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Abstract:

An analysis of EPR line shapes by the method of Polnaszek, Brunu, and
Freed is made for slowly tumbling vanadyl spin probes in viscous nematic
1iquid crystals. The use of typical vanadyl complexes as spin probes for
nematic liquid crystals is shown to simplify the theoretical analysis and
the subsequent interpretation. Rotational correlation times t and orienta-
tional ordering parameters Sz where slow tumbling effects are expected to
be observed in vanadyl EPR spectra are indicated in a plot. Spectral EPR
line shapes were simulated for experimental spectra of vanadyl acetylaceto-
aate (VOAA) in nematic butyl-p-(p-ethoxyphenoxycarbonyl) phenyl carbonate
(BEPC) and Phase V of EM Laboratories, Two factors are important in achliev-
ing good agreement with experimental spectra. The primary factor results
from the slow tumbling undergone by VOAA in these viscous solvencs. A
secondary factor arises from the non-Brownian rotation of the small VOAA
probe. Analysis of the inertial effects on the probe reorientation, which
are induced by slowly flucuating torque components ol the local solvent
structure, vield quantitative values for 1 and Sz. Similar effects were
previously reported by Polnaszek and Freed for the small perdeuterated 2,2,6,6~
tetramethyl=-4-piperidone N-oxide (PD-tempone) nitroxide spin probe. The
weakly ordered prebe VOAA is in the slow tumbling region and displays these
inertial effects throughout the nematic range of BEPC and Phase V. VOAA
exhibits different reorientation behavior near the isotropic-nematic transition
temperature (within ~15°C) than that displayed far below this transition tem-

perature,



Introduction
The application of paramagnetic spin probes in a variecy of experiments
has resulted in obtaining a wide range of structural and dynamical informa-

1,3 Of particular interest to us is the use of complexes containing

tion,
the vanadyl ‘on V02+ as spin probes.j-b In a recent paper, we had applied
the stochastic Liouville method to calculate EPR line shapes in the slow
tumbiing region for vanadyl complexes in an isotropic medlum.7 This analysis
allows one to extract quantitative information from the EPR line shapes for
rotational correlation times 1 in the range ‘10_10 - 1.0-'7 sec/rad. These
slow tumbling EPR spectra occur when the vanadyl ion is rigidly attached to
a mucromolecule5 or when a vanadyl complex is dissolved in a viscous
nolvent.a'9

We now want to extend our analysis of slowly tumbling vanadyl spin
probes in an isotropic medium to that in an anisotropic medium. An example
of current interest is the study by EPR of nematic liquid crystals doped

with paramagnetic probes. Appropriate analysis of the EPR spectra yields

information of molecular orientational ordering and molecular reorientational

dynamics. Because liquid crystals, especially the electro-optically

important room temperature nematogens.l6 are highly viscous by nature, slow
tumbling EPR spectra have been obtained for both nitroxidelo and vanadyla'9
spin probes. Since the slow tumbling reglon for vanadyl complexes occurs
at a shorter 1 than for nitroxide spin probes, vanadyl complexes of
comparable size to the nitroxide spin probe should more readily exhibit EPR
spectra with slow tumbling features.

A primary reason that vanadyl complexes are excellent probes for nematic

liquid crystals is that‘they have nearly axially symmetric magnetic parameters



which 18 the same degree of symmetry possessed by the nematic liquid cryltnls.a’ls

The subsequent theoretical analysis is simplified and the results are easier
to interpret than for typical nitroxide spin probes with less lyule:ry.lo
Also, the characteristic eight hyperfine line EPR spectrum of vanadyl com-
plexes provides a more severe testing of any theoretical analysis than a three
hyperiine line nitroxide spectrum would provide. In addition, inhomogeneous
broadening is usually neglible in the EPR spectra of vanadyl complexes, Pre-
vious workers recognized these features of vanadyl spin probes but have en-
countered difficulty in the quantitative interpretation of the EPR spectra
because of slow tumbling aspects. '

There are three main objectives for this paper. One 1s to establish

when the breakdown of motionally narrowed formulae occura.u'l6

A second
objective is to analyze the experimental vanadyl EPR line shapes by the
stochastic Liouville method17 as developed by Polnaszek, Bruno, and Freed
(PBF)13 for slow tumbling in an anisotropic liquid. Third is comparison

of our vanadyl probe study to the detailed work of Polnaszek and Freedlo who
reported anamolous behavior for the perdeuterated 2,2,6,6-tetramethyl-4=-piper-
idone N-oxide (PD-tempone) nitroxide spin probe.

Vanadyl acetylacetonate (VOAA) was used as the vanadyl spin probe
because it has excellent EPR spectroscopic and physical properties and
because it has essentially axially symmetric magnetic parameters.ls An
additional advantage arises from our previous detailed work with VOAA in a
viscous isotropic medium.7 The nematic mixture Phase V from EM Laboratories
was studied because it is a nematic at low temperatures and has a wide

nematic temperature range. A second low temperature nematic liquid crystal,

butyl-p~ (p-ethoxyphenoxycarbonyl) phenyl carbonate (BEPC), which is a single



component liquid crystal, was also studied for comparison.

