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MODELING INTERNAL CHAIN DYNAMICS IN NEMATOGENS OF 
DIFFERENT CHAIN LENGTHS: DEUTERON NMR STUDY 

RONALD Y .  DONGt,’ and G. M. Ricliardst 
tDepartnient of Physics and Astronomy, Brandon University, Brandon, 
Manitoba R7A 6A9 
*Physics Department, University of Manitoba, Winnipeg, Manitoba R3T 
2N2 

Abstract Aligned liquid crystals with deuterated chains show well- 
resolved deuterium NMR spectra. The site specificity of these quadrupolar 
doublet signals allows iiieasiirenients of both static and dynaniic observ- 
ables, which can provide inforination 011 the rotation dynamics within the 
flexible elid chain. We use a realistic geonietry ant1 the rotational isomeric 
model of Flory to generate all possible configura.tions and a set of C-D bond 
orientations in the chain. A master rate equation is used to describe transi- 
tions among all allowed configurations of the chain. In this paper, we report 
on inotional parameters derived froin quantitative fittings of quadrupolar 
splitting and spectral density data in three different neniatogens of various 
chain lengths. The deuterated samples are p-metlioxy-d~-benzyliclene-dl-p- 
n-butyl-dg-aniline (10.4-d13), 4-1i-~~e1ityl-d~~-4’-cyanol,iphenyl-d~ (5CB-dl5) 
and 4-n-hexyloxy-cl~~-4’-cyanol~iplienyl-d~ (GOCB-cl21). 

INTRODUCTION 

The Southampton group’v2 was first to use deuterium spin relaxation techniques 

to study 4-n-pentyl-d~~-4’-cyanobiplienyl-d4 (5CB-d15) and was able to exainine in 

detail the internal and overall motions of this riematogen. Recently, many workers3 

have chosen this approach to study inolecular dynamics of liquid crystals. The ad- 

vantages are 1. the deuterium NMR spectra show well-resolved quadrupolar dou- 

blets associated with the various atomic sites in the niolectile and 2. multi-pulse 

NMR techniques may be applied to give a direct measure of spectral densities 

at these sites. The 5CB molecule has a flexible pentyl chain. Beclmiann et a1.2 

used a superimposed rotations model in which diffusive rotations about various 
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340/[ 16281 R.Y. DONG AND G.M. RICHARDS 

carbon-carbon (C-C) bonds in tlie chain were assumed to be independent of each 

other and could be superimposed onto the overall motion of tlie molecule. Later 

concerted internal rotations in tlie pentyl chain were tackled by us4 and Ferrarini 

et aL5 using the master equation method. The approach6 used for concerted in- 

ternal dynamics of macromolecules dissolved in solutions was extended to liquid 

crystals4. It represented a time-domain extension of the rotational isomeric state 

(RXS) model of Flory'. For simplicity, our model assumed that internal rotations 

can be decoupled from tlie overall reorientation of tlie molecule and that a diamond 

(tetrahedral) lattice can be used to describe conformations of tlie C-C backbone in 

the chain. This decouplecl inodel was applied to 5CB4!578 with the equilibrium pro,- 

abilities for various conformations calculated according to the nematic mean-field 

potential. The overall motion of tlie molecule has been described by a small-step 

rotational diffusion model proposed 11y Nordio et al.'9''. Since tlie diamond lat- 

tice was found to fail in modeling the quadrupolar splittings in liquid crystals"J*, 

we have adopted a realistic geometry instead of tlie diainond lattice in our re- 

cent studies of p-~iietlioxy-d~-be~izylicle~ie-cl~-p-~i-l~utyl-c~~-a~iili~ie ( 10.4-d13)13 and 

4-n-hexyloxy-d~~-4'-cyanol1iphenyl-d~ ( ~ O C B - C I ~ ~ ) ' ~  using tlie decoupled model. 

