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Electron spin-resonance (ESR) measurements of the spin-probe 17p-hydroxy-4,4'-di- 
methyl spiro[5a-androstane-3,2-oxazolidine]-3'-yloxyl in the liquid crystals 4-n-Amyl- 
acetophenon O-(bn-heptyl benzoy1)-oxime [AAHBO] and 4-n-Butoxyphenyl hexyl ben- 
zoate [BPHB] are reported in isotropic and nematic phases. On the basis of the 
temperature variation of ESR line width, a n  extra, solid to  solid, phase transition is ob- 
served in BPHB. The theory of Polnaszek, Bruno and Freed (PBF) appropriate for ani- 
sotropic viscosity diffusion is used to  analyze the ESR spectra and thereby to determine 
the values of the order parameter. the rotational diffusion tensor and the correlation 
time at different temperatures for the two liquid crystals. The analysis shows that the 
slowly relaxing local structure mechanisms (SRLS) is active in slow tumbling region spe- 
cially in AAHBO. 

1. INTRODUCTION 

The ESR study of the rotation motion of the spin-probes is a well 
known technique to provide information about the structure and mo- 
lecular dynamics of the host liquid crystals.'-3 The motional narrowing 
condition I X,(n)lfR 5 1, where X~(fl) is rotational dependent per- 
turbation in the spin-Hamiltonian and T R  is the rotational correlation 
time, is not valid in the case of viscous liquid crystals and large 
probe A slow motional analysis, therefore, is the appro- 
priate approach to analyze the ESR spectra in these cases. The PBF 
theory6 is valid for both the motional narrowing and the slow tumbling 
region. The present paper deals with ESR study of an androstane ni- 
troxide derivative, as a probe, in two nematic liquid crystals AAHBO 
and BPHB their detailed chemical formulas are given in Section 2.1. 
The spectra are analyzed using PBF theory. 

The analysis of the ESR spectra results in the determination of the 
order parameter S,, the rotation diffusion tensor R and the correlation 
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114 R. RAI et al. 

time TR. The temperature variation of correlation time TR shows a good 
Arhenius behavior for both the samples. The Arhenius plot, that is the 
In 713 versus 1/T curve, is used to calculate the activation energy. 

2. MATERIALS 

The chemical formulas and transition temperatures' of liquid crystals 
used in the present study are as follows: 

(i) 4-n-Amylacetophenon-0-(4-n-heptyl benzoy1)-oxime (AAHBO) 

30.0"C 68.5"C 
Solid - Nematic - Isotropic 

(ii) 4-n-Butoxy phenyl hexyl benzoate (BPHB) 

43.5"C 49.0"C 
Solid - Nematic - Isotropic 

These samples were acquired by Dr. Bahadur of this laboratory from 
Prof. Demus of Martin Luther University, G.D.R. 

The androstane nitroxide paramagnetic probe was purchased from 
M/s. Syva, Palo Alto, California, U.S.A. Its chemical formula is 

17P-Hydroxy-4,4'-dimethyl spiro[5a-androstane 3,2'-oxazolidine]-3'- 
yloxyl 

OH 
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ESR LINE SHAPE STUDY 175 

This probe is a long cylindrical molecule with symmetric axis parallel 
t o  N-0 bond.' It is rigid and stable over the entire range of temper- 
ture required for our  ESR study. 

3. ESR MEASUREMENTS 

The samples for ESR study were prepared by heating the mixture of 
the required liquid crystal with a small amount of the probe. The con- 
centration of the probe molecules in liquid crystal solvent was less than 
0.1% below which no  further narrowing of the resonance lines was ob- 
served. The probe molecules were found to be perfectly soluble in both 
the liquid crystals. ESR measurements were carried out using Varian 
V-4502, X-band (9.3 GHzISec) ESR spectrometer and 100 KHz mag- 
netic field modulation. The spectra were recorded at  different tempera- 
tures between room temperature and  80°C range, using the Varian 
V-4547 variable temperature accessory. A separate copper-constantan 
thermocouple was attached to  the sample tube to check the tempera- 
ture of the sample. The sample was filled up to 5 mm height in quartz 
tube of internal diameter of 2 mm t o  minimize the thermal gradient. 
Temperature could be held constant t o  within fO.1"C. 