Experimental

Degassed samples of nematic liquid crystals doped with VOAA were
prepared by standard vacuum line techniques. VOAA was purchased from
Alfa Products and was purified by recrystallization from acetona.l9 The
nematic liquid crystal BEPC was obtained from Eastman Chemicals and was
recrystallized from methanol and then from benzene.lo The nematic mixture
Phase V was purchased from EM Laboratories and used without further purifi-
cation.

EPR spectra were taken on a Varian V-4500 spectrometer with 100 kHz
modulation. Varian E-257 variable temperature unit controlled the tempera-
ture to *1 K over the active region of the cavity. The magnetic field was
measured with a Brucker BNM-12 tracking magnetometer, which was used for
spectral calibration. The microwave frequency was obtained with a Hewlett

Packard 5248 L electronic counter and 5257A transfer oscillator.
Theory
A. Slow Tumbling

PBF13 have developed a general method for calculating slow tumbling

EPR line shapes in an anisotropic liquid. This approach 1: based upon the

stochastic Liouville method17‘zo

and is a generalization of an analysis by Nordio and
co-workers far the motionally narrowed EPR line widthsof a Brownian particle
in a liquid crystal.12 Here, we apply the general PBF approach to vanadyl
spin probes in viscous nematic liquid crystals.
Previous detailed studies in an isotropic solvent have shown that the
spin Hamiltonian for VOAA  has very nearly axially symmetric magnetic inter-

18,7

actions. The motionally narrowed line widths (v < 8 x 10-11 sec/rad)



calculated with axially symmerric parameters differ by less than 0.5 from

those calculated with completely asymmetric tensor valueu.la Our slow tum=
bling study of VOAA  in toluene showed that the use of axially symmetric
parameters gave very good agreement with experimental lipre shapes for the

- -9
u 1x10 sec/rad.7 Only for EPR

slow tumbling range of v ~ 8 X 10
line shapes (1 > 1 x 10“8 sec/rad) very close to the rigid limit spectrum
would the use of completely asymmetric parameters improve the fit to ex-
perimental apectra?l
The orientational portion of the pseudo-potential u(®) for nematic

liquid crystals may be expressed by an expansion

u(o) = z v, cosd (1)

n even

where 0 is the angle between the molecular long axis and the director.22
Because VOAA hac the same degree of symmetry as the nematic liquid crystal-
line solvent, the form of Eq. (1) should also reflect the orientational restoring
potential for VOAA. In our experiments, the small VOAA is moderately ordered.
Previous studies have shown that EPR spectral line shapes are not sensitive

to Y4 variations.13 Thus a simple Maler-Saupe potentia123

u'(0) = Ti cosze (2)

is suitable to describe VOAA. (The prime refers to the spin probe values.)
In Eq. (2), 06 is the angle between the VO bond (molecular z axis) and the
director. Note that VOAA, an oblate symmetric top molecule, has ee -

q
so that yi is positive. Eq. (2) leads to a Boltzmann equilibrium Po(ﬂ)

(XTE ]
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given by
n
Po(u) = exp (A conze)lf dosing exp () coaze) (&)
o
where
\ - -—yi/k‘l‘ « A < 0 for VOAA. (4)
An orientational ordering parameter sz is then defincdn by
s, .<p2 M> (9
o N
-[ dosind Pz (0) Po (0) (6)
“o
where
l’2 (0) = ;- (3 conzﬁ - 1) (7)

For complete alignment where Po (0) = &§(0 - Pz-). Sz - - -;- .

For a Brovnian particle under a restoring potential Eq. (2), matrix

elements of the symmetric rotational diffusion operator I are given byu
N(L,]J') L
L 5],k - e 2
—-;;2——< Dom‘I D()m' >' [RJ. LL + 1) + (Rll 5 Rl-)m " 15 ELX ]GLL' ém'
A m L2L L2L
~ 2R, A0 = 57 (-D) N(L-L')( 000 )( -“-m O m ) S o'
8 2 m L 4L L 4 L'
—ER-LX ("1) H(L,L‘)(ooo) (-NOH)G" (8)

Eq. (8) is appropriate for anisotropic viscosity where RJ_ and ILH are rota-

tional diffusion constants perpendicular and parallel, respectively, to the

/2' p*

director. Normalization factor N(L,L') is [(2L + 1)(2L' + 1)]1 4

are



. " d L L
Wigner rotation matrices, an (-n B &

) are 3-§ synboln.za Note that effects
of anisotropic viscosity are proportional to (R11 - Rl)lz.
The application of the general methods in PBF to the VOAA spin probe
indicate its simplified nature. In addition to the simple one~term potential

Eq. (2), VOM  has the principal axes of its magnetic parameters (g and A
tensors) coinciding with the molecular rotational coordinate frame. One
need not incorporate tilt angles and additional transformati asof coordinate
symstems into the orientation-dependent portion of the spin Hamiltonian
(other than usual one that is done even for isotropic solvents).