In this paper, we present new experimental data for 5CB-cl15 at 46 MHz, but 

note that limited data at this frequency were given' before. We use here the same 

refinement as in 10.4 and 6OCB to fit the experimental and calculated spectral 

densities of 5CB. For 10.4 and 5CB, we also examine the applicability of the 'third 

rate' and compare it with Nordio's model. Vl'e note that the third rate 

model has been found to be superior in describing spin relaxation clue to the overall 

motion in 1O.4I3 and in 4-n-~~e1ityloxybe1izylicle1ie-4'-lieptyla1iili1ie (50.7)16. As in 

previous studies2~8, the contribution from director f l u c t u a t i ~ n s * ~ J ~  is assumed to be 

small for deuterium spin relaxation in the MHz region and can be neglected. Thus 

far, we found only 50.716 in which this assumption is unwarranted in the MHz 

region. In tlie following section, a brief description of the experilnental method 

is given. The next section presents interpretation of the results. A computer 

program' is used to separately fit the quadrupolar splittings and sllectral deiisities 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
04

 1
8 

Fe
br

ua
ry

 2
01

3 



MODELING INTERNAL CHAIN DYNAMICS [ 1629]/34 I 

by using a miiiimizatioii routine AMOEBA". The last section contains a brief 

summary and coiiclusioiis of this work. 

EXPERIMENTAL 

The 10.4-d13, 5CB-d15 and GOCB-C~~~  samples were purchased from Merck, Sharp 

and Dolime Canada and used without further purification. The sample temper- 

ature of 5CB was calibrated using the reported quachipolar splittings" of tlie 

Southampton group who used a clearing temperature (T,) of 35.3"C. The 60CB- 

dzl sample has a T, of 75"C, wliile the 10.4-d13 has a T, of 39.5"C. Broadband 

Jeener-Broekaert (J-B) sequence or the siniple J-B sequence with the appropriate 

phase-cy cling of radiofrequency and receiver phases3 was used to simultaneously 

measure tlie Zeeman (Tlz) and quachipolar ( T ~ Q )  spin-lat tice relaxation times. 

Signal collection was started ca. 10 11s after each monitoring n/4 pulse. For SCB, 

signal was averaged up to 1600 scans at 15.3 MHz and over 32-06 scans at 46 MHz. 

Tlie experiiiiexital setup and procedures for data reduction have been described 

e l~ewl i e re '~*~~ .  Tlie experimental uncertainty in the spin-lat tice relaxation times 

was estimated to be &5% or Letter. Since the Tlz and T ~ Q  are given3 for spin I=l 

by the standard spin relaxation theory 

they can be used to separate tlie two spectral densities of motion J l (wo)  and J2(2w0) 

at the Lariiior frequency w0/2x  and twice the Lariiior frequency, respectively. 

RESULTS AND INTERPRETATION 

The spectral densities of 5CB-cl15 at 15.3 and 46 MHz are presented as a function 

of teinperature in figure 1. The spectral density data of 10.4-cI13 and 60CB- 

dZl and the theory of the decoupled model with modifications to account for a 

realistic geometry in tlie cliaiii have been describecl elsewhere'"J4. Expressions 

of spectral densities will only be given here to aid the discussion. The reader 
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FIGURE 1 Plots of spectral dtansities v e r s ~ s  T, - T in 5CB-dl5. Open 
and closed symbols tleiiote 15.3 MHz ant1 46 MHz data, respectively. 0 and 
A cleiiote ~ l ( " ( w )  anc~ ~ $ ~ ) ( i ) ( 2 w ) ,  wliile o and v denote ~ l ( ' ) ( w )  and ~ ? ' ( 2 w > ,  
respectively. (a) i = ring a id  j = Cp, (1,) i = C1 arid j = C d ,  aiid (c) i = 
C3 and j = Cs. Solid aiid tlrtslietl CII I 'V~S a.rr tlicwreticd predictions based on 
Nortlio's motlcl for 15.3 ant1 4G MHz, respectively. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
04