The ESR spectra were recorded in cooling cycle for both the sam- 
ples. Sufficient time was given at each temperature to stabilize the 
temperature particularly near transition temperatures. Three line spec- 
tra, characteristic of a nitroxide probe ( S  = 4, I = I )  were obtained in 
all the mesophases of the two liquid crystals (Figures 1, 2). The varia- 
tion of the line width as a function of temperature for both the samples 
is shown in Figure 3. It is seen that the abrupt change in line width at  
Isotropic-Nematic transition temperature is a common feature for all 
the curves. In the liquid crystal BPHB, the ESR spectrum was distorted 
at  26°C which shows that the solidification of the sample has started. 
The transition from nematic t o  solid is not observed in AAHBO prob- 
ably because of supercooling. 

A preliminary DSC measurement by one of us9 on these samples has 
shown that liquid crystal AAHBO always exhibits usual two transi- 
tions, whereas for the liquid crystal BPHB, quenched at  a rate of 
8"C/min or more, three peaks occur (instead of two) in the heating 
cycle thermogram. Therefore, t o  understand the nature of this addi- 
tional transition in BPHB, we performed the ESR measurements on 
this sample in the heating cycle also after the sample was quenched 
from isotropic state t o  supercooled solid. The result is shown in Fig- 
ures 4 and 5 and is discussed in Section 5.3. 
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FIGURE 1 
theory. Theoretical - Experimental, 

ESR lineshape simulations for the liquid crystal AAHBO using PBF 

FIGURE 2 
-I- Theoretical - Experimental. 

ESR lineshape simulations for the liquid crystal BPHB using PBF theory. 
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FIGURE 3 Variation of ESR line width with temperature. 
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FIGURE -=b- 4 Heating cycle ESR spectra of quenched BPHB sample. 
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FIGURE 5 Variation of heating cycle ESR linewidth for quenched BPHB sample. 

4. THE ESR LINE SHAPE ANALYSIS 

The PBF theory6 is based upon the Stochastic Louville method of 
analysis of ESR spectra of a Brownian particle undergoing an aniso- 
tropic rotational diffusion under a mean restoring potential, the poten- 
tial of the restoring torque. The basic result of this theory is that the 
unsaturated microwave absorption A j ( w )  of the j th  transition is given 
by 

Aj(w) = I m / d n z j ( f i ,  W)p;’z(n) (1) 

Here Po(Q)  is the Boltzman equilibrium distribution of the probe for 
orientation n, specified by the Eulerian angles (cp,  8, 6), and Zj( Q, w )  
satisfies the equation6 

{ [ w  + XO‘ + x~(Q)” - i ~ n ] ~ ( n ,  w)lj = 9 ~ i ” ~ ( ~ ) [ ~ ~ p p o ] j  (2) 
2 

A represents the super operator of A such that A “B = AB - BA. % 
and XI( 0) are respectively isotropic and orientational dependent 
parts of the ~pin-Hamil tonian,~ and f n  is the symmetrized Markoff 
operator.6 w7 is frequency of the rf field and po is the equilibrium spin- 
density m a t r i ~ . ~  We have considered here a simple one term Maire 
Saupe potential 

u(e) = COS’ e (3) 
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ESR LINE SHAPE STUDY 179 

where 8 is the angle between the molecular Z-axis (the N-0 bond di- 
rection) of the probe and director axis of the host. For a cylindrical ni- 
troxide probe, the equilibrium orientation is 8, = r / 2 ,  while Po is 
given by 

Po(8) = exp(h cos' 8) d8 sin 8 exp(h cos' 8) (4) 

with 

zj(n, w )  can be expanded as sum of products of orientational depend- 
ent and independent terms as follows:6 

where D f;:.,.( n) are Wigner rotational matrices. Substituting Eqs. (4) 
and (5) in Eq. (2), premultiplying Eq. (2) with d m  D :,do) inte- 
grating it with respect to 0 and utilizing high temperature approxima- 
tion in the right hand side we arrive a t  

In Eq. (7) hw, is the energy difference under x, between two levels in- 
volved in j t h  transition and Ti' is introduced arbitrarily to take into 
account the rotational invariant line width. X , ( n ) " a n d  Fn Eq. (7) are 
simultaneously diagonalized to achieve solution for the coefficient 
[ C&,(w)], . The total absorption A ( w )  is obtained by summing Eq. (1) 
with respect t o j  and utilizing Eqs. (4) and (6) .  