Appendix A explicitly presents a convenient set of equations whose
solution yields the unsaturated EPR line shapes for vanadyl spin probes
undergoing Brownian rotation (Eq.8 ) in nematic liquid crystal. Nonsecular
contributions, in addition to those given for the isotropic solvunt.7 are
also included. 1In these equations, the director is parallel to the external
magnetic field. This alignment is the usual case in nematic liquid crystals.25

A second method of solution allows for modifications that arise from
non=-Brownian diffusion. This method involves the numerical diagonalization
of Eq. 8 (a real symmetric matrix) to obtain eigenvalues Egm and eigenfunctions

n

u -
om

. _ (n)L L
Yom Z %om Don (%a)
L
e n|xl.n
b < Uoml ¥ uou> (9b)
where the coefficients aéz)L form column vectors of the post-matrix

in the diagonalization transformation. In general, eight diagonalizations



would be performed for vanadyl (corresponding to the eight m values). Devia-
tions from Brownian rotation may be expected for the small VOAA probe aissolved
in the much larger liquid crystal solvent molecules. One worthwhile modifi-
cation is an analysis of inertial efftCtI26 to lowest order, which are in-
duced on VOAA by slowly flucuating torque components from the local solvent

27,28

structure, Polnaszek and Freedlo applied this analysis to nitroxide

spin probes embedded in a liquid crystal solvent. Polnauekz9 gives details
for obtaining equations for the g8low tumbling reglon. Specific equations

are given in Appendix B. An essential point of this approach is that factors

]
[L.m

Values u; . 1 vield Brownian rotation diffusion. In a motionally narrowed
.

(> 1) are introduced to indicate deviations from Brownian rotation,
analysis, Lé . would correspond to correction factors in the spectral density
L]

- - --l—— > ' ' o . ]
functions., For KL Rll e and low ordering, 52.0 (csec) and ‘2,n40 (Lpaec)
reflect the relative effective torque components (i.e., parallel and perpendi-
cular, respectively, to the director) which affect reorientation of the probe.
B. Motionally Narrowed Region
13

PBF" ™ describe a convenient method for obtaining line widths from the real

part of the spectral density function K(m,w) given by

(‘l)nEn 2 2
Re K(m,w) = Z —2'——2'<u° Dom un><un Do 0 u0> (10)
n#0 En L :

where En and u, are the eigenvalues and eigenfunctions of Eq. (9). Those non-

secular terms which arise from the large intramolecular magnetic interactions

7,13

are treated firstly by a perturbation analysis. Linewidth contributions

from these terms are then obtained by the method in PBF.13 Such an analysis

4,7,18 The

yields a cubic dependency (Gma) in the line width expression.
first derivative line width (in gauss), which is similar to the one given
for isotropic solventa.7 may be written

AHm) sa+ tat et in a1



where

" 2 Re
a=a +
EREN

{r"mo.m + % K(O,u,) + -1%5 K(0,0))

+ 1(1 + l)r [K(l.w ) + 2K (2.u ) + = K(O w, )

SF 4
+ 3 (ka0 )-;xw.m)
+ ./'I “’“ (K(0,0) - 2 2 K10 )1} (12a)

g = —2Re /-1- FDIK(0,0) + 3 F(1,u)) + 3= K(0,0)]
ERN

2
R VP (21,0 ) = 2 x00,0))
w a 3

3 ,
40 /2 L+ 1) 1“’-— [K(0,0) - ;’— K(1,0,))

*217 3
.5 2
5 2D Da
‘3 ./3 ket - 28 ka1,0) (12b)

2
2 Re 8D 3 1
y & =R ==[K(0,0) - £ K(1,0. ) - 2 R(0,u.)

/3 IYeI { 3 8 a 8 o

+ % K(l.lﬂo) - '}.3' K(zlmo)

+-E (x(o 8 xu @ ))1

/8 FDa 3
- [K(0,0) - g K(l,0.)] } (12¢)
2
—2Re ) 8Da 3
§ = [‘(0|0) - K(l.lﬂ )]
3 vl - e 5 5

- o Vgll. s

3
.8 /2 3 (K(0,0) - K(l,w )1} (12d)




F,D,a,a" are defined as in Ref. 7; 0, - % a; and w, is defined here as the
klystron frequency.

5, in Eq. (5) is obtained readily by ®

g L

P g 13)

where <a> is the observed separation between hyperfine lines, A11 is the z
principal A tensor component, and a' is the isotropic splitting corrected
for nonsecular shifts.