 1
8 

Fe
br

ua
ry

 2
01

3 



MODELING INTERNAL CHAIN DYNAMICS [ 163 1]/343 

is therefore asked to refer to our previous papers for detail. In all nematogens, 

we model the experimental data in a self consistent manner by first fitting the 

quadrupolar splittings and using the derived interaction parameters ( X ,  for the 

core that includes the C,,-C1 or the C,,-0 bond and X,, for a C-C bond) and 

< P2 >, the order parameter of an 'average' conformer in subsequent fitting of the 

spectral densities. At each chosen temperature, we fit the quadrupolar splittings 

by minimizing the sum squared error f ,  

2 f = c [S$L(erpt) - S&(CClZC)] 
a 

and the spectral density data by minimizing the sum squared percentage error F ,  
2 

x 1001 (3) 
J ! l f ! ( 7 ~ ~ L 4 z p t  - J,(,i;(mLW)c,,c 

J 9 k L  (772LW),,pt 
F = C C X  [ 

w i mL 

The fitting quality factor Q in the spectral density calculations is given by the 

percentage mean-squared deviation 

2 
c w  c; ErnL [ J 3 7 7 1 L W ) , , p t  - J 2 ~ ( 7 7 z L w ) c , , c ]  

c, c; c,,, [At! ( 7 n L W ) e , p l ]  
Q =  2 x 100 (4) 

The realistic geometry for the alkyl(oxy) chain was given" by LCCH = 107.5", 

LHCH = 113.6", fCCC = 113.5" and the dihedral angles 4 = 0, f 112" for the 

three RIS. The quadrupolar coupling constant ( q c ~ )  was taken as 168 lcHz for the 

methylene deuterons, and 185 kHz for the niethine and ring deuterons. The C,,.- 

C1 or C,,-O bond was taken to be along the biphenyl para axis and the ring C-D 

bond made an angle of 60" with the para axis. We assumed the biphenyl core to 

be cylindrically symmetric4. In 60CB, we treated** the 0-C and C-0  bonds like 

a C-C bond, except the fCOC (= 126") and their lxmd lengths are different. In 

5CB and GOCB, the sum over i for f included only the data from the niethylene 

deuterons in the chain, while for F the ring data were also included in the sum, 

i.e. data from the methyl deuterons was not included in either minimization. Since 

10.4-d13 has a shorter chain and its results have been dis~ussec~'~,  a brief summary 

is given first. The analyses of 5CB data then follow. Limited success14 in fitting 
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the spectral density data of 6OCB-dzl was reported. Here we examine further the 

fitting of the available spectral densities over the entire nematic range of 60CB. 

p-Met hoxybenzylidene-p-n- butylaniline 

For the butyl chain of 10.4 ,  there are 27 configurations since the first dihedral angle 

in the chain (at the junction of the aniline ring) is allowed to sample three RIS. 

The allowed configurations are generated by the RIS model and the orientations 

of one set of chain C-D bonds in the molecular frame are obtained. The transition 

rate matrix - that describes conformational changes in the chain is a 27x27 matrix 

and contains jump rate constants kl, k2 and k3 for the one-, two- and three-bond 

motions in the chain. We found'3 that the overall motion of this nematogen can best 

be described by the third rate model. In this model, the rotational diffusion tensor 

of the molecule is chosen to be diagonal in the laboratory (director) frame with 

principal cliffusion constants D, and D p .  The D, describes diffusion of the molecule 

around the director, while Dp describes diffusion about an axis perpendicular to 

the director. The third rate constant in the model is D, which accounts for fast 

rotation of the molecule about its long molecular axis. With this division of the 

molecular motion, the rotational correlation times are15 

where ho = 0,hl  = D, and 112 = ( 3 p +  1)D, with 0 5 y 5 1 with p = 0 correspond- 

ing to strong collision and p = 1 to small step rotational cliffusion. The bk)lnM 

are defined below. To illustrate the model, we present in figure 2 the experimental 

and calculated spectral densities of 10.4-cI13 at two different temperatures. The 

derived motional parameters are given in table I. 

TABLE I: 
The diffusion constants and jump rates are in units of log s-'. 

Model parameters for 1 0 . 4  derived from the third rate model. 