The suffix j in Eqs. (2) and (7 )  stand for all the transitions while in Eq. 
(8) the contribution comes only from three allowed transitions corres- 
ponding to the three mr values 1, 0, -1.  

The symmetrized Markoff operator f n  appropriate for anisotropic 
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180 R. RAI et 01. 

viscosity and the pseudopotential given in Eq. (3) is utilized. It in- 
volves"'' the parameters A, RII and R I .  RII and RI are the components of 
rotational diffusion tensor R, parallel and perpendicular to the director 
axis respectively. In X~(fl) the terms up to pseudosec~lar~ are consid- 
ered and the axially symmetric magnetic and hyperfine tensors are 
employed. 

Equation (8) is equivalent to a set of simultaneous coupled equations 
whose order depends upon the values of L, L' (Appendix). We have 
limited L, L' < 6 and only even values of L, L' are required. The result- 
ing matrix is solved numerically on IBM 360 computer for different set 
of values of the involved parameters. The values of these parameters at 
different temperatures obtained for the best fit with the experimental 
ESR derivative curve are shown in Figures 1 and 2. These figures com- 
pare the simulated ESR spectra with the experimental curves at differ- 
ent temperatures in isotropic and nematic regions. 

5. RESULTS AND DISCUSSION 

5.1. Ord8r parmnetw 
An orientational order parameter SZ is defined as 

1 
2 

I 
2 

Sz = - (3 cod B - 1) = dB sin 8 - (3 cod  8 - 1)Po(8) ( 9 )  

SZ obviously involves the parameter A ,  Since g-tensor for androstane is 
very nearly isotropic,'' the order parameter SZ in the motional narrow- 
ing region can also be obtained by using the relation" 

(10) 
1 sz = 2 [(a) - a] / (a  - U l )  

where the isotropic hyperfine parameter a was obtained from the iso- 
tropic spectrum. (a) was measured from the ESR spectrum in meso- 
phase and 01 = a, is the component of hyperfine coefficient perpen- 
dicular to the symmetry axis (N-0 bond direction) of the probe. The 
order parameter calculated using expressions (9 )  and (10) are com- 
pared in Figure 6. The values from the two expressions coincide near 
isotropic nematic transition temperature but differ increasingly as the 
temperature decreases. This is because of the fact that the expression 
(10) is not valid in the slow tumbling region. Expression (9) however 
combined with Eq. (10) can be used to suggest approximate value of A 
which is then refined to provide best simulation of the ESR spectra. 
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FIGURE 6 Temperature variation of order parameter for nematic liquid crystals. 
XXX and 000 are experimental points while the curve results from ESR shape analysis 
using PBF theory. 

5.2. Dlffurlon parameter and correlatlon tlme 

The effect of anisotropic-viscosity rotational diffusion can be best stud- 
ied in terms of the anisotropic parameter N = R I I / R L  and the rotational 
correlation time TR = l /6R1. In the isotropic phase in both the liquid 
crystals, Nnearly remains constant at -5.  This is expected since in the 
isotropic phase N is mainly a function of the geometry of the probe." 
With the onset of nematic phase RI decreases continuously with de- 
creasing temperature while RII first decreases, though at a slower rate 
than R I ,  and then increases with incipient slow tumbling region 
(rR 2 lo-' sec). As a result in the nematic region N increases with de- 
creasing temperature first slowly but acquires very high values for 
TR b sec. The decrease of RII and RL is reasonable since the effect 
of decreasing temperature is to quench the rotational motion. More- 
over the onset of ordering causes preferentially more quenching of ro- 
tational motion around an axis perpendicular to the director than the 
rotation around the director axis itself and hence RL decreases faster 
than RII. The increase of RII with the incipient slow tumbling region, 
however, is an anomolous behavior. Similar results are also obtained 
in the case of PD-Tempone (a nitroxide probe) in various liquid crys- 
talline These apparently implausible results are explained 
by invoking a slowly relaxing local structure (SRLS) mechanism, in 
which the rod like solvent molecules present a persistent local structure 
for the probe, which relaxes on a time scale much slower than the reori- 
entation of the probe. This SRLS mechanism, which makes the diffu- 
sion coefficient frequency dependent, seems to be important in the 
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present cases also specially in the liquid crystal AAHBO (Figure 7). 
These refinements however are not attempted in the present paper. 