These shifts (in gauss) are given by the formula

s
b B(m,5,) = b Bw) 'ﬁﬂ'l- g—s- gl +;—‘1’- I+ 1)
2 /6 . 16 2 2
+|/i QDI(I+1)-'7FDIII--2*1'I}II
1
~ %amzj (14)

where A B (m) is the shift in an isotropic solvent.7

£
1
i
i
§
1
i
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Results and Discussion
A. NMagnetic Parameters

The extraction of infor tion about molecular ordering and rotational
diffusion from EPR line shapes requires that the components of the g and A
tensors in the spin Hamiltonian be known. These magnetic parameters were
determined from the combination of an isotropic rigid spectrum and an iso-
tropic motionally=narrowed spectrum. The rigid isotropic spectrum was
obtained by cooling the liquid crystal sample through the nematic range with
the magnetic field turned off and then by recording the spectrum at 77K.
All and 811 components are readily determined from this spectrum., The iso=-
tropic motionally narrowed spectrum was taken at 110°C, which is well above
the nematic-lsotropic nematic transition temperature. With the a and 8,
values determined from this spectrum, A, and g, components are gotten from
the equations A = % (3a - J\u) and g, = —;* (33o - 811)' The magnetic para-
meters for VOAA were the same in both BEPC and Phase V within experimental
error. The values are All = ~185 = 2 G, AL = - 68 ¢t 1G, 811 = 1:943 ¢ .00%,
and 8, " 1.982 ¢+ ,001 and are essentially those obtained in toluene.ls
B. Motionally Narrowed Reglon

The approximate region where a motionally-narrowed analysis is applicable
for vanadyl spin probes is indicated in Figure 1. Figure 1 is a theoretical
plot of 1t versus sz where the motionally narrowed reglon is the areca below
the appropriate line. The solid line represents the breakdown of the motion-
ally narrowed Eq. (13) for the determination of the orientational ordering
parameter S:. Only negative values for sz were considered since typical
vanadyl spin probes haye Beq = /2 (VO bond perpendicular to the director).

The dashed line indicates the breakdown of motionally narrowed line width
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formula Eq. (11) for obtaining rotational dynamics. Determination of these
breakdowns was made by comparison of motionally narrowed results to the
general slow tumbling results (Appendix A), which are also valid in the
motionally narrowed region. Calculation were for isotropic Brownian rota-
tional diffusion (R11 il 3% ). The criteria for the lines dr /i in
Figure 1 are 1% deviations in the line separations and 3% deviations in the
line widths from the motionally narroweud calculations. For a low degree
of ordering, these deviations begin to occur in the high-field outside
hyperfine lines. For high degree of ordering, deviations occur initially
in the central lines. VOAA magnetic parameters were used in these calcu-
lations. Slight differences in Figure 1 would result from using
magnetic parameters of other vanadyl spin probes. Also, rotational diffusion
other than the isotropic Brownian model would show slight discrepencies from
that given in Figure 1. The use of Figure 1 presumes a recognition of the
sensitivity of EPR spectral line shapes to changes in 1 and A(Sz). Wuen the
vanadyl spin probe is highly ordered, the EPR spectrum will naturally become
less sensitive to rotational diffusion and ordering potential changes. Such
changes, in practice, may be camouflaged by an orientation-independent line
width a“(TEl). whicl may be regarded &s a resolution parameter.
C. Slow Tumbling EPR Line Shapes

Experimental EPR spectra for VOAA were recorded in the nematic range
from 82°C to 37°C for BEPC and from 72°C to -29°C for Phase V. Figures 2-4
show typical experimental spectra that are both near the isotropic-nematic

transition temperature T, and reasonably near to the nematic-solid transition

K

temperature. Simulated spectra calculated from equations in either Appendix

A or ~ppendix B arc presented as broken lines. All experimental spectra
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formula Eq. (11) for obtaining rotaticaal dynamics. Determination of these
breakdowns was made by comparison of motionally narrowed results to the
general slow tumbling results (Appendix A), which are also valid in the
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hyperfine lines. For high degree of ordering, deviations occur initially
in the central lines. VOAA magnetic parameters were used in these calcu-
lations. Slight differences in Flgure 1 would result from using
magnetic parameters of other vanadyl spin probes. Also, rotational diffusion
other than the isotropic Brownian model would show slight discrepencies from
that given in Fi .~ 1. The use of Figure 1 presumes a recognition of the
sensitivity oi EPR spectral line shapes to changes in 1 and I(Sz). When the
vanadyl spin probe is higlly ordered, the EPR spectrum will naturally become
less sensitive to rotational diffusion and ordering potential changes. Such
changes, in practice, may be camouflaged by an orfentation-independent line
wideh a“(TEl). which may be regarded as a resolution parameter.
C. Slow Tumbling EPR Line Shapes

Experimental EPR spectra for VOAA were recorded in the nematic range
from 82°C to 37°C for BEPC and from 72°C to -29°C for Phase V. Figures 2-4
show typical experimental spectra that are both near the isotropic-nematic
transition temperature TK and reasonably near to the nematic-solid transition
temperature., Simulated spectra calculated from equations in either Appendix