T (10 Do DL3 D, 1 1  k2 k3 P Q  
291 0.014 0.027 1.7 1 . 1 ~ 1 0 ~  2 . 7 ~ 1 0  7 . 6 ~ 1 0 ~  0.40 0.4 % 
303 0.057 0.036 3.8 4 . 4 ~ 1 0 ~  2 . 4 ~ 1 0  1 . 6 ~ 1 0 ~  0.26 0.5 % 
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FIGURE 2 Plots of spectral densities versus the carbon number in 10.4 
at 291 (left) and 303K (right). Solid (15.3 MHz) and dashed (46 MHz) lines 
denote calculated spectral densities using the third rate model. Open and - 
closed symbols denote J l ( w )  and J2(2w), respectively. 
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FIGURE 3 Plot of spectral densities J l ( w ) ( A )  and J 4 2 w ) ( O )  in 5CB at 
298K. Open andclosed symbols denote data at 15.3 and 46 MHz, respectively. 
Solid and dashed lines are calculated from Nordio's model and the third rate 
model, respectively. 
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4-n-Pentyl-4’-cyanobiplienyl 

The number of configurations in the pentyl chain of 5CB is 81 since the first 

dihedral angle in the chain samples all three RIS. The - matrix is now 81 ~ 8 1 .  In 

the decoupled model, the spectral densities J ~ ~ ~ ( r n t w )  of the Ci deuteron(s) for 

m L  # 0 are given by 

where /3fi,,lQ and .$$IQ are the polar angles of the C;-D bond of the lth conformer in 

the molecular M frame (the ZM axis is along the ring para axis). 

represent, respectively, normalized relative weights and decay time constants in 

multi-exponentials of the correlation functions from which the spectral densities are 

obtained by Fourier transforming, and cnlLnrM are the mean squares of the Wigner 

rotation matrices. The a,  b and c coefficients depend on the order parameter < P2 > 
and are t a b ~ l a t e d ’ ~  for a Maier-Saupe potential. The rotational correlation times 

r$LmM are given in Nordio’s mode19~10 by 

and 

with Dil and Di being the rotational diffusion constants of an ‘average’ conformer 

about its ZM axis and about an axis noriiial to the ZM axis. A, and ~ ( ~ 1  are the 

eigenvalues and eigenvectors from diagonalizing a symmetrized - R.. 
Assuming free internal ring rotation about its para axis with a diffusion con- 

stant DR, the spectral densities for the ring deuterons are given by the superim- 

posed rotations model’ 
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where PM,R  is the angle between the ~ U T U  axis and the ZM axis, and the internal 

ring rotation is assumed to be in the strong collision limit. Since PM,R=O, it is hard 

to distinguish DR from Dll unless T:;,,,~ can be cletermined from deuterated sites 

beside the ring. When the third rate model is used, tlie spectral densities are still 

given by eqs. (6) ancl (8) except that the r:;,,,, are given by eq. (5). 

Both Nordio’s model and the third rate model were used to model the ex- 

perimental spectral densities from the ring deuterons and the deuterons attached 

to the first four carbons in the pentyl chain. We note that three model parame- 

ters ( D a ,  Dp and Dy) are used to describe overall motion in the third rate model, 

while there are only two model parameters (Dl and Dll) in Nordio’s model. The 

parameters derived from the order parameter profile analysis were used in these 

calculations, namely PR,Q = 60”, Etg = 3.5 k.J/mol, Eyfg7 = 0 kJ/mo12’ and X,, 

A, and < P2 > as listed in table 11. Unlike 10.4,  both Nordio’s model and the third 

rate model yield similar fits to the experimental spectral densities. We found that 

for both models, good fits can be achieved by varying kl and k2 only and setting 

ks equal to 1OOkz. lig was not as well-defined as kl or l i 2  ancl this assumption gave 

only a slight increase in F .  

TABLE 11: Interaction parameters and order parameters of tlie ‘aver- 
age’ conformer derived from optimization of fits to experimental quadrupolar 
splittings of 5CB. A, = Xcc/X,. 

T (I<) X a  (kJ/mol) A, < > < S,, > - < S,, > 

276.3 5.807 0.1443 0.647 0.0047 
279.3 5.649 0.1460 0.632 0.0049 

283.3 5.442 0.1482 0.611 0.0051 

287.3 5.229 0.1505 0.5s9 0.0052 

291.3 4.999 0.152s 0.565 0.0054 

295.3 4.755 0.1550 0.535 0.0056 

299.3 4.45s 0.1574 0.505 0.0057 

303.3 4.035 0.1602 0.458 0.0059 

307.3 3.174 0.1644 0.362 0.005s 
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The results of Nordio’s model are presented first. The fit between experimen- 