In the isotropic phase the correlation time T R  is of the order of lo-'' 
sec in AAHBO and lo-'' sec in BPHB. At isotropic-nematic transition 
temperature T R  abruptly increases. In the mesophase In T R  versus 1/T 
curve shows a good Arhenius behavior for both the samples (Figure 8). 
From the slope of the curves the activation energies are calculated to 
be 1 1.38 kcal/mole for AAHBO and 11.88 kcal/mole for BPHB. These 
values are of the same order as the experimental activation energies for 
various other liquid crystals. I' 

5.3. Solid to solid phase transition in BPHB 
The heating cycle ESR spectra of a quenched sample of BPHB are 
shown in Figure 4. The ESR lines were not resolved properly up to 
30°C. Beyond this temperature the line widths show abrupt changes at 
39"C, 44°C and 49°C (Figure 5), which confirms the three phase transi- 
tions observed in DSC measurements, As a first guess one may think of 
an extra transition at  39°C to be from a supercooled liquid to a glassy 
phase.I6 The ESR spectra below 44"C, however do  not change when 
the sample is rotated with respect to  the magnetic field. Even the spec- 
tra of samples quenched in high magnetic field (= 10 KG) do not show 
any angular dependence in the temperature range 30°C-44"C. Also the 
separation of the low and high field hyperfine extrema is about the 
same as in the isotropic phase (Figure 4), which indicates that no order- 
ing takes place in the sample." The lack of angular dependence of the 
spectra and the lack of ordering in the sample clearly rules out the pos- 
sibility of any glass phasei6"' above 30°C. 

- 9 t  
BPHB 

I.L:!hO 

t \ 

2 . B  2 9 0  295 3.00 305 340 3.6 3 2 0  325  3 50 

IO%TK)- 

FIGURE 7 Temperature variation of rotational diffusion tensor component RII (sec-I). 
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L I 

285 290 2 9 5  300 305 310 315 320 325 330 

1 d 4 ~  K+- 

FIGURE 8 
rithmic scale. 

Temperature variation of rotational correlation time ra  (sec/rad) in loga- 

The extreme broadening of the spectra at  44OC may be regarded as 
the motional broadening in the near rigid limit due to motional effects 
which carry the spin-probe between different orientations correspond- 
ing to different resonance frequencies.18 Above this temperature the 
line width narrows as the increased molecular motion averages out the 
above broadening effect. Below this temperature the convenient 
method of Mason and Freed," applicable for near rigid limit, is used to 
estimate the reorientational correlation time TR. T R  just below 44°C is 
of the order of lo-' sec and increases to sec as the temperature is 
further lowered. This indicates that the sample is in solid phase in 
3OoC-44"C temperature range. The transition at  3 9 T ,  therefore, is be- 
tween two solid phases. Further work is in progress to elucidate more 
details about the nature of this solid to solid phase transition. 
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Appendix 

The coupled equations involving various C ~ M ( ~ ) ' S  as unknown are 
written with the help of Refs. 5 and 6 and'are described below for the 
sake of completeness. 

[(a - 0 0  + 26) - i(7-i' + T-:O)] G , O ( l )  

- N ( U ' ) ( ( F +  D')(_",~fi.')(~o2OL')c::O(1) 
L .  
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- iRl[Gfi.:1(4) - Gk:.1(5)]] = 0 (A4) 
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where fiwo is electronic Zeeman splitting 

N(LL')  = J(2L + 1)(2L' + 1) 

TL,M = R i L ( L  + 1) + (RII - R i ) M 2  

L- L L'L,  L L"L' 
G k M =  x O O ( - K O  K)(-MO M ) c g ~ ( j )  

L"=0.2,4 

P L ( X )  is Legendres Polynomial 

P c  Bo 2k l l  - 81) 

I Ycl 

3 
F =  

b = - - (all + 2a1) 
6 
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