A or Appendix B are presented as broken lines. All experimental spectra
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taken in the nematic range clearly exhibited the eight hyperfine line spec-
trum indicative of motional averaging. These line shapes suggest that there
should be enough rotational motion about the VO bond to average out the

small magnetic anisotropy in the x and y principal axes. Subsequent
analysis bears this out. Thus the u.e of axially symmetric magnetic parameters
and of Eq. (2) for the restoring potential is feit to be well justified. All
spectra in the nematic range had highly asymmetric lines which are very sug-
gestive of slow tumbling effects., In fact, spectra in the isocroplec phase just
above the isotropic-nematic transition temperature ‘I’k were obviously in the
slow tumbling region. Although there was considerably superccoling below

the nematic-solid freezing point, no discontinuities were observed in the

EPR spectra or in thelr subsequent analysis. Both the observed isotropic-
nematic and observed nematic-solid transition temperatures were clearly
discerned by dramatic changes is the EPR spectra.

The computer simulations for the slow tumbling EPR line shapes are
calculated by the method developed by PBFIS(Sec Appendix A for the explicit
equations that were used) or by a modified vcrsiunlo(See Appendix B).

Fiquire 2 shows the experimental spectrum for VOAA in BEPC at 79°C,
which is just below tuc Tk' Simulated spectra, that are calculated for Brownian
rotational diffusion (Appendix A), are also shown. Spectra for isotropic
Brownisu rotation are simulated by varying essentially only two parameters,

T and A, The general effects of varying T and ) on spectral line shapes
are given in PBFIj. Note that for vanadyl spin probes, which have A < 0 and

IﬁL[ < |A;, |, the effects of slow tumbling is to shift intensity of the
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hyperfine lines closer together. Thus a motionaily narrowed analysis, which
would ascribe such shifts to an increased orvdering (A more negative) rather
than to a longer 1, overestimates the degree of ordering for the slow tumbling
reglon, Figure 2 ig a typical best fit of an isotropic Brownlan votational
diffusion model to an experimental VOAA  EPR spectrum, Although significant
discrepencies are indicated, the estimated best it S: and 1 values

are reasonable and represent a significant improvement over %« motionally
narrowed analysis. Improved fits to the experimental spectra were made by
introducing an anisotropic viscosity (Rll ¢ R,). Spectral simulation for
thie model were fit by varying essentially three parameters (tll’ T and 1).
Figure 2 shows the improved agreement with t, = 8111. towever, the ratio

4

1L11 increases rapidiy and 1 becomes shorter with decreasing temperatures.

11 11
Similar implausible results for nitroxide probes have been reported by
Polnaszek and Freed.10 who then invoked a slowly flucuating torque analysis.
Such an analysis is expected to be appropriate here because of the small
size of VOAA relative to the ordered liquid crystalline egolvating molecules.
Figures 3 and 4 show spectral fits which are based upon this analysis (Appen-
dix B). For purposes of comparlson to nitroxide spin probe stuvdies, only
two correction factors, c;ec and C;SGC’ to  spectral density functions will
be considered. Note ¢' = 1 yields Brownian diffuslon results while ¢' > 1
Indicates deviations from Brownlan diffusion. Also we let R11(°) =R, (0) = é?
The intention of this analysis is to establish a set of €' values for all

temperatures in the nematic range. With e¢' values fixed, spectral fits are

made by varying two parameters, 1 and A\. The values ‘;ec = 1.5 £ 0.5 and

Epsec = 10 * 2 would appear to be a consistent set of parameters excepl for

a ~15°C temperature ranée below the TK' (See Figures 3 and 4.) For

e i o e . el

e i S S L L34 5
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this temperature range, c¢'

psec = 4 ¢ 2 gave better fits. Although some

systematic discrepencies between calculated and experimentl spectra still
exist, the spectral fits were good. This analysis gave 1 values that were
precise to “10% except for low temperatures in Phase V where the precision
was =201, Sz values computed numerically from ) (See Eq. 3) were precise
to =5%.

The 1 and Sz values determined from these best fitting spectra, which

incorporated the ¢'

corrections, are used in Figures 5 and 6. Figure 5 is
a plot of Sz versus temperature (T) where S’ is calculated numerically from

Eq. 3. A plot of log T versus % is shown in Figure 6. With the neglect

of a =15°C temperature range below T, , Figure 6 for Phase V shows good Ar-

k' |
rhenius behavior with an activation energy of 9.0 ¢ 0.4 kcal/mole. This value

10,29,30

is comparable to that found for nitroxide spin probes. The pre-

'
|
]
i

exponential factor is (J.Q!I.I)xIO’!b sec/rad. BEPC had too short of a
nematic range to determine accurate Arrhenius parameters.