tal and calculated spectral densities was good with F varying between 870 and 

2500; the best fits were in the middle of the temperature range due to smoothed 

lines being used for the data. These errors translate into Q values of 0.2 - 1% (see 

table 111), which compare favourably with our previously reporteda values using a 

diamond lattice for the chain (0.1-1.9%), especially when we consider that in the 

present study the interaction parameters were derived directly from the splittings 

and that relaxation data from both frequencies were modeled simultaneously. The 

calculated temperature dependences for the spectral densities based on Nordio’s 

model are given in figure 1. These plots show that the agreement between calcu- 

lated and experimental values was generally very good, as would be expected from 

the low F values. Those deviations that did occur are mostly within the bounds of 

experimental error as indicated by the error bars. The experimental and predicted 

site dependences of the spectral densities at 298K are shown in figure 3. On close 

examination of figures 1 and 3, several small systematic errors are evident. 

The temperature dependences of the three rotational diffusion constants are 

plotted in figure 4(a). With the exception of some pre-transitional behaviour Dl, 
Dil and DR all show Arrhenius relationships with temperature; the activation ener- 

gies (E,) being similar, 26 f 21,33 f 20 and 25 f 18 kJ/mol, respectively. The E, 

value for Dl is small compared with the value of 54 kJ/mol obtained from dielectric 

r e l a ~ a t i o n ~ ~ .  This reflects the difficulty in getting information about tumbling mo- 

tions of the molecule, i.e. large uncertainty in the E, value of D l .  Over most of the 

temperature range Dil is approximately 20xD1, and D R / D ~ ~  N 2. The calculated 

Dll and DR values are very similar to those obtained in a previous studys using a 

diamond lattice for the chain when an E, of 54 kJ/mol was assumed for Dl. The 

k2 (and k g )  increases with temperature showing an Arrhenius relationship with an 

activation energy of 60.9 kJ/mol. kl decreases gradually with increasing temper- 

ature over most of the range, being roughly constant at the lowest temperatures. 

The kl and kz values are summarized in table 111. We found that it is necessary 

to include all three jump rates in the model, since using a single rate constant, k, 
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would result in an unacceptable sixfold increase in F.  

In the analysis of the spectral density data using the third rate model, we 

found that the parameter p that describes the 7-motion has a profound effect on 

the DR value and on the D,/DR ratio. The calculated values for D, and DR for 

p = 1.0 showed expected temperature behaviours and were also close to DII and 

DR obtained using Nordio’s model. Therefore a p value of 1.0 was set for the 

final analysis of the spectral density data using the third rate model, which implies 

that the y-motion is in the small step diffusive limit. The fits to the experimental 

spectral densities were good, as the F values varied between 850 and 2300. The 

predicted spectral densities for the third rate model at 298K are plotted in figure 

3. This illustrates the few small differences between the predictions of the two 

models, which were consistent over the entire temperature range. The differences 

cancelled each other out in terms of error, as the F values for the two models were 

very similar. The temperature dependences of the three diffusion constants of the 

third rate model and DR are plotted in figure 4(b). The error bars for the motional 

parameters in figure 4 were estimated by varying the parameter in question, while 

the others were set at those values from the minimization, to give a doubling in 

the F value. Over most of the temperature range D,, D p ,  D, and DR all showed 

Arrhenius relationships with temperature, the activation energies being 26 f 20, 

23 f 22, 31 f 20 and 32- f 17 kJ/mol, respectively. D, is mostly slightly greater 

than D p ,  except at low temperatures, and their values are comparable to the Dl 

values of Nordio’s model. We note that the uncertainty in the E, for molecular 

tumbling (Dp) is again large, indicating that this motion is hard to determine. 

When compared with the rotational diffusion parameters derived for 10.4 using 

the same model13, D, and Do have similar values, and D, is - three times slower 

for 5CB. The derived jump rates shown also in table I11 are very similar to those 

obtained using Nordio’s model. The E, for kz is 47.4 kJ/mol. It is interesting to 

note that the tumbling motion of molecules in mesophases, whether described by 

Nordio’s model or the third rate model, is not only hard to quantify using the ring 

deuterons but even with the help of methylene deuterons in the chain. 
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TABLE 111: Jump rate constants (in units of lo9 s-') and Q-factor from 
optimization of fits to experimental spectral densities of 5CB. Ic3 is set at 
10Ok2. 

