°® Ry D also acknowledges a travel grant from the Associa-

71 . . r_ 7 71
S (tor 13% Increase irF). At Trax, k,1_5'0>< 10'"s tion of Universities and Colleges of Canada.
andk3;=9.19x 10'2s™1. The error bar fokj ranges between

4.25x102s7! to 2.4x10*s™ 1. While any largerk; value
does not affect the fit, its lower limit is found to be<20'2
s~ 1. Finally, the calculated spectral densities for HAT® (

= 0, I 1 i i -
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