Attempts to account for the deviation from Brownian rotation by in-
voking a static distribution of director orientations were not successful.
Here, 2 line shape g(&u.@o) was calculated by the summatior (i.e., a trape-
zoldal rule) of spectral amplitudes f(Aw,¢) weighed by the distribution
factor exp(-sin2¢/¢§):1w ¢ where ¢ 1is the angle between the director and
the external magnetic finld!°'32 ¢0 is the root mean square deviation (spread)
in ¢ . In particular, the experimental spectrum for VOAA in BEPC at 79°%¢

was used. For Brownian rotation with T = 4.1 x 10-10

sec/rad, Sz = -0,13,
and ¢0 = 0,17 rad (10 ); the calculated line shape s(Aw.¢o) showed a ~hange

in asymmetry of the hyperfine lines opposite to that which is observed,




Directer flucuations are predicted to have neglible effects on the
EPR spectra of the re¢.atively small VOAA prube.lo Also, a simple jump model
of rotational reorientation was inadequate to explain the discrepenclies from

Brownlian rotational diffusion.

Conclusion

This work is an initial inquiry of slowly tumbling vanadyl spin probes
in an anisotropic medium. Here the stochastic Liouville method as developed
by PBFIJ has been appropriately applied to the analysis of EPR spectra from
VOAA in viscous nematic liquid crystals. The use of vanadyl complexes as
spin probes for nematic liquid crystuls greatly s'mplifies theoretical cal-
culations and interpretation. Guide lines for the breakdown of motionally
narrowed formulas were established (see Figure 1).

Spectral simulations for experimental spectra of VOAA in nematic BEPC
and Phase V showed that VOAA was in the slow tumbling region throughout the
nematic range of both these viscous solvents. Also, deviations from Brownlan
rotation were noted. An analysis, in which inertial effects on the probe
reorier:ation are induced by slowly flucuating torque components of the local
solvent structure, results in improved spectral fits. Such an analyeis,
which introduces correction fnctorsc;ec and c;sec’ yields quantitative values
for t and Sz. 1 values for the weakly ordered VOAA showed relatively little
variation with temperature near the isotropic-nematic transition temperature
Ty. (see Figure 6.) Here, e;ec = 1.5 ¢ 0.5 and E;sec = 4 % 2 gave good
spectral fits. For tengcoratures more than 15°C below TK' 1t showed good
Arrhenius behavior with an activation energy of 9.0 * 0.4 kcal/mole in Phase

Y. Bara e’ = 31.3 %205 s’ = 10 t 2 gave good spectral fits. These
sec psec
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results suggest that nematogens undergo orientational flucuations over a
reasonably wide temperature range near 'l'K that are different from the flucua-
tioas that may occur far below TK' Our studies indicate that vanadyl com=
plexes may be good probes for the study of phenomena near TK' Specifically,
VOAA was obviously in the slow tumbling region, where EPR spectra are most
sensitive to motional dynamics, at TK of BEPC and Phase V.

In thelr detalled study with the small nitroxide spin probe PD=tempone,
Polnaszek and Freedlo introduced a slowly flucuating torque analysis to
account for "anomolous" EPR line shapes. In particular, values of c;ec - ]2
and ;&sac = 15-20 were used in the incipient slow tumbling region (T < =6°C)
in Phase V. Results for VOAA in this region show similar effects but with
smaller ¢' values. This difference may be attributed to a larger effective
rotational radius for VOAA, However, our results indicate slowly flucuating
torque effects throughout the nematic range but much reduced near TK' Other
comparisons show that VOAA exhibits behavior similar to that of PD=tempone.
vJAA is slighly more ordered and it reorients more slowly with roughly the
same activation energy.lo

In summary, our results indicate that both the slow tumb.ing aspects and
the effects of non-Brownian rotation should be resolved in order to extract
quantitative information about molecular ordering and rotational mobility.
This present study should not be considered a critique of the slowly flucuating
torque analysis. The work here does show that, effects which were observed
for PD-tempone, are aiso seen for the commonly used probe VOAA. Undoubtably,
the slowly flucuating torque analysis does provide a proper framework for

explaining such effects. Further work is needed to characterize the correction

factor ¢ (e.g. different size and shape probes). Refined theory and develop-
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ment of other techniques of solution should yield a clearer and more precise
explanation for the motional dynamics of the spin probe. Because of the

present necessary simplification in :hoor?’1°-29

inclusion of other effects
(e.g., director distribution and flucuation, anisotropic viscosity) into

the slowly flucuating torque analysis were not justified.
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Appendix A

This appendix indicates explicitly the equations that were used for
obtaining vanadyl EPR line shapes for Brownlan rotational diffusion with an
anisotropie viscosity (Eq. 8) under a simple one term Maier-Saupe restoring
potential (Eq. 2). These equations may be obtained most easily by modifica-
tion of the isotroplec liquid equationa.ls which are explicitly given by
Eq. A.1 = A.4, B.3 of Ref, 7. The following term is added to the left~hand

side of Eq. A.1 = A.3 In Ref. 7:

2 2 r (8 3
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The right hand side of Eq. A.1 of Ref. 7 becomes

n
u - [-31*1—"—11”2j ni"o (o.B,n)exp[-;- A cos® 0]sin®d®  (A.2)