Nordio Third Rate 
T (K) ki (s-') k2 (s-l) Q (%) (s-*) kz (s-') Q (%) 

276.3 3.0 x lo2 3.1 x lo2 1.0 3.6 x lo2 2.6 x lo2 0.9 
279.3 3.2 x lo2 3.7 x lo2 0.8 3.7 x lo2 3.2 x lo2 0.8 
283.3 3.3 x lo2 4.8 x lo2 0.4 3.8 x lo2 4.2 x 10' 0.5 
287.3 3.3 x lo2 6.6 x lo2 0.2 3.8 x lo2 5.5 x lo2 0.3 
291.3 3.0 x lo2 9.5 x 10' 0.2 3.6 x lo2 7.6 x 10' 0.2 
295.3 2.6 x 10' 1.4 x lo3 0.2 3.4 x lo2 1.0 x lo3 0.3 
299.3 2.2 x lo2 1.9 x lo3 0.3 3.0 x 10' 1.3 x lo3 0.4 
303.3 1.8 x lo2 2.5 x lo3 0.5 2.8 x lo2 1.4 x lo3 0.6 
307.3 1.0 x lo2 5.0 x lo3 0.7 1.6 x 10' 2.2 x lo3 0.7 

n 

I 
? 

cn 
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n 
X 

a, 
I 
0 
f- 

0 

10 

1 

0.1 

.o 1 

3.2 3.3 3.4 3.5 3.6 

1000 

3.2 3.3 3.4 3.5 3.6 

Figure 4 Plots of rotational diffusion constants versus the reciprocal tem- 
pirature in 5CB. (a) Nordio's model: Dll (v), DR(D) and D 1 ( 0 ) ,  (b) Third 
rate model: D a ( A ) ,  D p  (0)' D,(a)  and DR(D). 
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4-1i-Hexyloxy-4'-cya.nol,iphrnyl 

Preliiiiiiiary spectral density data of GOCB-dzl were recently given14 together with 

our attempt to analyze these using tlie clecoupled model. Tlie overall motion 

was treated with Nordio's model. Altliougli tlie quadrupolar splitting data  were 

analyzed with 729 configurations (tlie 0-C1 lmid sampled three RIS), tlie spectral 

density calculations that involved cliagonalization of a 729 x 729 rate matrix and 

iiiixiiiiiizatioii with respect to tlie experimmtal values, were too time-consuming on 

a VAX workstation. Our analyses ma.cle use of the peiitane effect to reduce the 

number of configurations to 207. Tlie fits between experimental and calculated 

spectral ~Iensities'~ were acceptable (Q < 3%) within '20' lielow T,. It was found 

that the Q-factor iiicreases with decreasing tempera.ture and a large discrepancy 

exists in tlie fit of J2(2w) for C1. To iiiq)lmient Ti29 configurations in the spectral 

density calculation, we used a faster DEC 3000 workstation and simplified tlie 

computer program using a 6' angle lx~tween the ring para axis and the C a r - 0  bond 

of On instead of the previous v a l d 4  of 4". TVP 1x.licve that tlie new 6' angle would not 

significantly change the calcxila.tion. Now the niininiization with 729 configurations 

would take about a day of CPU time. We have carried out tliese calculations over 

the entire nematic range, but tlir fits were iiiarginally imlxoved in coiiiparisoii with 

those using the pentane effect. In partic-ular, the difficulty with predicting J2(2w)  

for CI remains. We therefore, coiiclutle that tlie dihedral angle (al) for the O-CI 

bond iiiust lie treated differently. Severa.1 1)' iliilities5 were tried. One of these is 

to place tlie 0-C1 bond at  four equivalent sites, symmetrically placed with respect 

to both the aromatic ring and tlie plane perpentlicu1a.r to it (i.e. f a1, 1SO" f a1). 