0
0

where 1 is
(%)
w
i, -J. exp(-lz— A cos> 0)sin0de (A.3)
(8]

The absorption 2" in Eq. (A.4) of Ref.7 now becomes

)
L
2" = Im z z uLC (2m + 21 + 2, 2m + 21 + 1) (A.4)

0,0
L m=-1



Contributions from nonsecular terms in addition to those given by expression
B.3 in Kef. 7 have been included, Here, nonsecular corrections to the "for-

bidden" transition terms have been made. Nonsecular contributions to the

coupling C0 0(1) :)-?] (1) for allowed transitions, which are made significant

by Eq. (A.1), have also been included. These nonsecular contributions are

obtained by straightforward application of previous perturbation nnalysis?’”

The results for the cuupling to the E:.; n(a.b;c.d) transition terms are given
»

by the expression

3
_ Vb 3 p’ [ 141(141) - 20 - 20m - 0% )

(-1 _{[ _:!_F_z V6 (wrtn) FD

w| 20 ° 5 10
2
“+ %—[ZI(IH) - Zmz - 2nm - nz:[ (-‘16 n(.'x.b;c.i:l)
n 2
+ z N(L,L") g; - /g("‘ 2T 4 Xr-100(4) + 16s° + 160w
Ll
2 abr _ 2 2 (L2 L) L2u)aL _
+ 8n° ] + %[ 21(I#1) + 20° + 2om + n ~aeg B Co,n(‘“‘b’c'd)
2 " n 2
S wn 4. 9, 12/8m+ Hro | ¥ 2
+ ‘1:"’ N(L,L') 35 * 3% 2 + 35 121(141) - 36m
2 Lo Lav| A ,
36nm - 18n :]} 000 Nen 0 n Lo'n(a.b,c.d)
2 -
3 Z T m)[ 5P, /6(10m + 10n + 5)D° _ yBaF
x 84 5
(2m + 2n + QaD] L21'lf1 2 1 }af :
Y 4 000 |{-n -1 n+1 |C0,n+1(8*1sb3C,d+D)
H Z LTt 3/‘orn 2 3Ssczm + 20 + 10 ]
AL (S0 O LR e
* looo ) o -1 atl | Co,ne1(ot1ibic,d¢)
|
b NLLYE, m-l) -—83 + ‘/F’(m'“' s° [—g-“F
L

(2m - lgnD L' L 2 L' -L
F i <t wl | Co,mpie¥iienh




+

+

+

+

4

2,

3W30FD

>_‘ N(L,LDE(L,m=1) | =53

L

:E: N(L,L')E(I.n+n-l)[%%2

Ll

(2m +2n - uaD] L21L
4

2‘ N(L,L")f(I,m¥n-1) [ 3/'01'0 »
L

L4L

" (o 00 ) (—
Z N(L,L')E(T,m) [ b 1]

_Qm_;r__l)_ﬂl’] (

AR TR R
n 1 n=l

) 8

L

L4L
000

L8
-n

()(

1 n~-1

3/5(2m + 1)p?
35

]

L' =L*

CO,n-i

)

3V5(2m -l)DZ] Lot 4 L)L
35 000 [l=n =1 u+1|"0,
Y6(10m +100 = 5)D® | VoaF
84 8
L 2 L] g
. l n-l co.n-l(a-l'b|C|d-l)
3/5(m + 20 - %)
35
=L
0. (a 1,bje,d=1)
VB (10m +5)p° + Yoar
84 8
A AL
n 1 n=-1 ) LO n=- l(a’b+l'h+l'd)

(a,b+l;c+l,d)

22

(A.5)

The above expression (A.5) is added to the left hand side of Eq.(A.3) in

Ref .
in Ref.

coupling to the allowed transition terms.

7. Eq.(A.2) in Ref.

7.

7 may be regarded as a special case of Eq.(A.3)
Expression (A.5) was also used for the additional nonsecular

In the derivation of expression (A.5),

, (k) were approximated by

(A.6a)

(A.6b)

R << w, Alsc, within second order perturbation theory, the nonsecular coupling
couplings E ,(k) between C (1) and C0
the cquationa

-L' } P L'

E'O.n 2( EO,n T cO.—n )
and

-L' PR 2L L

€0,n21 2( £0,ns1 €0,~(nt1)

=L L =L =L

Note that for n=0, Lo 0 /?Co o and €1 " /ZEO,I
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To auu.pri:e. the equations which were used are obtained from Eqs. (A.1=A.3)
in Ref. 7 that have been modified by (B.3) of Ref. 7, (A.1-A.3), and (A.5).
Eq. (A.4) yields the absorption line shape. Eqs. (A.2) and (A.3) are

solved numerically with recursion relationn!z The first derivative EPR

line shapes are then most efficiently obtained by a diagonalization lethod.33’3‘
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Appendix B