We need to only consider coiifigiirations with eitlicr f 01 or 1SO" f a1 due to tlie 

syiniiietry of tlie 0-C1 hontl a1:)out a. plaiit, p(qieiir1ic:ulnr to the aromatic ring. As 

a consequence, the matrix is 4SGx4S6. We have tried several different a1 values 

and have chosen o1 = 65" to do oiir calculatioiis of tlie qiiadrupolar splittixigs 

and spectral densities. From tlie order parameter profile aiialysis of tlie methylene 

deuterons with Et, = 3.8 kJ/mol, EgigF = 0 lt.J/niol"', we obtained X,, A, and 

< P2 > as listed in table IV for tlle spectral density calculations. Again using 
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352/[ I6401 R.Y. DONG AND G.M. RICHARDS 

TABLE IV: Interaction parameters and order parameters of the ‘average’ 
conformer derived from optimization of fits to experimental quadrupolar 
splittings of 60CB. 

T (K) X ,  (kJ/mol) A, < P2 > < S,, > - < S,, > 
311 7.67 0.1176 0.716 0.014 

323 7.19 0.1169 0.677 0.014 

335 6.16 0.1238 0.603 0.016 

343 4.97 0.1311 0.505 0.018 

- 60 

\ 
,- 50 

m 

m 

U 

0 
a, 

4 20 

v, 10 

0 1 2 3 4 5 6  

25 

20 

15 

10 

5 

0 
0 1 2 3 4 5 6  

Carbon Number 
FIGURE 5 Plots of spectral densities J l ( w ) ( A )  and J 2 ( 2 w ) ( o )  versus the 
carbon number in 6OCB at 311 (left) and 343K (right). Carbon 0 refers to 
ring deuterons. Solid (15.3 MHz) and dashed (46 MHz) lines are calculated 
spectral densities based on model fitting. Open and closed symbols denote 
15.3 and 46 MHz data, respectively. 
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eq. (7) in eqs. ( 6 )  and (8), the minimization between experimental and calculated 

spectral densities was carried out over the entire nematic range. We found that the 

fits were much improved at lower temperatures, but not so at high temperature. 

However, the fits of JZ(2w) for C1 appeared to be better through out the nematic 

range. These preliminary results are summarized in table V. The site dependences 

of spectral densities at two different temperatures (311 and 34310 are shown in 

figure 5. 

TABLE V: 
The diffusion constants and jump rates are in units of lo9 s-l. 

Model parameters for GOCB derived from Nordio’s model. 

T ( K )  DI DII DR ki k2 k3 Q ( % )  
311 0.05 0.40 1.4 2.1 x lo2 5.3 x lo5 1.2 x lo8 1.0 

335 0.04 1.38 3.9 2.5 x lo2 2.1 x lo6 3.9 x lo7 2.7 

343 0.05 2.37 4.7 2.1 x lo2 5.3 x lo5 1.1 x lo8 2.4 

SUMMARY AND CONCLUSIONS 

We have successfully modeled the spectral densities of several nematogens of dif- 

ferent chain lengths using the decouplecl model that describes correlated internal 

motions. Using interaction parameters derived from modeling the segmental order 

parameter profile of the same deuterons, we found that both Nordio’s and the tliird 

rate model could satisfactorily model the experimental spectral densities of 5CB. 

The error, calculated spectral densities and derived motional parameters were very 

similar for both models, so that for 5CB it is difficult to distinguish between the 

two models of molecular reorientation. This is not the case for 10 .4  whose re- 

orientation motion can best be described by the third rate model. We have used 

Nordio’s model for reorientation of GOCB due to what we found in 5CB. Because 

of its longer chain length ant1 the osygen atom in the hexyloxy chain, we still could 

not fit the relaxation data of GOCB over the entire nematic range as well as the 

other two nematogens. More accurate spectral density data may be required and 

the decoupled model may need further refinement. The jump rate k1 for one-bond 

motion appears to be siinilar for all t h e e  nematogens as expected. Both the k2 
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354" 16421 R.Y. DONG AND G.M. RICHARDS 

and k3 tend to be larger as the c h i n  length increases. Tlie derived rotational 

diffusion constants for all tlie studied nematogens seein to  have the saiiie order of 

magnitude a t  tlie same recluced temperatiire (T/T,). In conclusion, tlie decoupled 

niodel proposed by us appears to be useful to uiitlerstand internal chain clynamics 

in several liquid crystals. A study of several memlxrs in a homoloque series can be 

valuable in revealing how tlie junip rates in tlie cliain depend on its chain length. 
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