Details for explicitly obtaining slowly flucuating torque effects in

the EPR line shapes is given by Polnnuzck.zg The general expression way

be written
-l n "__| n ~ n' n'
= uJ b tq : CU-E-P-q(j) = Ji. <: uO.ml[HI(h)‘ co.m'.P-QIuo.n'
n',m'
" 1/2
op,m kT ) jromcmmene i > n
.y ( R 1 (vp + 1 co.m.p+1.q &) p e m,p-1,q (N1
+ | LB 1/2['/+1c" (N +Hp+1/4c" 1
RTq I 'p q O.N.P'1|q+l J p q (),m,p‘f'l.Q"l(j)
- \5 6 6 6 Bol
no mo po qo
/el -1
- ——— B.
where rq R 2

and Tq represents a correlation time for the decay of the nertial effects
induced by the solvent. To include effects induced by torque components
parallel and perpendicular to a director of a nematic liquid ecrystal solvent,
¢' may be labeled c;ec and césec to express these parallel and perpendicular
components, respectively. Note that for ¢' + 1, Brownian rotational diffusion
is obtained. ¢' » 1 indicate deviations from Brownian rotation.

Eq. (B.1) has only p=0, q=0; p=1, q=0; and p = 0, q = 1 combina~
tions for the lowest order inertial effects. Note that the eigenfunctions
n

u and eigenvalues E"  are used (Eq. 9).
o,m 0,m

The procedure to obtain the equations used for the slowly flucuating
torque analysis may be summarized in three steps. First, diagonalize the

rotational diffusion operator (Eq. 8) to obtain uh and EN

5 0,-.(See Eq. 9.)
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The real symmetric rotational diffusion matrix (Eq. 8) may be blocked according
to different m values and each block may be numerically diagonalized sepa-
rately. Second, perform a similarity transformation on the matrix formed

from the coefficients of the transition terms Cg = developed in Appendix A.

Retain only those terms that have F or D in them. The columns of the

similarity transformation post-matrix are the vectors whose components are

(n)L

the coefficients ao"

in Eq. 9a. This step calculates the summation(second
term) on the left hand side of Eq. B.l. Third, form the entire matrix by
using Eq. B.1. This matrix may be viewed as partitioned into thre sections
according to the three combinations of p,q that were used.

The absorption line shape Z" is then given by the following

-
-

0
" - =
Z Im :E: 00'0'0‘0(2m+21+2.2u+21+l) B.3
me=1
First derivative EPR line shapes are efficiently calculated by numerical
33,34

diagonalization method?
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Figure Captions

Figure 1. Craph of rotatfonal correlation time 1 versus ordering parameter
Sz for the breakdown of motionally narrowed formulae. (—) is
breakdown for line separations; (---) is breakdown for line widths.
Calculations were made for isotropic Brownian rotation -+ith simple
one~-term Maler-Saupe restoring potential, VOAA magnetic parameters

were used.

Figure 2. A comparison of simulated and experimental spectra for VOAA in

BEPC at 79°C, (=) 1s experimental spectrum. (---) 18 calculated

10

for isotropic Brownian rotation with t = 4,1 x 10~ sec/rad and

S= = =0,13, (++++) is calculated for Brownian rotation and aniso-

11

tropic viscosity with ¢ = 4,1 x 10-10 sec/rad, 1., = 5.1 x 10"

11
sec/rad, and Sz = =0,13.

Figure 3., Comparison of simulated and experimental spectra for VOAA in BFPC

at 79°C and 38°C. (~—) are experimental spectra, (=--) are

calculated with ¢' - 1.5, ¢ = 4, (++++) are calculated with
sec psec
-10
c;ec » 1.9, E;sec w10, At 79°C, t < 41 % 10 sec/rad, sz “ =0,13;

at 38°C, t = 1.7 x 10™" sec/rad, 5, = =0.21.

Figure 4. Comparison of simulated and experimental spectra for VOAA in Phase

V at 69°C and 0°C. (~) are experimental spectra. (=--) are

1 > Al = o = senn s
calculated with 9 1.5, cpsec B X ) are calculated with
' = ' = 0 = -10 . S = - .
Csec e 1 Cpuec 10, At 69YC, 7 = 2,6 x 10 s/;ad,az 0.1U3;

at 09C, T = 5.9 x 10”7 sec/zad; 5, = -0.22.
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Figure 5. CGraph of ordering parameter s‘ versus temperature T for VOAA in

Figure 6,

- ' - . - ' - ' -
Phase V (o cp.nc 103 o cp.ec- 4) and BEPC (A cp.‘c 10;
A-c! = 4), Solid line is drawn for Phase V and dashed line

psec
' =
is for BEPC, floc 1.5,

Graph of rotational correlation time t(sec/rad) versus % for
-t - . - Y ] -
VOAA in Phase V (e hpsec 10; o Lpaec. 4) and BEPC (A Lplec

A= c;aoc- 4). Solid line is drawn for Phase V and dashed line is

for BEPC. €' = 1.5,
sec
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